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Preface

“We have met the enemy, and he is us," a quote from the comic strip “Pogo" by Walt Kelly,
summarizes the primary difficulty of treating cancer using chemotherapeutics, since cancer
and normal cells are remarkably similar. Although cancer cells harbor mutated genes and
resultant mutated proteins that affect cell division and/or contribute to oncogenesis, the tu-
mor and normal cells share the same DNA and major metabolic pathways. Thus, currently
used chemotherapeutic compounds that attack DNA replication or cell division in a cancer
cell can also attack a normal dividing cell, resulting in serious side effects.

Linking scientific advances with clinical practice is one among many objectives in writing
this book, so management of cancer must be based on sound evidence-based research.
Therefore, this book is a book that everybody involved in the area of drug discovery, phyto-
chemistry, cancer biology, and cancer patients must have and benefit from its contents.

This book, Natural Products and Cancer Drug Discovery, is written by leading experts in vari-
ous fields relevant to the development and use of natural products in cancer therapy with
up-to-date research in the prevention and treatment of cancer. First section, an extensive
review on the use of Afro-Asian flora in combating cancer; second section, a contemporary
survey on anticancer natural compounds from nutritional and herbal products; third sec-
tion, a very interesting reviews of some of the most exciting areas for the development of
new chemotherapeutics from Cannabis and endophytic fungi; fourth section, a special chap-
ter on developing and formulating natural products for treatment of malignant melanoma;
and, fifth section, a computational and tissue engineering approach to made-to-order new
anticancer therapy from natural products are extensively discussed.

These various sections provide reviews of some of the most exciting areas for the develop-
ment of new anticancer natural products. Hopefully, they may inspire the development of
new compounds or approaches that will help reduce the suffering and toll from cancer.

It is our hope that this book may motivate readers to approach the evidence of anticancer
natural products with an open mind and thereby spark an interest in making further contri-
butions to the current scientific debate and cancer treatment efforts.

Farid A. Badria, PhD

Prof. of Pharmacognosy

Head of Drug Discovery Research Unit, FAB-Liver Research Lab
Faculty of Pharmacy, Mansoura University,

Mansoura, Egypt
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Chapter 1

African Plants with Antiproliferative Properties

Newman Osafo, Yaw Duah Boakye,
Christian Agyare, Samuel Obeng,
Judith Edem Foliand

Prince Amankwaah Baffour Minkah

Additional information is available at the end of the chapter
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Abstract

Plant-derived compounds have been an integral component in man'’s quest to discover
ideal anticancer agents. A number of new agents are currently in clinical development
with promising selective activity against cancer cell lines and cancer-related molecular
targets. This book chapter discusses 14 of such compounds isolated from African plants
from 15 plant families. Also contained in this book chapter are compounds from African
plants that hold prospect as potential anticancer agents as informed by their in vitro and
in vivo preclinical studies. It is, therefore, worthwhile that researchers in the African con-
tinent and the world over should keep on working on identifying biomolecules with
potential in cancer management.

Keywords: African plants, antiproliferation, clinical trials, preclinical studies, cancer

1. Introduction

Plant-derived compounds have been an important source of several clinically useful antip-
roliferative agents in the past half century [1, 2]. Compounds of natural origin such as vin-
blastine, vincristine, topotecan and irinotecan, etoposide, and paclitaxel have been some of
the chemotherapeutic agents still in clinical practice. A number of new agents are currently
in clinical development with promising selective activity against cancer cell lines and cancer-
related molecular targets, while some agents that failed in earlier clinical studies are stimulat-
ing renewed interest.

The present chapter will consider plant-derived antineoplastic single chemical entities cur-
rently in clinical trials as oncology drugs. Lead compounds from plants showing promising

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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in vivo antiproliferative activity will also be discussed in terms of their origin, possible mech-
anism of action, and their potential use in cancer management. Most importantly, natural
products are generally believed to possess therapeutic potentials hence mostly pharmacologi-
cally relevant. This is coupled with the belief that they hold a significant advantage of them
being the safer alternative to synthetic molecules [3-5].

Natural products hold a convincing prospect in the continual search for effective anticancer
agents with tolerable side effect profile. These observations are well articulated in reviews
that have unearthed the fact that about 47% of new anticancer agents that have been approved
up to 2006 were either a natural product or their derivative [6]. Due to the labor-intensiveness
of bioassay-guided isolation of natural products from crude extracts, more pharmaceutical
firms tend to resort to a rapid high-throughput screening of molecular target-based pure com-
pound chemical libraries. Nevertheless, the importance of identification of these bioactive
molecules from natural origin is still very palpable in recent years with industries adopting
screening procedures that maximize their output [7-9].

A substantial number of chemical moieties of plant origin are currently in various stages of
clinical trials [10-12]. However, most of these plant-derived biomolecules are derived from
the anticancer agents in clinical therapy which include paclitaxel [ABI-007, RPR-116278A,
XRP9881 (RPR109881A)], camptothecin [exatecan mesylate, orathecin], vinblastine and vin-
cristine (vinflunine ditartrate, vinorelbine, anhydrovinblastine, vincristine sulfate TCS), and
epipodophyllotoxin (NK-611 and tafluposide 105) [10-12]. Such newer molecules based on
the structures of these anticancer agents were not discussed in this book chapter. However,
newly isolated compounds from African plants which show potential as possible anticancer
agent based on their in vivo and in vitro studies were included in this book chapter.

2. Compounds of plant origins currently under clinical trial as potential
anticancer drugs

2.1. Betulin, B-sitosterol, and betulinic acid

Parinari curatellifolia Planch. ex. Benth (Chrysobalanaceae) is a plant found widely distributed
in Africa. Traditionally, it is used for the treatment of toothache (root infusion), pneumonia
(hot fomentation of the bark), fevers (leaf decoction), and also as dressing agents for fractures,
dislocations, wounds, sores, and cuts (crushed leaves) [13]. In Northern Nigeria, traditional
healers use it for the treatment of cancer. Research has indicated that the bioactive constituents
of the plant can decrease cancer risk through their antioxidant, antitumorigenic, and antimi-
crobial activity as well as their ability to directly suppress carcinogen bioactivation. Betulinic
acid has been shown to be cytotoxic to neuroectodermal and brain tumor cells [14]. Its apop-
totic property is through the regulation of the intrinsic pathway by changing mitochondrial
membrane potential and activation of p38 MAPK and SAP/JNK by initiating reactive oxygen
species (ROS) generation [15]. This compound can be semisynthesized by oxidation of betu-
lin, which occurs more abundantly [16]. A betulinic acid-containing ointment is undergoing
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Phase I/1I clinical evaluation for the treatment of dysplastic nevi with moderate to severe dys-
plasia [17]. Halilu et al. after preliminary investigations also revealed that betulin, 3-sitosterol,
and betulinic acid were toxic to the cervical epithelial carcinoma (HeLa) cell line used in the
assay using the XTT colorimetric assay and cell proliferation Kit II [18].

2.2. Curcumin (diferuloylmethane)

Curcumin, a polyphenol obtained from turmeric (Curcuma longa L., Family: Zingiberaceae),
has been associated with a wide range of activities including potential antitumor effect, anti-
microbial, antioxidant, anti-inflammatory, and immunomodulatory effect [19]. Turmeric
plant is very common in Asia and Africa [20]. The plant is employed in traditional medicine
for treating a wide range of communicable and noncommunicable diseases such as skin infec-
tions, worm infestations, diabetes, liver diseases, and gallstones [21]. A phase II clinical trial
of curcumin in patients with advanced pancreatic cancer showed a brief but significant tumor
regression with no toxicities observed. Also, clinical studies of curcumin alone or in combina-
tion with other chemotherapeutic agents (gemcitabine, 5-fluorouracil, and oxaliplatin) have
been carried out in the United States and Israel for patients with colorectal and pancreatic
cancers [22]. The mechanism of action was shown to be possibly due to its ability to down-
regulate expression of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
cyclooxygenase-2 (COX-2), and phosphorylated signal transducer and activator of transcrip-
tion 3 (STAT3) in peripheral blood mononuclear cells. However, absorption was observed to
be poor [22].

2.3. Lycopene

This compound is present in fruits and vegetables, notably Solanum Iycopersicum L. (Solanaceae)
and its processed products [23]. Solanum lycopersicum is widely distributed in Africa. It is used
in folk medicine for treating burns, wounds, and toothaches. Nahum et al. reported that lyco-
pene inhibits cell cycle progression via reduction of the cyclin D level and retention of p27
in cyclin E-cdk2, thus leading to inhibition of G1 CDK activities in breast and endometrial
cancers [24]. Besides its antioxidant and anti-inflammatory activities, lycopene has been estab-
lished to possess anticancer property in both in vitro and in vivo models. Its mechanism of
action has been established to be via the activation of the electrophile/antioxidant response
element (EpRE/ARE) transcription system, inducing the expression of phase II detoxifying
enzymes, and arresting the cell cycle at the GO/G1 phase by regulating cyclin D1 and the PI3K/
Akt pathway [25]. Lycopene is currently in Phase II clinical trials in the United States for the
prevention and treatment of prostate cancer [26].

2.4. Resveratrol

Resveratrol (3,4,5-trihydrostilbene) is a phenolic compound found in several plants such as
Vitis vinifera L. (Vitaceae), Morus alba L. (Moraceae), and Arachis hypogaea L. (Fabaceae). A.
hypogea and M. alba are widely distributed in Africa. It is used in the treatment of infectious
diseases. The cardioprotective property of red wine has been attributed to resveratrol [27, 28].
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A number of studies have reported on the antioxidant, anti-inflammatory, anticancer, and
anti-aging activities of resveratrol [27-29]. Its mechanism of action entails the enhancement of
apoptosis by acting at multiple cellular targets, including activation of p53, inhibiting cyclo-
oxygenase and cytochrome P450 enzymes, and activating AMP-activated kinase (AMPK)
[27-29]. Also, it exhibits sensitization effects on drug-resistant tumor cells and results in a
synergistic cytotoxicity when combined with established anticancer therapies [30]. This com-
pound is now undergoing Phase I/II clinical trials for the prevention and treatment of colon
cancer in the United States [31].

2.5. 2”-Oxovoruscharin and UNBS1450

From Calotropis procera (Aiton) W.T. Aiton (Asclepiadaceae) is isolated the cardenolide,
2”-oxovoruscharin with a demonstrated in vitro antitumor and Na+/K+-ATPase inhibitory
activities [32]. Calotropis procera is native to North Africa, Tropical Africa, Western Asia,
South Asia, and Indochina [33]. Reduction of the formyl group in the 2”-oxovoruscharin
molecule into a hydroxymethyl group yields UNBS1450 with an improved in vitro cytotoxic-
ity profile when compared with the parent compound [34]. UNBS1450 has been established
to induce the disruption of the actin cytoskeleton to affect multiple signaling pathways by
binding to the sodium pump, and that leads to nonapoptotic cell death [35]. UNBS1450 has
entered Phase I clinical studies in Europe for patients with solid tumors and lymphomas [36].
Calotropis procera is widely distributed in Africa and also employed in folkloric medicine as
an abortifacient, hepatoprotective agent, anti-inflammatory agent as well as treating leprosy,
syphilis, and cutaneous infections [37].

2.6. Combretastatin A1 and combretastatin A4

Combretastatinsisolated from the South African tree, Combretum caffrum Kuntze (Combretaceae)
are simple stilbenoid compounds with a number of activities including anticancer activity. The
A series combretastatin are cis-stilbenes with potent in vitro antiproliferative activity against the
leukemic P388 and L1210 cell lines. Combretastatin A4, the most potent member of the group,
in sodium phosphate prodrug form, has not long ago completed phase I clinical trials as an anti-
angiogenic tubulin-binding agent and in nonsmall cell lung cancer and cervix carcinoma, and
is presently being assessed in a phase II trial with regards to ovarian, anaplastic thyroid, gastric,
and other solid tumors [19, 38]. A propanamide derivative of combretastatin A4 exhibits even
more potent antitumor effect than the phosphate by inducing an irreversible blockage of tumor
blood flow and is now in phase I clinical studies in Europe and the United States [39, 40]. Again,
a bisphosphate prodrug of combretastatin Al has also been reported to be more potent than
combretastatin A4 phosphate and is undergoing phase I anticancer clinical trials in the United
Kingdom [40].

2.7. Perillyl alcohol

The essential oils of Lavandula X intermedia (Lamiaceae) and Prunus avium L. (Rosaceae) are
rich in perillyl alcohol, a monoterpenoid with a monocyclic carbon skeleton [41]. Lavandula
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X intermedia and Prunus avium are plants which are widely distributed in South and North
Africa, respectively. In vitro studies have established the cytotoxicity of perillyl alcohol to cell
lines derived from lung cancer, pancreatic cancer, prostate cancer, breast cancer, and leuke-
mia. In vivo studies also revealed the inhibitory effects of perillyl alcohol against UVB-induced
skin carcinogenesis and DMBA-induced murine melanoma models [42, 43]. Its antiprolifera-
tive activity was shown to be due to its arrest of the GO/G1 phase, by modulating the protein
levels of cyclin-dependent kinases and cyclin-dependent kinase inhibitors [44]. Currently,
perillyl alcohol is undergoing phase I/II clinical trials in patients with breast cancer, ovarian
cancer, and glioblastoma multiform [45].

2.8. Alvocidib (Flavopiridol)

Alvocidib, a semisynthetic rohitukine, is an N-methylpiperidine alkaloid first isolated from
Aphanamixis polystachya (Roxb.) Wight & Arn. (Meliaceae) and later from the African plant
Schumanniophyton magnificun (K.Schum.) Harms. (Rubiaceae) [46]. It is also present in the
stem bark of Dysoxylum binectariferum Hiern (Meliaceae) from India and documented to have
immunomodulatory and anti-inflammatory activity [46, 47]. Alvocidib has been established
to exhibit cytotoxicity for a wide range of cancer cell lines and has demonstrated in vivo activ-
ity against prostate cancer, head and neck cancer, hematopoietic neoplasia, leukemia, and
lymphoma xenograft murine models [48, 49]. Its mechanism has been established to involve
inhibition of cyclin-dependent kinases (CDKs) by competing with adenosine triphosphate
(ATP) at their nucleotide binding sites and causes cell cycle arrest at either the G1 or G1/M
phases. Also, it exhibits apoptosis induction, and antiangiogenic and antiproliferative effects,
by interacting at other target sites besides CDK [50, 51]. Alvocidib is the first cyclin-dependent
kinase inhibitor in clinical trials for the treatment of patients with non-Hodgkin’s lymphoma,
renal, prostate, colon, and gastric cancers [50-53].

2.9. Maytansinoids

The parent nitrogen-containing macrocylic substance, maytansine, was first isolated by
Kupchan and colleagues from the Ethiopian shrub Maytenus serrata (Hochst. ex A. Rich.)
R. Wilczek (Celastraceae) [54]. Maytansinoids exhibits antimitotic activity due to tubulin
binding hence resulting in inhibition of microtubule assembly [55, 56]. However, there is an
overlap of maytansinoids with vincristine in their binding site activity [57, 58]. Maytansinoids
has exhibited antiproliferative activity against Lewis lung carcinoma, B-16 melanocarcinoma,
murine solid tumor test system, and antileukemic activity against P-388 lymphocytic leuke-
mia, significantly over a 50-100 fold dosage range at the ug/kg level [54, 59]. Clinical trials
with maytansine, both alone and as a monoclonal antibody conjugate, however, showed tox-
icity as well as low response rates in adults with advanced cancer [12, 31, 60]. This informed
further metabolic studies involving maytansine to be undertaken to produce analogs with
better clinical potential [61]. The extremely high in vitro potency of the maytansinoids has sus-
tained interest in structure-activity relationship studies, analog development, total synthesis,
and preclinical studies [62].
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2.10. Indirubin and 1-methylisoindigo

These are indole alkaloids isolated from the leaves and/or stems of several plants which include
the African plant, Indigofera tinctoria L. (Fabaceae), as well as Baphicacanthus cusia (Nees) Bremek.
(Acanthaceae), IndigoferasuffruticosaMill. (Fabaceae), Isatis tinctoria L. (Brassicaceae), and Polygonum
tinctorium Ait. (Polygonaceae) [63, 64]. Indirubin has been demonstrated to exert its antileuke-
mic effect by competing with ATP for binding to the catalytic subunit of cyclin-dependent kinase
(CDK), via hydrogen bonding, leading to the inhibition of this enzyme [65]. 1-Methylisoindigo is
a derivative developed to improve water solubility and other pharmaceutical properties of indi-
rubin. 1-methylisoindigo exhibited significant anticancer activity through a multitargeting profile
including inhibition of DNA biosynthesis and assembly of microtubules, induction of cell dif-
ferentiation, and down-regulation of c-myb gene expression [65, 66]. 1-Methylisoindigo is under
clinical trial in the People’s Republic of China for chronic myelogenous leukemia (CML) [67].

3. Plant-derived compounds with potential anticancer activity but not yet
in clinical trials

3.1. Fagaronine

Fagaronine is a benzophenanthridine alkaloid isolated from Fagara zanthoxyloides Lam. (syn.
Zanthoxylum zanthoxyloides) (Rutaceae), which is widely distributed in Uganda and some
other African countries. The root bark extract of the plant is used in the treatment of elephan-
tiasis, malaria, dysmenorrhoea, impotence, and abdominal pain. Fagaronine exhibits antitu-
mor activity against P388 and L1210 murine leukemic cell lines. Its mechanism of action is via
inhibition of DNA and RNA polymerase activities as well as inhibition of protein synthesis.
This results in disruption of replication in rapidly dividing neoplastic cells. Again, there has
been observed inhibition of reverse transcriptase by fagaronine (Tables 1 and 2) [68, 69].

3.2. Isofuranonaphthoquinone

Isofuranonaphthoquinone is a phytochemical constituent that occurs in Bulbine species
(Asphodelaceae) such as Bulbine abyssinica A. Rich., Bulbine capitata Poelln., and Bulbine frutescens
(L.) Willd., which are found in Australia and southern Africa. Traditionally, Bulbine frutescens is
used for a wide range of skin conditions including acne, burns, blisters, cold sores, cracked lips,
fingers, nails and heels, insect bites, fever blisters, mouth sores, sunburn, and ringworm among
others. It is used internally for coughs, cold, and arthritis. Cell viability assay was used to inves-
tigate the action of isofuranonaphthoquinone found in Bulbine frutescens on Jurkat T cells [70].
In this study, it was concluded that the effect of isofuranonaphthoquinone was comparable to
1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), an anticancer agent, and its effects were irrevers-
ible. The study showed that isofuranonaphthoquinone could be exerting its activity by gener-
ating reactive oxygen species which result in cell death and that it inhibits drug efflux pumps
which have been implicated in drug resistance in cancer cells. A combination with BCNU
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Class of compounds Structure References
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Class of compounds Structure References

4. Steroids

— Cardenolides

S,
9 o
)|
2epxovoruscharin R=CHO
UNBS1450 R =CH,0OH
5. Flavoalkaloid
[46-53]
6. Maytansinoids
[12, 31,
54-62]

Maytansine

Table 1. Plant-derived compounds currently under clinical trial as anti-cancer drugs.

showed greater toxicity effects on the Jurkat T cells than the individual compounds. Thus, this
compound is a potential lead candidate for anticancer drug development and an adjunct com-
pound in combination treatment regimens [70].
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Table 2. Plant-derived compounds with potential anti-cancer activity but not yet in clinical trials.

3.3. Plumericin

Momordica charantia L., (Cucurbitaceae) is a plant commonly known as bitter gourd or bit-
ter melon which is widely distributed in Asia and tropical Africa. Bitter gourd extracts have
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been shown to have antioxidant, antimicrobial, antiviral, antihepatotoxic, hypoglycemic, and
antiulcerogenic properties [71]. It has also been shown to have anticancer properties. MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay was used in this experi-
ment to investigate the antiproliferative activity of plumericin, isolated from this plant. The
results indicated it to have high antiproliferative effect against leukemia (NB4 and K562),
breast cancer (T47D) cell lines, and a moderate activity against liver cancer cell line (C3A) [72].

3.4. Balanitin-6 and balanitin-7

Balanites aegyptiaca Del (Balanitaceae) is a spiny evergreen tree found in the dry regions of
the Middle East, Africa, and Southern Asia. [73]. Traditionally in Egypt, the fruits are used as
antidiabetic agents. In Sudan, it is used in the treatment of jaundice and as an anthelminthic.
Additionally, the extracts have been shown to show abortive and antiseptic characteristics [74].
A study was conducted to further characterize the anticancer activity of the steroidal saponins
of B. aegyptiaca kernels, which contain a mixture of Balanitin-6 (28%) and balanitin-7 (72%). The
mixture was found to display greater antiproliferative activity than oxaliplatin as well as eto-
poside against human cancer cell lines U373 glioblastoma and A549 nonsmall cell lung cancer,
though it was less active compared to taxol. The results also showed that the balanitin-6, balani-
tin-7 mixture is more cytotoxic than it is cytostatic. Its antiproliferative activity does not appear
to be by inducing apoptotic cell death and it does not appear to induce detergent-like effects
on the cells tested in the study. Rather, its in vitro activities are indicated to be at least partially
as a result of ATP depletion, the result of which is considerable disorganization of the actin
cytoskeleton, finally leading to impaired cancer cell proliferation and migration. Additionally,
the study showed that the mixture does not cause intracellular reactive oxygen species lev-
els to increase, unlike a number of anticancer agents of natural origin. In in vivo studies, the
extent of increase of survival time reported for vincristine was found to be the same for the
mixture when tested on mice bearing murine L1210 leukemia grafts. The preliminary in vivo
results obtained showed that new hemi synthetic derivatives of balanitin-6 and -7 which have
enhanced in vivo and in vitro anticancer activity coupled with decreased toxicity could possibly
be produced, which would markedly improve the therapeutic ratio of these compounds [74].

3.5. Spirostanes and furostanes

Another study used the MTT assay to evaluate the antiproliferative activity of furostane
(KE-1046 and KE-1064) as well as spirostane (SAP-1016 and SAP-884) saponins isolated from
Balanites aegyptiaca Del. Potent antiproliferative activity was observed for SAP-1016 against
HT-29 human colon and MCF-7 human breast cancer cells. Additionally, for furostane sapo-
nins, there was considerable selectivity in growth inhibition between HFF normal cells and
MCE-7 breast cancer cells. It was shown that SAP-1016 works by generation of reactive oxygen
species in a time-dependent manner in both MCF-7 and HT-29 cancer cells. It also induced
apoptosis through the activation of caspase-3 in HT-29 cells [73].

3.6. Curcusones

Found in Africa and Asia, Jatropha curcas L. (Euphorbiaceae) is a large drought-resistant shrub,
which is used for multiple purposes. The seeds and the oil obtained from them are used for
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biodiesel production, as a cure for syphilis, and also as a purgative. Different forms of this
plant are used in West Africa to treat ailments such as jaundice, mouth sores as well as sores
due to guinea worm infestation, fever, and joint rheumatism. The crushed leaves and the latex
show antiparasitic activity as well as antibacterial activity against Staphylococcus aureus.
Extracts of the stem have been suggested to have anti-insect, anti-inflammatory, cytotoxic,
and molluscicidal activities. The MTT method was used to determine the anticancer activity
of curcusone A, B, C, and D, pure compounds obtained from the stem of this plant. Curcusone
A and B were revealed to possess antiproliferative activity with curcusone B, additionally,
suppressing the metastatic process effectively at nontoxic doses. Curcusone C and D were
shown to be active against L5178y mouse lymphoma cells. 2-Epi-hydroxyisojatrogrossidion,
47-jatrogrossidentadion, 2-hydroxyisojatrogrossidion, 4E-jatrogrossidentadion, and Multidione,
15-epi-4Z-jatrogrossidentadion have also been reported to exhibit potent cytotoxic activity
against HeLa human cervix carcinoma cells and L5178y mouse lymphoma cells but exhibited
no or low activities against the neuronal cell, PC12 [75].

3.7. Kaurenoic acid

Annona senegalensis Pers. (Annonaceae), (popular names: African custard apple or wild cus-
tard apple) has been reported to possess cytotoxic and anticancer effects. Kaurenoic acid,
a diterpenoid, has been shown to have anticonvulsant, anti-inflammatory as well as anti-
microbial properties. A cytotoxicity assay on Kaurenoic acid was performed using the MTT
assay method against Henrietta Lack’s cervical (HeLa) and pancreatic tumor (PANC-1) cell
lines. Okoye et al. reported that kaurenoic acid exhibited better cytotoxic and antiprolifera-
tive activity against HeLa cells, than PANC-1 cells [76]. The anticancer effect of kaurenoic
acid on breast, leukemia, and colon cancer cells has been documented, as well as activity
on human glioblastoma, murine, and human melanoma cell lines. Terpenoids have been
shown to exhibit antitumor activities by inducing apoptosis in various cancer cells by activat-
ing various pro-apoptotic signaling cascades and by the inhibition of metastatic progression
and tumor-induced angiogenesis. Thus, kaurenoic acid, a terpenoid can potentially be further
studied for its potential anticancer activity [76].

3.8. Aloe emodin

Aloe emodin is an anthraquinone compound found in many medicinal plants including the
widely grown Aloe vera L. and Rheum palmatum L. (Rhei rhizome), used in traditional medicine
in China and Africa. Previous studies report that aloe emodin has laxative, antibacterial, anti-
viral, antifungal, and hepatoprotective properties [77]. A recent study has shown that it pos-
sesses in vivo and in vitro antineuroectodermal tumor activity [78]. Another study indicated
that aloe emodin showed inhibition of cell proliferation as well as induction of apoptosis in
both Hep 3B and Hep G2 human liver cancer cell lines but through different antiproliferative
mechanisms. p53 expression was induced in Hep G2 cells, along with a cell cycle arrest in the
G1 phase. Added to this, there was a considerable increase in Bax and FAS/APOL1 receptor
expression. In the Hep 3B cells, the antiproliferative activity was in a p21-dependent manner
which did not lead to cell cycle arrest or rise in Fas/APO1 receptor level. Rather, aloe emodin
induced apoptosis was promoted through enhanced Bax expression. As a result, aloe emodin
may be instrumental in preventing liver cancer [79].
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4. Conclusion

A sizeable number of plant-derived compounds are currently under clinical trial for the man-
agement of cancers though much needs to be identified. This goes a long way to affirm the
therapeutic benefits plants hold. It is therefore prudent that scientist and researchers in Africa
and the world as a whole to continue to work on identifying newer compounds of natural
origin that would hold potential in the management of cancers.
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Abstract

Ethanolic extracts from thirty Thai edible plants collected from Sa Keao province,
Thailand, were screened for in vitro antiproliferative effect on HCT-116 human colon can-
cer cell line using cell titer 96 aqueous one solution cell proliferation assay. It was found
that leaf extract of Crateva adansnii, fruit and leaf extracts of Ardisia elliptica, shoot extract
of Colocasia esculenta, leaf extract of Cratoxylum fomosum, and leaf extract of Millettia leu-
cantha exhibited antiproliferative activities. The fruit extract of Ardisia elliptica showed the
highest antiproliferative activity. Ethanolic extract of the stems from C. fenestratum and
its dichloromethane and aqueous fractions showed antiproliferative activity to human
colorectal cancer cells (HCT-116) determined by cell growth assay. Berberine, one of
the major alkaloid in the stems of C. fenestratum, also promoted antiproliferative effect.
Extracts from the leaves of three Azadirachta species in Thailand, A. indica, A. indica var.
siamensis, and A. excelsa, were reported to promote in vitro antioxidant effects determined
by various methods. Ten Russula mushroom collected from northeastern part of Thailand
were tested for in vitro antioxidant activities using photochemiluminescence assay for
both lipid-soluble and water-soluble antioxidant capacities. R. medullata extract exhibited
the highest antioxidant effects in both lipid-soluble and water-soluble models.

Keywords: anticancer, Coscinium fenestratum, berberine, Azadirachta, Russula

1. Introduction

Cancer cells uncontrollably divide to form masses of tissue, which are called tumors. Tumors
can grow and interfere with the functions of many bodily systems including the digestive,
nervous, and cardiovascular systems. Cancer has been reported to be the first in the rank of
causes of the death in the Thai population. Liver, colon, and lung cancers are the most preva-
lent cancers in Thai males, while breast, cervical, and colon cancers are the most prevalent
cancers in Thai females [1].
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The development of cancer or carcinogenesis occurs through a multistep process involving
the mutation, selection of cells with a progressive increasing capacity for proliferation, sur-
vival, invasion, and metastasis [2]. The first step in the process, tumor initiation, relates to
the genetic alteration leading to the changes in normal cells. Then, in the promotion or devel-
opment stage, the cells abnormally proliferate leading to the outgrowth of a population of
clonally derived tumor cells [2]. This stage can be stimulated by carcinogens, which are a
group of substances such as tobacco, asbestos, arsenic, radiation such as gamma and X-rays,
sun light, polycyclic hydrocarbons, nitrosamines, and aflatoxins: these substances do not
directly cause cancers but promote or aid the development of cancers [2, 3]. After that, tumor
progression continues as additional mutations occur within the cells of the tumor population
to further advantage the cancer cells, such as more rapid growth, which will allow them to
become dominant within the late tumor population. The process is called clonal selection,
since a new clone of tumor cells evolves on the basis of its increased growth rate or other
properties such as survival, invasion, or metastasis. Clonal selection continues throughout
tumor development, so tumors continuously become more rapid-growing and increasingly
malignant [2].

2. Cancer therapy

The modern treatments for cancers mainly are surgery, radiation, and chemotherapy.
However, most of chemotherapeutic drugs are not specific to only cancer cells, but also
cause damage to normal cells, especially bone marrow, mucous glands, mucous mem-
branes, hair, and nails and can lead to the suppression of the immune system [3]. The suc-
cess of chemotherapy depends on the number of cancer cells, the proliferation rate, the
duration of the drug administration, and the therapeutic interval. To avoid drug resistance,
polychemotherapy is always used instead of monochemothearpy [3]. The anticancer drugs
can also cause some other side effects including nausea, vomiting, agranulocytosis, inhibi-
tion of spermatogenesis and ovulation, alopecia, inflammation of mucous membranes, and
terratogenesis [3].

Some compounds separated from natural products are now being developed as modern med-
icines for the treatments of cancers including paclitaxel, catharanthus alkaloids, and deriva-
tives of podophyllotoxin.

Paclitaxel was separated from the bark of Taxus brevifolia Nutt. (Pacific Yew), which is a tree in
Taxaceae. Paclitaxel will bind with b-tubulin and stimulate the aggregation of a tubulin subunit
to become a nonphysiological microtubule composed of 12 proto-filaments, which cause the
inhibition of cell cycles in mitosis and interphase (G,-phase) and lead to cell apoptosis. This
compound is normally used in an injection formulation as the adjuvant chemotherapy for the
treatments of ovarian, breast, and bronchial cancers [3].

Some alkaloids are separated from the leaves of Catharanthus roseus (L.) G. Don., such as vin-
cristine and vinblastine. Vincristine is used for the treatment of lymphatic leukemia, neuro-
blastoma, and Wilms tumor, while vinblastine is used to treat lymphogranuloma (Morbus
Hodgin), lymphosarcoma, testicular carcinoma, and chorionic carcinoma [3].
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Podophyllotoxin was separated from the rhizome of Podophyllum peltatum L. or American
mandrake. Two derivatives of podophyllotoxin, etoposide and teniposide, are now being
developed and used as anticancer drugs. Etoposide is used for the treatment of bronchial
cancer, testicular carcinoma, and chorionic carcinoma, while tenoposide is used to treat brain
or bladder cancers [3]. The chemical structures of some anticancer compounds from natural
products are shown in Figure 1.

Figure 1. Chemical structures of some anticancer compounds from natural products. A = paclitaxel, B = vinblastine, C =
vincristine, D = etoposide, E = teniposide.

3. Anticancer effects of medicinal plants and natural products

Natural products from plants, animals, marine sources, and minerals have been used for the treat-
ments of ailments and diseases for a long time. In Thai traditional medicine, the word “cancer”
could refer to the symptom of chronic wound, abscess, emaciation, and weak [4]. Active phyto-
chemicals in plants can be classified into two main groups of primary metabolites, which are the
compounds necessary for plant growth and development such as carbohydrates, proteins, and
fats. Another group is secondary metabolites, which promote the defense mechanisms or sup-
port the lives of the plants; they include polyphenolic compounds, flavonoids, terpenoids, and
alkaloids [5]. Ethanolic extracts from thirty Thai local edible plants collected from Wang Nam
Yen district, Sa Keao province, Thailand were screened for the in vitro anti-proliferative effect on
HCT-116 human colon cancer cell lines using a cell titer 96 aqueous one solution cell prolifera-
tion assay. It was found that six ethanolic plant extracts, including a leaf extract of Crateva adan-
snii, fruit and leaf extracts of Ardisia elliptica, a shoot extract of Colocasia esculenta, a leaf extract of
Cratoxylum fomosum, and a leaf extract of Millettia leucantha exhibited antiproliferative activities
on the HCT-116 cell line. The fruit extract of Ardisia elliptica showed the highest antiproliferative
activities with an IC, | value of 5.12 + 0.54 ug/ml [6]. The mechanisms of the action of medicinal
plants for anticancer effects have been reported as following [4]:
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3.1. Inhibition of cell division in the cancer cell cycle

Alpha-mangostin from mangosteen (Garcinia mangostana) fruit rind promoted inhibitory
effects to breast cancer cell line (MDA-MB-231) by inhibition of cell division in G1 and S
phases [7]. Methanol extract of Morus alba L. leaves inhibited liver cancer cell line Hep G2 by
inhibition of cell division in G2/M phase [8]. Cucurbitacin B, a triterpenoid from Trichosanthes
cucumerina L., also inhibited breast cancer cell division in G2/M phase [9].

3.2. Induction of cancer cell apoptosis

This mechanism includes some minor mechanisms which stimulate anticancer genes,
induction of caspase enzymes, induction of free radical formation, inhibition or induction
of enzymes relating to histone protein, and the formation of spingosine or ceramide [4].
Dehydrocostus lactone from the root of Saussurea lappa induced the apoptosis of liver cancer
cells Hep G2 and PLC/PRF/5 via p53 protein [10]. Water extract of the seed from Sapindus
rarak Candolle. induced lung cancer cells A549 apoptosis through the induction of the cas-
pase enzyme [11], while methanol extract of Derris scandens Benth. induced apoptosis of
colon cancer cells SE480 by increased caspase-3 activity and down-regulated Bcl-2 and up-
regulated Bax protein of SW480 cells; it also significantly induced cell necrosis determined by
the release of LDH [12]. Alpha-mangostin separated from the fruit rind of mangosteen also
upregulated Bax and down-regulated Bcl-2 proteins in rat liver tissue [13]. Methanol extract
from stem bark of Myristica fragrans Houtt. promoted the apoptosis of lymphoblast Jurkat by
controlling the SIRT1 gene [14]. G1 b, a glycospingolipid from Murdannia loriformis (Hassk.)
R.S.Rao & Kammathy, inhibited breast, lung, colon, and liver cell lines [15].

3.3. Immune stimulation

Methanol extract from the leaves of Moringa oleifera Lam. exhibited immune stimulation effect
both cell-mediated immunity and humoral immunity by induction of neutrophile production
and stimulation of macrophages in animals damaged by the toxicity of anticancer drugs [16].

In Thai traditional medicine, there are some medicinal formulas compose of several plants
in different ratios. These formulas are traditionally used for a long time usually for the treat-
ments of cancers in patient with the late stage cancers, patients who cannot improve after
treatment with chemotherapy, radiation or surgery, patients with cancers in several organs
or patients with incurrent diseases [4]. The sources of anticancer herbal formulas usually
come from local traditional doctors or priests in the temples (in Thai, temple is called as
“Wat”), with the normal method of preparation being the decoction of plant materials with
water [4]. A herbal remedy from Wat Tha-it (Tha-it temple), Ang Thong province, Thailand,
composed of several plant materials including Gelonium multiflorum A. Juss., Erycibe ellip-
tilimba Merrill & Chun, Balanophora abbreviate Blume, Smilax china L., Smilax glabra Wall. ex
Roxb., and Millingtonia hortensis Linn. was reported to significantly promote synergistic
effects on doxorubicin in the treatment of A549 cancer cells by the inhibition of cell divi-
sions in the G2/M phase [4, 17]. Another herbal remedy is from a Thai herbal nursing home,
Wat Khampramong, Sakon Nakhon province comprises of several plant materials such
as Rhinacanthus nasutus (L.) Kurz, Acanthus ebrateatus Wall., Smilax glabra Wall. ex Roxb.,
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Artemisia annua L., Angelica sinensis (Oliv.) Diels, Salacia chinensis L., and Orthosiphon aristatus
Miq [18]. This herbal remedy can inhibit the growth of some cancer cell lines such as breast
adenocarcinoma MDA-MB 231, synovial sarcoma SW982, hepatocellular carcinoma HepG2,
cervical adenocarcinoma HeLa, and lung carcinoma A549 [18].

4. Some potential Thai medicinal plants with anticancer effects

4.1. Coscinium fenestratum (Gaertn.) Colebr

NAG-1 or nonsteroidal anti-inflammatory drug (NSAID)-activated gene was identified in
COX-negative cells by PCR-based subtractive hybridization from an NSAID-induced library
as a divergent member of the TGF-{3 superfamily [19]. The overexpression of NAG-1 in can-
cer cells results in growth arrest and an increase in apoptosis, suggesting that NAG-1 has
antitumorigenic activity [20]. NAG-1 expression is also upregulated by a number of dietary
compounds, medicinal plants, and anticancer drugs [21-25]. Coscinium fenestratum is one of
the medicinal plants that promoted antiproliferative effects on colon cancer cell lines with
mechanisms related to NAG-1 [20].

Coscinium fenestratum (Gaertn.) Colebr. is a large climber with yellow wood and sap, known
in the Thai language as Hamm or Khamin khruea. The genus Coscinium belongs to the tribe
Coscinieae of the family Menispermaceae. This genus comprises two species, which are
Coscinium blumeanum Miers. and C. fenestratum (Gaertn.) Colebr. Both of them are stout woody
climbers growing in the tropical rain forest regions of Asia [26]. Coscinium species are char-
acterized by the axillary flowers, extra-axillary or cauliflorous in racemiform, or peduncled
subumbellate aggregate, of 20-50 cm in length. The inflorescences are axillary or cauliflorous
with 6-12 florets. Male flowers are sessile or with pedicels, up to 1 mm. Sepals are broadly
elliptic to obovate with the inner 3-6 spreading, yellow, and 1.5-2 mm long. Stamens are 6
with 1 mm long. The Sepals of female flower are as in male flowers. Staminodes are 6 and
claviform with 1 mm long. Drupes are subglobose, tomentellous, brown to orange or yel-
lowish, 2.8-3 cm diameter. Pericarp is drying woody. Seeds are whitish and subglobose with
the enveloping condyle. The leaves are subpeltate or ovate, large, hard-coriaceous, palmately
nerved, reticulate, and densely hairy beneath [26]. Physical characteristic of the Coscinium
fenestratum stem (cross section) is shown in Figure 2.

The stem decoction and maceration extracts of Coscinium fenestratum have been traditionally
used in the Northeastern part of Thailand for the treatment of various diseases such as cancer,
diabetes mellitus, and arthritis [27]. The ethanolic extract of the stems from C. fenestratum
and its dichloromethane and aqueous fractions showed antiproliferative activity on human
colorectal cancer cells (HCT-116) determined by a cell growth assay. Berberine, one of the
major alkaloids in the stems of C. fenestratum, also promoted an antiproliferative effect [20].
The mechanisms of action of the extracts from C. fenestratum were reported as the activation
of proapoptotic proteins and ppary [20]. It was also reported that berberine facilitated the
apoptosis of cancer cells, and the molecular targets for its activity are NAG-1 and AFT3 [24].
The chemical structure of Berberine is shown in Figure 3.
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Figure 2. Physical characteristic of Coscinium fenestratum stem purchased from Nongkhai province, Thailand (cross
section x1).

Figure 3. Chemical structure of Berberine.

4.2. Azadirachta plants

Oxidative stress is considered to be of some importance for many ailments and pathologies;
including cardiovascular diseases, cancers, rheumatoid arthritis, and Alzheimer’s disease
[28]. Polyphenolic compounds have been reported to have important anticancer and chemo-
preventive effects [29]. Phenolic acids such as gallic acid, ellagic acid, and ferulic acid induce
apoptosis in cancer cells, activated caspase, prevented cancer formation, and suppress the
angiogenesis of cancer [29-32]. Flavonoids such as quercertin and kaempferol also promote
apoptosis, inhibit oncogenes, and generated cell cycle arrest [29, 33-35].
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Suttajit et al. [36] studied the antioxidant activities of extracts from many Thai medicinal
plants using a ABTS-metmyoglobin assay and reported some plants with high antioxidant
activities; including Uncaria gambier Roxb., Piper betle Linn., Camellia sinensis (L.) Kuntze.,
Azadirachta indica A. Juss. var. siamensis Valeton., Curcuma zedoaria Roxb., Syzygium aromati-
cum (L.) Merr. & Perry and Tamarindus indica Linn. When focusing on Thai medicinal plants,
the Siamese neem tree (Azadirachta indica A. Juss. var. siamensis Valeton.) is an interesting
plant that showed high antioxidant activity in the screening test [36, 37]. Moreover, there
are reports about its antioxidant potential based on the antioxidant content as the butylated
hydroxyanisole (BHA) equivalent of Thai indigenous vegetable extracts. From this report, the
Siamese neem tree leaf extract appeared to be a high potency antioxidant, containing more
than 100 mg BHA equivalent in 100 g fresh weight.

Azadirachta plants comprise of three different plant species; Azadirachta indica A. Juss or
A. indica A. Juss var. indica (neem), Azadirachta indica A. Juss. var. siamensis Valeton (Siamese
neem tree), and Azadirachta excela (Jack) Jacobs. (marrango tree). The Siamese neem tree leaves
are wider, longer, and thicker than the leaves of neem, while the marrango tree has the wid-
est, longest, and thickest leaves. The margin of the leaflet of Siamese neem tree is crenate to
entire, while the margin of neem is serrate and that of marrango tree is entire to undulate.
The colors of the leaflet blade of the Siamese neem tree, neem, and marrango tree are green,
light green, and dark shiny green, respectively [38, 39]. The physical characteristics of Siamese
neem tree, neem, and marrango tree leaves are shown in Figure 4.

The leaves and flowers of Siamese neem tree and neem have been traditionally used as
element tonics and antipyretic and gastric secretion stimulating agents, while the stem bark
of all Azadirachta plants is used to treat amoebic dysentery and diarrhea [40, 41]. There also
reports suggesting that polysaccharides and limonoids found in neem bark, leaves, and seed oil
reduce tumors and cancers and showed effectiveness against lymphocytic leukemia [42-44].
Moreover, the young leaves and flowers of the Siamese neem tree are popularly consumed
as vegetables [39].
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Figure 4. Physical characteristics of Azadirachta plants; A = Siamese neem tree (Azadirachta indica var. siamensis), B =neem
(Azadirachta indica), C = marrango tree (Azadirachta excela).

31



32

Natural Products and Cancer Drug Discovery

For the antioxidant effect, Azadirachta plants were reported to promote in vitro activities tested
by various methods. Extracts from the leaves of A. indica, A. indica var. siamensis, and A. excelsa
were reported to promote in vitro antioxidant effects determined by a DPPH scavenging assay,
Fremy’s salt assay, ESR detection of POBN spin adducts, and an oxygen consumption assay
[45, 46]. The leaf’s aqueous and flower ethanol extracts from the Siamese neem tree provide
antioxidant activity on lipid peroxidation formation induced by UV-irradiation of a Chago
K-1 bronchogenic cell culture at a concentration of 100 pig/ml determined by the thiobarbitu-
ric acid reactive substances (TBARS) method [47].

Cloning and expression analysis of genes involving flavonoid biosynthesis showed that
Siamese neem tree leaves total RNA contained nucleotide sequences related to enzymes F3'H,
FLS, DFR, and F3'5'H, which could be responsible for the biosynthesis of the antioxidant fla-
vonoids [48]. Some flavonoids that were separated from Siamese neem tree and neem leaves
and flowers are kaempferol, myricetin, quercetin, and rutin [39, 49-51]. The chemical struc-
tures of some flavonoids found in Azadirachta plants are shown in Figure 5.
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Figure 5. Chemical structures of some flavonoids found in Azadirachta plants. A = kaempferol, B = myricetin, C =
quercetin, D = rutin.

4.3. Russula mushrooms

It is well established that many compounds separated from mushrooms can be used as
immuno-modulators or as biological response modifiers [52]. Several mushroom species in
Basidiomycetes have been reported to possess anti-tumor activity [53, 54].

Many phytochemical compounds have been reported in various mushrooms, and they can
be classified into two main groups: high molecular weight compounds such as beta-glucan
and other polysaccharides [55] and low molecular weight compounds including polyphe-
nolics, flavonoids, and terpenoids [52]. Polyphenolics such as caffeic acid, chlorogenic acid,
ferulic acid, and gallic acid and flavonoids such as myricetin and catechin were found in
Agaricusbisporus, Boletus edulis, Calocybe gambosa, and Cantharellus cibarius [56]. Triterpeniods
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were found in Agaricus bisporus, Ganoderma lucidum, and Russula lepida. Moreover, aristo-
lane sesquiterpenoids were also found in Russula lepida [57]. Polysaccharides were found in
Agaricus bisporus, Agaricus brasiliensis, Ganoderma lucidum, and Phellinus linteus [58]. Some
polysaccharides such as beta-glucan are reported to promote immunomodulatory effects via
CR3, the leukocytemembrane receptor for $-glucans [59]. The mechanisms of the action of
the mushrooms to promote anticancer effects have been reported as NF-«B inhibitors, protein
kinase inhibitors, protein and DNA alkylating agents, modulators of G1/S and G2/M phases,
inhibitors of MAPK protein kinase signaling pathways, aromatase and sulfatase inhibitors,
matrix metalloproteinases inhibitors, cyclooxygenase inhibitors, DNA topoisomerases, and
DNA polymerase inhibitors and anti-angiogenic substances [52].

A previous study reported the presence of 1147 mushroom species in the Northeast part of
Thailand. They are composed of 647 consumed mushroom species, 222 trade mushroom spe-
cies, and 400 poisonous mushroom species [60]. Thirty-seven species of these mushrooms are
used in traditional medicine [60]. However, there are still some mushrooms in Thailand, espe-
cially in the Northeastern part of the country, that have never been studied for their biological
properties and phytochemical compounds.

The Russula mushroom’s shape resembles an umbrella. There have a clear cap and stem, with
the gills underneath the cap. The cap is thin and has an underlying radius arranged around
the center. The mushroom has no ring and no latex in the cap. The mushroom is fresh, soft,
fragile, and perishable [61]. There are around 750 worldwide species of Russula [62, 63]. The
distribution of the Russula species shows that they are present in several countries, including
the United States of America, Sweden, France, Norway, Madagascar, Italy, Belgium, Taiwan,
China, Japan, and Thailand [64]. In Thailand, Russula mushrooms have been found in 17
provinces in the Northeastern region of Thailand [65]. Numerous Russula mushrooms have
been consumed as food such as R. monspeliensis, R. virescens, R. alboareolata, R. medullata, and
R. helios [65, 66]. Various Russula mushrooms have been traditionally used for the treatments
of various diseases such as R. cyanoantha and R. nobilis, which are used for the treatment of
fever; R. luteotacta, which is used for wound healing; and R. delica and R. parazurea, which are
used for the treatment of gastritis and high blood pressure, while R. acrifolia is used for treat-
ments of skin cancer [36]. Moreover, some Russula mushrooms have also been traditionally
used for tonic purposes such as R. cyanoxantha, R. nobilis, R. delica, R. parazurea, R. acrifolia,
and R. luteotacta [67]. In addition, Russula luteotacta has been used as a sleep promoting agent
[67]. Physical characteristics of some Russula mushrooms found in Thailand are shown in
Figure 6.

Ten Russula mushroom collected from northeastern part of Thailand: R. crustosa, R. delica,
R. monspeliensis, R. velenovskyi, R. virescens, R. lepida, R. alboareolata, R. paludosa, R. medullata, and
R. helios were tested for their in vitro antioxidant activities using a photochemiluminescence
assay for both lipid-soluble and water-soluble antioxidant capacities. R. medullata extract exhib-
ited the highest antioxidant effects in both lipid-soluble and water-soluble models with antioxi-
dant capacities of 1.1658 nmol of trolox equivalence and 1.323 nmol of ascorbic acid equivalence,
respectively [68].
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Figure 6. Physical characteristics of some Russula mushrooms found in Thailand; A = Russula crustosa Peck, B = Russula
delica Fries, C = Russula monspeliensis Sarnari, D = Russula velenovskyi Melzer & Zvara, E = Russula virescens (Schaeff) Fries,
F = Russula alboareolata Hongo.

Some chemical constituents have been reported from Russula mushrooms including phenolic
acids such as p-hydroxy-benzoic acid, chlorogenic acid, ferulic acid, caffeic acid, protocate-
chuic acid, and coumaric acid and flavonoids such as quercetin, chrysin, and catechin [69-71].
Some terpeniods were also found in Russula mushrooms including aristolane and marasmane
[57, 72]. The chemical structures of the constituents found in Russula mushrooms are shown
in Figure 7.
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Figure 7. Chemical structures of some flavonoids found in Russula mushrooms. A = ferulic acid, B = chrysin, C =
aristolane.

5. Conclusion

Natural products have been main sources of drug discoveries including the development
of active compounds or formulas for the treatment of cancers. Even though it has become
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difficult to discover or synthesize new active components, with the knowledge and intelli-
gence regarding traditional medicine, there are still several ethnomedical herbal formulas and
regional plants that could be studied and developed for further medicinal utilizations. Herbal
remedies from Wat Tha-it and Wat Khampramong, Thailand, are examples of the efforts
to develop anticancer therapies from traditional knowledge. Both remedies can inhibit the
growth of various cancer cell lines. The stem extract and active compound, Berberine from the
Thai medicinal plant Coscinium fenestratum, significantly promoted anti-proliferative activity
on human colorectal cancer cells with the mechanism of action via NAG-1 and AFT3. Plants in
the genus Azadirachta have been traditionally used as a tonic. They promote significant antiox-
idant activities, which could support the body’s systems and prevent oxidative stress, which is
one of the causes of carcinogenesis. Russula is the local mushroom species in the Northeastern
part of Thailand. They promote significant antioxidant effects in both lipid-soluble and water-
soluble models. These plants and natural products have the potential to be sources of antican-
cer compounds or active extracts for the treatments of cancer. However, standardization and
quality control of the extract or active compounds should be performed before studying the
toxicity, in vivo biological activity tests, and further clinical studies in the future.
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Abstract

Cancer is the second cause of mortality worldwide. Angiogenesis is an important process
involved in the growth of primary tumors and metastasis. New approaches for controlling
the cancer progression and invasiveness can be addressed by limiting the angiogenesis
process. An increasingly large number of natural compounds are evaluated as angiogen-
esis inhibitors. The chorioallantoic membrane (CAM) assay represents an in vivo attrac-
tive experimental model for cancer and angiogenesis studies as prescreening to the murine
models. Since the discovery of tumor angiogenesis, the CAM has been intensively used in
cancer research. The advantages of this in vivo technique are in terms of low time-consum-
ing, costs, and a lower number of sacrificed animals. Currently, a great number of natural
compounds are being investigated for their effectiveness in controlling tumor angiogen-
esis. Potential reducing of angiogenesis has been investigated by our group for pentacyclic
triterpenes, in various formulations, and differences in their mechanism were registered.
This chapter aims to give an overview on a number of phytocompounds investigated using
in vitro, murine models and the chorioallantoic membrane assay as well as to emphasize the
use of CAM assay in the study of natural compounds with potential effects in malignancies.

Keywords: phytocompounds, tumor angiogenesis, chorioallantoic membrane assay

1. Introduction

Angiogenesis represents the process by which new vessels are formed from preexisting vessels
[1] and has important implications associated with tumor growth and metastasis [2]. Studies
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have shown that neovascularization is essential for tumor survival and growth, whereas in
angiogenic absent conditions, tumor may display necrosis or even apoptosis [3, 4]. The angio-
genic switch represents the process in which endothelial cells are led to a rapid growth state
induced by stimuli secreted by the tumor microenvironment, comprising tumor and stromal
cells, extracellular matrix components, immunologic cells, fibroblasts, adipocytes, muscle cells,
and pericytes [5]. The switch may also involve downregulation of endogenous inhibitors of
angiogenesis such as endostatin, angiostatin, or thrombospondin.

The undergoing of tumor angiogenesis represents a four-step process [6]: (i) tissue base-
ment membrane injury; (ii) migration of endothelial cells, activated by angiogenic factors;
(iii) endothelial cell proliferation and stabilization; (iv) continuous angiogenesis induced by
angiogenic factors. Therefore, key elements in the angiogenesis process are the endogenous
angiogenic factors. The most relevant angiogenic activators, signal mediators, and signaling
effects are represented in Figure 1.

A class of proteins that is widely responsible for tumor angiogenesis is represented by growth
factors, such as the vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF),
platelet-derived endothelial growth factor (PDGF), tumor necrosis factor-a (TNF-ct), epider-
mal growth factor (EGF), placental growth factor (PGF), transforming growth factor (TGF),
granulocyte colony stimulating factor (GCSF), hepatocyte growth factor (HGF), angiostatin,
and angiogenin [7]. However, VEGF is thought to be the main proangiogenic growth fac-
tor, because it induces all four phases of angiogenesis by augmenting vascular permeability,
endothelial cell proliferation, endothelial cell migration, and capillary like tube formation [8].
Angiogenic cytokines or other growth factors such as VEGF are expressed under hypoxia
conditions or by various oncogenes (e.g., mutant ras, erbB-2/HER2) [9].

As shown in Figure 1, after binding the tyrosine kinase specific domain of the receptors, mul-
tiple ways of signaling are possible for the angiogenic factors. Important molecular mecha-
nisms involve activation of RAS/RAF1/kinase through the extracellular signal (ERK-1 si-2),
inducing proliferation and differentiation; RAS/p38 mitogen-activated kinase (MAPK) and
JUN/kinase 1-3 N-terminal, modulating inflammation, apoptosis, and differentiation; phos-
fatidyl-3-inositol kinase-1 (PI3K) and AKT dependent, regulating cell survival, mammalian
receptor for rapamycin (mTOR), highly involved in proliferation and cell growth. Other
inductor factors of the signaling pathways of angiogenesis are found in the cytoplasm (e.g.,
GAB1, SHC, SRC, PI3K, and phosfolipase y C) [10].

VEGF and its receptors, the VEGFR family, remain intensively researched for targeting angio-
genesis in different tumors. At the same time, other angiogenesis suppressing-related targets
are being studied for the development of anticancer therapies for tumors resistant to anti-
VEGEF therapy. A number of therapeutic agents are currently in use for several malignan-
cies: monoclonal antibodies against angiogenic growth factors (e.g., antibody against VEGF,
Bevacizumab), inhibitors of angiogenic factors synthesis (e.g., mTOR inhibitor Rapamycin),
and inhibitors of angiogenic factor receptors (tyrosine-kinase inhibitors, e.g., imatinib and
sorafenib) [11]. Unfortunately, clinical response to the new molecular advances in cancer
therapy by targeting angiogenesis is unsatisfactory. Resistance and low survival rates are sig-
naled. New therapeutic approaches with minimal side effects are desired to act by targeting
the multiple factors that are activated during tumor progression.
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Figure 1. Angiogenic factors and signaling pathways involved in angiogenesis mediation. Abbreviations: Akt, RAC-
alpha serine/threonine-protein kinase, ERK1/2, mitogen-activated protein kinase 1/2, FAK, focal adhesion kinase; FGFR,
fibroblast growth factor receptor; IGFR, insulin growth factor receptor; MAPK, mitogen-activated protein kinases; NOS,
nitric oxide synthase; p38, mitogen-activated protein kinase 11; PDGFR, olated-delivered endothelial growth factor
receptor; PI3K, phosphatidylinositol 4,5-bisphosphate 3-kinase; PLCy, phospholipase C gamma; Smad, Smad protein;
Src, proto-oncogene tyrosine-protein kinase; TGFa-R, transforming growth factor « receptor; Tie, angiopoietin receptor;
VEGEFR, vascular endothelial growth factor receptor.

Based on the preventive effect that healthy diets have on the epidemiology of cancer, medici-
nal plants, spices, fruits, and vegetables represent an interesting source of phytochemicals.
Natural compounds or even plant extracts are now considered important and accessible
therapeutic or chemopreventive agents in cancer. In the search of the suitable phytocom-
pounds to test for specific effects, virtual screening methods can be successfully applied
in the selection of selective compounds for specific targets [12]. To avoid lack of selectiv-
ity, computational filtering schemes can be used [13]. Extensive studies demonstrate the
high potential of plant-derived chemicals in controlling tumor angiogenesis with minimal
secondary effects and drug resistance, by targeting multiple key pathways in a synergistic
manner.

2. Experimental models for tumor angiogenesis: focus on the CAM assay

Animportant issue in angiogenesis studies is the appropriate choice of the assays. To evaluate
the efficacy of potential phytocompounds and to identify potential targets within the angio-
genic process, several methods both in vitro and in vivo can be applied. Each of them having
one or more drawbacks, ideally more techniques are to be applied. In vitro techniques are
used by co-culturing endothelial cell and other tumor microenvironment factors with tumor
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cells in 2D or even 3D models which facilitate the identification of the involved molecular
mechanisms. Despite the advances made in the direction of designing in vitro assays, the in
vivo environment can be difficultly reproduced with such protocols [14]. To better assess the
key aspects of tumor angiogenesis and therapeutic approaches, in vivo assays can be applied,
such as the chick chorioallantoic membrane (CAM), the zebrafish, the sponge implantation,
the corneal, or dorsal air sac and tumor angiogenesis models in rodents or rabbits [15]. Several
drawbacks can still be cited, especially for the murine models, including high costs, complex
technical and surgical abilities, and important quantities of test compounds.

2.1. Chorioallantoic membrane assay

The chorioallantoic membrane (CAM) assay represents an attractive in vivo experimental
model for angiogenesis and cancer studies. The advantages of this in vivo technique in terms
of costs, time, simplicity, reproducibility, and ease of the approval by the ethic committee
make it a good prescreening assay to murine models in the research of biological systems and
new therapeutic targets. Especially tumor angiogenesis and metastasis protocols benefit for
a much shorter time for the tumor to grow and metastasize than the classical animal models.

The limitations of the model include a restricted number of reagents to work with due to low
compatibility, nonspecific inflammatory reactions, keratinization of the membrane, and a vas-
cular reaction that interferes with the visualization of vascular modifications. Technical skills
may be significant to counteract these limitations [16, 17].

The chorioallantoic membrane is the vascularized respiratory extraembryonic tissue of avian
species. First, this biologic system has been used for embryologic, immunological, and tumor
grafting studies [18], and more recently, since the discovery of tumor angiogenesis [19], it is
intensively applied in cancer research [20]. During the stages of embryo development, the
immunologic, nervous, and nociceptive systems are not fully developed [21]. Several types of
CAM assay protocols have been developed.

2.2. Uses in biological studies

The method can be applied for bioengineering development, morphology, biochemistry, trans-
plant biology, cancer research, and drug development, but also in immunology, wound healing,
tissue repair, or drug toxicity [22, 23]. The possibilities of imaging and evaluation have attracted
many research studies. Nutritional therapeutics is an example of products approved by the U.S.
Food and Drug Administration (FDA) that were preclinically evaluated in the CAM model [16].

Phytocompounds can be tested in order to evaluate their potential bioavailability, tolerability,
and lack of irritation effects. For this purpose, the variations of the HET-CAM protocol can be
applied, according the Interagency Coordinating Committee on the Validation of Alternative
Methods (ICCVAM) recommendations published in November 2006 in Appendix G of refer-
ence [24]. Our previous evaluations proved its applicability in testing different sets of com-
pounds, i.e., surfactants and aflatoxins [25].

In the attempt of finding new means for cancer chemoprevention, the chorioallantoic membrane
assay can be used to test natural compounds that could reduce or inhibit several pathways
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involved in malignancies, especially pro-inflammatory cytokine activation and excessive angio-
genesis. Tumor microenvironment, including inflammation and angiogenesis next to the devel-
opment of new therapeutic targets for these pathological conditions, is intensively researched
on murine models [26]. Previously, we have evaluated mast cell involvement in the angiogen-
esis process implementing a mastocytoma model on the CAM assay [27], which can be further
developed for the evaluation of natural compounds on mast cells as key participants in the
tumor microenvironment.

2.3. General in ovo method

Ex ovo or in ovo techniques are applicable. The ex ovo protocol involves the transfer of the egg
content on day 3 of incubation into a Petri dish. It facilitates the visualization of the experi-
ment, but the unnatural milieu of development of the embryo is detrimental to the survival
rate of the specimens. Therefore, we prefer the in ovo protocol and is the type of method
described here.

Fertilized eggs are horizontally incubated 7 days prior to use, at 37°C, in a controlled wet
atmosphere. On the third day of incubation, in order to detach the chorioallantoic membrane,
a volume of 2-3 ml of albumen is aspired through a perforation at the more pointed end of the
eggs. The hole is resealed and returned to the incubator. The next day, a window is cut and
resealed on the superior side of the shell. The eggs are returned to incubation until the day of
the experiment [28]. Generally, 5-10 eggs are used for each test sample. Samples are applied
inside a sterile plastic ring on the surface of the membrane. Samples are applied in triplicate.
In ovo investigation by means of a stereomicroscope is performed throughout the experiment.
Photographs are recorded for further analysis (Figure 2).

Starting with day 11 of incubation, samples can be considered active on excessive angiogen-
esis. The rapid growth of the vessels occurs during days 7-11; therefore, applying substances
during this interval can be evaluated in terms of antiangiogenic effects. Morphometric evalu-
ation of the angiogenic reaction can be conducted using a 0-5 arbitrary scale, the mean values
expressing the vascular density around the site of application [20]. Finally, specimens are
sacrificed and membranes are submitted to histological and immunohistological evaluation.
On slides with immunohistochemical marked vessels, the mean microvascular density can be
determined using the hotspot method, and counting the blood vessels, to calculate an antian-
giogenic index, with the aid of the formula: AAI=1-No,,, /No AAI = antiangiogenic
index, BV =blood vessels [29].

BVtest BVcontrol,

2.4. Tumor angiogenesis model on CAM

Tumor cells are used on the CAM in order to obtain tumors, to study their microenvironment
and the effects that phytochemicals might have. Tumor grafts can be used as well. Usually,
cultured cancer cells are inoculated on the surface of the CAM, on day 10 of incubation, after
being trypsinized and resuspended in culture medium to final concentrations in the range of
10°-10° mlI™.. Cells can be applied directly on the CAM using a plastic ring for localizing the
cells or using Matrigel impregnated with cells. Further, test compound solutions diluted with
minimal DMSO (dimethyl sulfoxide) concentration in phosphate buffer can be applied on the
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Figure 2. Chorioallantoic membrane assay —in ovo practical approach: incubation of the eggs (a—c); albumen removal,
shell opening, and resealing (d—f); visualization of the CAM, sample application, and sample application inside a plastic
ring (g-i) [30].

same spot as the cancer cell samples. In 0vo stereomicroscopic follow-up is performed daily to
register the changes in the vascular response around the tumor developing area that will be
used for the morphometric analysis. On the final day of the experiment, after sacrificing the
embryos, tumor masses are measured; the chorioallantoic membrane, the formed tumors, and
some organs suspected to have metastasis are harvested and histologically processed.

In order to observe morphologic changes in the chorioallantoic membrane, hematoxylin
eosin staining is analyzed. Different panels of immunohistochemical markers can be further
applied: tumor cell markers and specific antibodies for different key proteins involved in
the tumor microenvironment (e.g., endothelial cell marker-factor VIII, smooth muscle actin
(SMA) marker, vascular endothelial growth factors, and its receptors, mast cells marker—
Tryptase, the proliferation marker —Ki67). Results can reveal molecular modifications and
serve to vascular density quantification.

Our experience is related to testing phytocompounds and plant extracts for the effect on angio-
genesis. Using the angiogenesis method in the rapid stage of CAM development, we found
that pentacyclic triterpenes, betulinic (BA) acid, and betulin (Bet) in various formulations with
cyclodextrin and in nanoemulsion are potential antiangiogenic compounds, acting differ-
ently, both through direct and indirect mechanisms [31, 32]. Immunohistochemical staining
for smooth muscle actin (SMA) on the specimens treated with betulin in nanoemulsion, next
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to blank and control samples, are shown in Figure 3. The low expression of the marker in
the betulin-treated specimen indicates a minimal implication of pericytes in the angiogenesis
process [32]. On the contrary, we found that betulinic acid determined rapid maturation of the
vessels and high levels of SMA [31]. We also evaluated triterpenes and other types of natural
compounds in melanoma models on CAM, which confirms the inhibitory effect on tumor
angiogenesis (data not published).

Most studies that use the CAM assay are evaluated through stereomicroscopy that allows a
series of quantitative measurements, and by histologic an immunohistological interpretation.
Advances in the evaluation techniques include fluorescence microscopy, confocal micros-
copy, microCT scanning, and imaging, in situ hybridization (ISH), quantitative PCR (qPCR)
determination of specific targets [16, 33].

Figure 3. Light microscopic evaluation of CAM sections from ID 11 smooth muscle actin marker: (a) blank specimen,
x40, (b) control specimen treated with nanoemulsion, x40, (c) specimen treated with betulin in nanoemulsion, x40 [32].

3. Phytocompounds targeting cancer angiogenesis: in vitro, on the
chorioallantoic membrane assay, in animal model

Chemicals derived from plant sources as well as various types of extracts have been already
investigated for their effects on angiogenesis and on cancer. Currently, based on the failure
of the approved therapeutics and also by crediting the traditional medicine philosophy that
pathologies are imbalances that have to be rebalanced, the idea of multiple targeting through
synergetic phytocompounds mixtures is gaining more attention. Extensive research is being
dedicated to the understanding of their mechanism and their efficacy using in vitro and in
vivo methods. The most in depth evidence comes from the results on cell cultures. In vivo
methods also offer other accurate data on their effects. The chorioallantoic membrane assay
is being used by more and more researchers for the evaluation of plant-derived chemicals or
extracts. Correlations can be made using the results obtained for in vitro, animal and CAM
assays, which will improve the knowledge and the future analysis to perform for the active
compounds. We reviewed here some of the most investigated phytocompounds concerning
the results obtained on all the three experimental models (Table 1).
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4. Clinical trials correlation

Implementation of clinical trials is vital for the validation and future use of the active phyto-
compounds as additional therapies to the oncologic protocols or as chemopreventive strate-
gies. These types of experiments are difficult to implement and therefore not many trials are
finalized for the evaluation of antiangiogenic effect in cancer. Two of the above-listed phyto-
chemicals (Table 1) benefit from large investigations among which some are clinical trials,
but the modulation of the angiogenic process does not appear as a distinct evaluation, cancer
effects being the first ones to be described.

Most of the controlled clinical trials of curcumin supplementation in cancer patients aimed to
determine its feasibility, tolerability, safety, and to provide early evidence of efficacy [79]. For
patients with advanced colorectal cancer, oral doses up to 3.6 g/day for 4 months were well
tolerated, although the systemic bioavailability of oral curcumin was low [80]. For this dose,
trace levels of curcumin metabolites were measured in liver tissue, but curcumin itself was
not detected [81]. These findings suggested that oral curcumin is effective as a therapeutic
agent in cancers of the gastrointestinal tract. Other trials found that combining curcumin with
anticancer drugs like gemcitabine in pancreatic cancer [82], docetaxel in breast cancer [83],
and imatinib in chronic myeloid leukemia may confer additional benefits to conventional
drugs against different types of cancer.

Green tea made from Camellia sinensis L. leaves, originated in China, is one of the most
extensively consumed beverages and achieved significant attention due to health benefits
against cancer. Representative compounds are polyphenols and catechins with thera-
peutic potential against cancer [84]. Recent clinical trials proved that green tea extract
and epigallocatechin gallate (EGCG) can be active in several forms of cancer. There is an
increasing trend to employ green tea extract and EGCG as conservative management for
patients diagnosed with less advanced prostate cancer. Combinations of chemopreventive
agents should be carefully investigated because mechanisms of action may be additive or
synergistic [85]. Several clinical examinations reported different molecular mechanisms
regarding green tea beneficial effects against oral cancer chemoprevention [86-88]. Lung
cancer induction may also be inhibited by tea polyphenols. Some studies suggest that
individuals who never drank green tea have an elevated lung cancer risk compared to
those who drank green tea at least one cup per day, and the effect is more pronounced in
smokers [88]. Hepatocellular carcinoma (HCC) usually develops in a cirrhotic liver due
to hepatitis virus infection. Green tea catechins (GTCs) may possess potent anticancer
and chemopreventive properties for a number of different malignancies, including liver
cancer. Antioxidant and anti-inflammatory activities are key mechanisms through which
GTCs prevent the development of neoplasms, and they also exert cancer chemopreven-
tive effects by modulating several signaling transduction and metabolic pathways where
angiogenesis is exacerbated. Several interventional trials in humans have shown that
GTCs may ameliorate metabolic abnormalities and prevent the development of precancer-
ous lesions [89].
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5. Conclusion

Currently, a great number of natural compounds are being investigated for their potential
effectiveness in controlling tumor angiogenesis and therefore the reduction of tumor growth
and metastasis. Observing the high number of molecular pathways that are deregulated in
tumor angiogenesis and that many phytocompounds are active on several key factors, it is rec-
ommendable that more in vivo studies should investigate mixture of compounds for broader
targeting, having eventually lower secondary effects and resistance. The optimal experimen-
tal technique is an important factor in order to get a useful output. More types of assays are
always a good choice, including in vivo assays. The chorioallantoic membrane protocol is a
good candidate for one type of “golden standardized method” in tumor angiogenesis, being a
versatile, rapid, easy, and cheap method to apply in the research of phytocompounds. A great
number of plant-derived chemicals, alone or in combination, are studied using this method,
but standardization, next to applying new analysis techniques will outcome useful data that
will be easier translated to clinical trials.
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Abstract

In recent years, natural products such as dietary phytoconstituents have been the focus
of scientific studies for cancer prevention. Among these are polyphenols, which have
shown anticancer properties. Pigmented cereals such as blue maize are a rich source of
polyphenols such as anthocyanins. Therefore, the aim of this work is to determine the
chemical composition and cytotoxic activity of blue maize extract in several cancer cell
lines. The total polyphenol content, total anthocyanins, and antioxidant activity of 16
blue corn samples from the Mixteco race were analyzed. From these, the sample with the
highest content of polyphenols, anthocyanins, and antioxidant activity was selected and
its anthocyanin fraction was isolated using an amberlite column and analyzed by means
of HPLC-ESI-MS. The total polyphenol content ranged from 142.8 to 203.2 mg GAE/100g.
The total anthocyanin contents varied between 19.02 and 66.92 mg C3G/100g. The antiox-
idant activity ranged from 18.5 to 27.8 umol TE/g. The anthocyanin profile showed eight
different compounds, mainly acylated anthocyanins. Cytotoxicity of blue corn extract on
cancer cell lines was determined at concentrations of 100 and 500 ug/mL using the SRB
assay. A cytotoxic effect was mainly observed on SKLU-1 and HTC-15 cell lines.

Keywords: blue corn extract, dietary phytoconstituents, anthocyanin profile, cancer cell

lines, cytotoxic activity
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1. Introduction

Molecules derived from natural sources, such as plants, marine organisms, and microorgan-
isms, have become important sources of active compounds in the development of drugs for the
treatment of human chronic diseases. In recent years, natural products such as dietary phyto-
constituents have been the focus of scientific studies for cancer prevention [1]. Epidemiological
and preclinical research indicates that dietary compounds possess chemopreventive proper-
ties, for example, garlic consumption has been associated with a lower risk of cancer [2-4].
In addition, supplementation of dietary phytochemicals for chemoprevention is gaining
increased attention due to their chemical diversity, biological activity, and good availability.

Currently, more than 1000 dietary compounds belonging to different chemical classes have
shown potential chemopreventive activities [5]. Among dietary constituents, polyphenols such
as anthocyanins have demonstrated to exert many biological activities including anticancer
properties [6]. From the chemical standpoint, anthocyanins are phenolic substances that belong
to the group of flavonoids derived from the 2-phenylbenzopyrilic cation found in nature in a
glycosylated or acylated form [7]. These compounds are particularly abundant in pigmented
cereals such as red, purple, and black rice, black sorghum, and red, blue, or purple maize [8-10].

Mexico is the center of origin and biodiversity of maize (Zea mays L.). Species have an exten-
sive genetic diversity, with 59 different races described with different shapes and colors rang-
ing from white to yellow, red, purple, and blue [11]. Pigmented maize genotypes are used in
the production of tortillas, tamales, atoles, and other traditional Mexican foods. These maize
varieties have been the focus of scientific studies because they are a rich source of polyphenols
such as anthocyanins. Recent data indicate that blue maize contains monomeric anthocyanins
as well as acylated anthocyanins [12, 13].

Even though blue maize is an important part of the Mexican diet, there is little scientific infor-
mation regarding its anthocyanin profile and anticancer properties. Chemical composition is
a factor that must be considered in the selection of blue maize genotypes due to its impact
on biological activity, and thus its potential applications for the treatment of disease such as
cancer. For this reason, prior to embarking on cancer phytochemical trials, it is important to
carry out a preclinical research in order to evaluate the potential application of phytochemi-
cals from blue maize. It is well known that in vitro studies examine preliminary efficacy of
phytochemicals for cancer prevention or therapy [14].

Given the above, the aim of this work is to evaluate the total content of polyphenols, anthocya-
nins, and the antioxidant activity of blue corn from the Mixteco race, and to determine its antho-
cyanin profile and the cytotoxic activity of the anthocyanin fraction in several cancer cell lines.

2. Research methods

2.1. Plant material

Sixteen samples of blue maize from the Mixteco race (Figure 1) were donated by the
Interdisciplinary Research Center for Integral Regional Development (CIDIIR as per the
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A

CIIDIR-185

Figure 1. Grains of blue maize from Mixteco race.

Spanish acronym) of the National Polytechnic Institute, Oaxaca Unit in Mexico. Maize kernels
were grounded and placed in amber bottles for analysis.

2.2. Blue corn extracts

Ground blue corn kernels (1:5 p:v) were homogenized for 20 min with ethanol acidified with
citric acid 1M (85:15 v:v). This was performed using an ultrasonic homogenizer at a frequency
of 20 kHz and 750 W power (Cole-Palmer Instrument Company, VCX-750, USA) with a tip
diameter of 13 mm at an amplitude of 25 um with a pulse of 5 s in the ‘On’ position and 5 s
in the ‘Off” position. The sample was placed under refrigeration for 24 h and centrifuged at
4000 rpm for 15 min at a temperature of 5°C. The process was repeated twice and the extract
was concentrated using a rotary evaporator under vacuum. The conditions of extraction have
been included in a patent request, MX/A/20131011202.

2.3. Total phenolic content

For analytical purposes, total polyphenols were evaluated using the colorimetric method pre-
viously described by Folin-Ciocalteu and modified by Singleton and Rossi [15]. In this study,
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0.2 mL of the extract was mixed with 3.0 mL of distilled water and 0.2 mL of Folin-Ciocalteu
reagent. Next, a calcium carbonate saturated solution of 0.75 mL was added. Then the mixture
was incubated for 60 min at 37°C in darkness; absorbance was read at 750 nm. This measure-
ment was compared to a standard curve prepared with a gallic acid solution (20-120 mg/L)
(Sigma Chemical). The total phenolic content was expressed as milligram equivalents of gallic
acid/100 g of fresh weight (mg GAE/100g).

2.4. Total monomeric anthocyanin content

Monomeric anthocyanin content was evaluated using the differential pH method [16].
Absorbance was measured in a UV-VIS spectrophotometer (Perkin Elmer, Inc., Shelton,
CT, USA). For the analysis, samples were diluted in potassium chloride buffer (pH 1.0) and
sodium acetate buffer (pH 4.5). The difference in absorption at 510 and 700 nm was deter-
mined in buffers at pH 1.0 and 4.5. The monomeric anthocyanin content was expressed as
cyanidin 3-glucoside mg/100g.

2.5. Antioxidant activity

The antioxidant assay was performed according to the DPPH (2,2-Diphenyl-1-picrylhydrazyl)
method [17]. Trolox was used to make a calibration curve (100-800 pmol). About 2.9 mL of
DPPH solution was mixed with 0.1 mL of blue corn extract, and then kept in the dark for 1 h.
The sample was incubated for 30 min and it absorbance was read at 517 nm. The result was
expressed as umol eq. trolox/g of sample.

2.6. Isolation and chromatographic analysis of anthocyanins

For the isolation of anthocyanins, a column was packed with amberlite XAD-7 preconditioned
with 5% acetic acid [18]. Then, 1 mL of the blue corn concentrated extract was placed into the
column and eluted with acidified ethanol (5% acetic acid). The eluate was then concentrated
to dryness using a Buchi rotary evaporator (Heidolph Digital Laborota pump 4011) coupled
to Pimo Vacum Buchi V-700. Anthocyanins were analyzed by HPLC-ESI-MS. The HPLC sys-
tem was coupled to a Briitker MicrOTOF 1I spectrometer. The column was C-18 ZORBAX
eclipse plus column with 100 mm x 2.1 mm, 3.5 pm. The isocratic elution was done with a mix
of methanol:water (2:8 v:v). Mass spectra analysis was carried out in negative ion mode, scan
range: 50-3000 amu, capillary voltage 3.8 kV, dry gas flow at 4.0 L/min.

2.7. Cell culture and assay for cytotoxic activity

Prostate cancer cell lines (PC-3), neoplastic myelogenous leukemic cell lines (K-562), human
colon cancer cell lines (HCT-15), human breast cancer cell lines (MCF-7), and lung cancer cell
lines were provided by the National Cancer Institute (NCI), USA, and the Center of HIV/
AIDS Services Center in Mexico City. Cytotoxicity of blue corn extract on tumor cells was
determined at different concentrations (50, 100, and 500 pg/mL), using the protein-binding
dye sulforhodamine B (SRB) assay in microculture to determine cell growth [19]. Cell lines
were cultured in RPMI-1640 (Sigma Chemical Co., Ltd., St. Louis, MO, USA), supplemented
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with 10% of fetal bovine serum purchased from Invitrogen Corporation, 2 mM L-glutamine,
100 IU/mL, penicillin G, 100 mg/mL streptomycin sulfate, and 0.25 mg/mL amphotericin B
(Gibco). They were maintained at 37°C in a 5% CO, atmosphere and 95% humidity. For the
assay, the following suspensions were prepared: 5 x 10* cell mL (K-562, MCF-7), 7.5 x 10*
cell/mL (PC-3), and 10 x 10* cell/mL (HCT-15, SKLU-1); 100 uL of these cells in suspension
were seeded in 96-well micro-titer plates and incubated in order to achieve cell attachment
to the plates. After 24 h of incubation, 100 pL of each test compound and positive substances
(Cisplatin) were added to each well. After 48 h of incubation, adherent cell cultures were fixed
‘in situ’ by adding 50 mL of cold 50% (wt/vol) trichloroacetic acid (TCA) and incubated for
60 min. at 4°C. The supernatant was discarded and the plates were washed three times with
water and then air-dried. Cultures fixed with TCA were stained for 30 min. with 100 mL of
0.4% SRB solution. Protein-bound dye was extracted with 10 pmol of unbuffered tris base
and the optical densities were measured by an Ultra Microplate Reader (EIx808, BIO-TEK
Instruments, Inc.) with a test wavelength of 515 nm.

3. Results and discussion

3.1. Total content of polyphenols, monomeric anthocyanins, and antioxidant activity

The first aim of this research is to evaluate the total content of polyphenols, anthocyanins, and
the antioxidant activity of blue corn extracts. Ethanol acidified with citric acid was used in the
preparation of the extracts, since organic acids decrease the decomposition of anthocyanins
during the following concentration step [20].

The total polyphenol content was observed in the range of 143-203 mg equivalent of gallic
acid/100 g sample (Table 1), while the concentration of monomeric anthocyanins varied from
21 to 69 mg cyanidin-3-glucoside/100 g sample. In this study, the total polyphenol and antho-
cyanin levels were lower than values previously reported for American and Mexican blue
corn [21]. Antioxidant activity evaluated with the DPPH method showed values between 18.5
and 26.8 umol/100 g.

Results for the total content of polyphenols, monomeric anthocyanins, and antioxidant activity
were plotted in a polygons graph in order to identify the sample with the best characteristics.
Figure 2 shows that sample CIIDIR-125 had the largest content of anthocyanins and anti-
oxidant activity; therefore, it was selected to undergo the anthocyanin profile analysis and
biological tests.

3.2. Anthocyanin profile of blue corn extract

Figure 3 shows the profile of anthocyanins isolated from blue corn using amberlite XAD-
resin. The MS data analysis for blue corn anthocyanins is summarized in Table 2. It shows
ions at m/z =287 and 271, suggesting that anthocyanins are derived mainly from cyanidin and
pelargonidin. Eight anthocyanins were identified such as: cyanidin-3-(3",6"-dimalonyl-gluco-
side), pelargonidin-3-glucoside dimalonate, pelargonidin-3-(sinapoyl glucoside)-5-glucoside,
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Sample Total polyphenols’ Monomeric anthocyanins®  Antioxidant activity*
CIIDIR-02 154.4%8" 32.542 18.5¢
CIIDIR-12 176.7%4 48.5° 21.24¢
CIIDIR-54 158.4% 31.2¢ 18.6°
CIIDIR-107 173.3%¢ 53.4° 26.72b<
CIIDIR-112 142.8 30.7¢ 18.5¢
CIIDIR-125 203.2# 66.9° 24 4abred
CIIDIR-129 164.3% 4755 23.6%4
CIIDIR-131 173.44 53.4° 27.8
CIIDIR-167 187.10< 32.3¢ 24 43k
CIIDIR-172 147 4shi 28.6° 22.7¢4
CIIDIR-179 162.1* 30.7¢ 21.54¢
CIIDIR-184 146.5' 21.4f 20.6%¢
CIIDIR-185 19290 35.1¢% 26.8%°
CIIDIR-189 157.7%h 40.3+ 22.8
CIIDIR-190 148.18M 33.1de 23504
CIIDIR-197 175.34 354 26.73b<

Samples with the same letters are not significant statistically (p < 0.05).
'mg GAE/100g.

’mg C3G/100 g.

*umol TE/g.

Table 1. Content of total polyphenols, monomeric anthocyanins and antioxidant activity in blue corn samples.

pelargonidin 3-(3",6"”-dimalonylglucoside), pelargonidin 3-(6"-malonyl glucoside)-5-(6" acetyl
glucoside), pelargonidin 3-glucoside-5-(6"-acetyl-glucoside), pelargonidin 3-(6"-malonylglu-
coside), and pelargonidin 3,5-diacetylglucoside. The data indicates that only acylated antho-
cyanins are present in blue corn from the Mixteco race. This could be due to genetic factors,
farming practices, weather conditions, and soil type, which have an influence on the chemical
composition of maize varieties.

3.3. Cytotoxic activity of the anthocyanin fraction from blue corn

In this study, the SRB assay was used to evaluate cytotoxic activity, and it was selected in
order to avoid any interference of anthocyanins in the final reading. The effect of the blue corn
extract at different concentrations on the prostate cancer cell line (PC3), neoplastic myelog-
enous leukemic cell line (K562), human colon cancer cell line (HCT-15), human breast cancer
cell line (MCE-7), and lung cancer (SKLU-1) are shown in Figure 4. Generally speaking, it
was observed that for blue maize extract, the percentage of growth inhibition of cancer cell
lines improved with increased concentration; the analysis indicates that the blue corn extract
causes growth inhibition in all cancer cell lines in a dose-dependent manner (Figure 4).
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Figure 2. Polygon graph of total polyphenols, monomeric anthocyanins and antioxidant activity.

Figure 3. Anthocyanin profile of blue corn.

PC3 cells were selected due to their highly aggressive nature. Data showed 2.43% inhibi-
tion on prostate cancer cells at 500 pg/mL. Previous studies have analyzed the anticancer
properties of the anthocyanin fraction from potato extracts in prostate cancer cells (PC-3)
showing cytotoxicity [22]. It has been reported that the anthocyanin profile has an effect
on anticancer activity. For example, pomegranate extract has an abundance of delphinidin
derivatives, a compound with anticancer activity on human prostate [23]. In the present
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Peak Retention mlz Tentative identification
time (min)
1 12 621-287 Cyanidin-3-(3", 6"-dimalonyl-glucoside)
2 1.9 358-271 Pelargonidin-3-glucoside dimalonate
3 2.8 639-271 Pelargonidin-3-(sinapoyl glucoside)-5-glucoside
4 3.4 605-271 Pelargonidin 3-(3",6”-dimalonylglucoside)
5 3.9 740-519-433-271 Pelargonidin 3-(6"-malonyl glucoside)-5-(6" acetyl glucoside)
6 5.0 654-595-434-271 Pelargonidin 3-glucoside-5-(6"-acetyl-glucoside)
7 6.6 519-271 Pelargonidin 3-(6"-malonylglucoside)
8 8.4 595-271 Pelargonidin 3,5-diacetylglucoside

Table 2. Chromatographic and mass spectral data of anthocyanins.
research, the anthocyanin profile of blue corn was composed only of cyanidin and pelar-
gonidin derivatives; delphinidin was not detected.

In addition, the analysis indicates that the blue corn extract showed higher inhibition of
cellular growth in MCF-7 cancer cells than SKLU-1 (Figure 4) at the same concentration

100
90 50 pg/ml
80 W 100 pg/ml
70 B 500 pg/ml
e | 60
2
8 | 50
£
5
S 40
30
20
10
A':-'
0

PC- K562 HTC-5 MCEF-7 SKLU-1

Human cancer cell lines

Figure 4. In vitro cytotoxicity of blue corn extract on several human cancer lines.
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(500 pg/mL). Anthocyanin-rich extracts of cereals such as black rice and black sorghum have
also showed the anticancer effects on MCEF-7 cells. On the other hand, reports on the effects
of anthocyanins on SKLU-1 cells are scarce; a study performed on kenaf seed extract showed
cytotoxic activity toward SKLU-1 [24].

Interestingly, blue corn extract was able to inhibit 50.9% of lung cancer cells at 500 pg/mL,
which suggests a potential for application in lung cancer treatment, one of the five cancer
types most frequently diagnosed in male population worldwide; however, studies in vivo
(animal experiments) and clinical trials are needed. In this regard, studies on blueberries
report the presence of anthocyanins in lung tissue of mice fed with this anthocyanin-rich fruit
(5% w/w) for 10 days, suggesting that fruits, vegetables, and cereals such as blue corn may be
an important source of chemopreventive dietary components [25].

Likewise, blue corn extract also inhibited the growth of neoplastic myelogenous leukemic
cells (K562) and colon cancer (HCT-15) cell lines on 46.7 and 62 % at 500 pg/mL, respectively.
Given the above, the blue corn extract was more effective on the growth inhibitory activity on
HCT-15 colon cancer cell lines as compared to other cancer cell lines. Current statistics indi-
cate that in 2012 colorectal cancer was the third most common cancer in the world. For this
reason, there is an increasing interest for chemoprevention as a cancer prevention strategy.
Dietary agents such as anthocyanins have been explored for their chemopreventive effects
against colon cancer [26]. In vitro data obtained in this research provides information for the
future application of blue corn extract as a chemopreventive agent in colon cancer.

In summary, blue corn possesses antioxidant properties and its anthocyanin profile is constituted
solely by acylated anthocyanins. These results are particularly important since corn is the basis
of the Mexican diet; they suggest that corn anthocyanins may have anticancer activity. Further
research is necessary to obtain deeper knowledge on specific molecular targets of blue corn and
to ensure the safe use of these active compounds as therapeutic agents on lung and colon cancer.
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Abstract

Cancer is an uncontrolled growth and division of cells, leading to significant mor-
bidity and mortality and economic burden to the society. Natural products as anti-
cancer molecules have drawn the attention of researchers and have resulted in the
development of many successful anticancer drugs, which include camptothecins, epi-
podophyllotoxins, vinca alkaloids, and taxanes. Another group of compounds with
anti-cancer effects include botanicals (phytochemicals) found in the diet. In recent
years, a tomato carotenoid lycopene (LYC) has gained attention for its potential
health benefits, especially in prevention and treatment of cancer. The studies sug-
gest that the consumption LYC in food or by itself may reduce cancer risk. However,
there are insufficient clinical trial data to support the hypothesis. LYC may play a
preventive role in a variety of cancers, especially in prostate cancer. It acts by multi-
ple mechanisms including the regulation of growth factor signalling, cell cycle arrest
and/or apoptosis induction, metastasis and angiogenesis, as well as by modulating
the anti-inflammatory and phase II detoxification enzymes activities. The effects can
be attributed to the unique chemical structure of the carotenoid which confers it a
strong antioxidant property. In this chapter, we discuss the chemopreventive and
anti-cancer properties of LYC, a dietary carotenoid.”

Keywords: phytochemicals, lycopene, cancer, molecular, signaling pathway

1. Introduction

Natural products, which can be defined as simple or complex molecules (primary and sec-
ondary metabolites) produced naturally by any organism, constitute a diverse group of sub-
stances some of which are part of our food, and others have medicinal properties. Over the

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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past few decades, there has been a tremendous increase in research on isolation and purifica-
tion of compounds of botanical origin and establishing the efficacy of these compounds as
potential therapeutic and preventive agents. The natural products have received considerable
attention as potential drugs, and a large number of medicinal plants and their formulations
have been investigated and found useful in cancer chemotherapy [1]. According to an esti-
mate, more than half of potent anticancer drugs have natural product origin [2]. Some of the
plant species that have been used for medicinal purpose and suggested for their beneficial
effect in cancer are listed in Table 1.

Plant species

Preparation

Effect

Acacia nilotica

Aegle marmelos
Aloe vera

Alstonia scholaris

Azadirchata indica

Biophytum sensitivum
Boswellia serrata
Butea monosperma
Cassia auriculata

Cassia occidentalis

Cassia tora

Cedrus deodara
Cheilanthes farinose
Cinnamomum cassia
Garcinia indica

Inula racemosa

Lygodium flexuosum
Ocimum viride
Oryza sativa
Phyllanthus niruri

Piper longum

Aqueous extracts of bark, gum,

flower, and leaves

Hydro-alcoholic extract of leaf

Extract

Alkaloid fraction from bark

Ethyl acetate and methanolic

fractions of the leaves

Alcoholic extract

Triterpenediol preparation

Flower extract
leaf extract

Aqueous extracts

Methanolic extract
Lignan mixture

Fern

Methanolic extract

Ethanolic extract of roots

Extract

Essential oils
Methanolic extracts
Hydro-alcoholic extract

Methanolic extract

Effective in chemically-induced hepatocellular
carcinoma (HCC) [3] and skin papillomagenesis

[4]
Remission in Ehlirch ascites carcinoma (EAC) [5]
Skin carcinoma [6]

UV-induced carcinogenesis [7], DMBA-induced
skin carcinogenesis [8] and UV-induced
hematological disorder [9]

DMBA-induced mammary carcinogenesis [10] and
prostate cancer [11]

Dalton’s lymphoma ascites (DLA) and EAC [12]
Caspase-8 activation and apoptosis [13]

Liver cancer [14]

Decrease Bcl-2/Bax ratio [15]

Inhibit growth of HCT-15, SW-620, PC-3, MCEF-7,
SiHa and OVCAR-5 cancer cells [16]

Enhance caspase-3 activity of HeLa cells [17]
Effect on leukemia cells [18]

HCC [19]

Cervical cancer cells (SiHa) [20]

Colon, breast and liver cancer [21]

Colon, ovary, prostate, lung, CNS and leukemia
cells [22]

Induce apoptosis in hepatoma cells [23]
Colorectal adenocarcinoma [24]

C6 glioma cells [25]

Skin carcinoma [26]

Colon cancer [27]



Lycopene: Multitargeted Applications in Cancer Therapy
http://dx.doi.org/10.5772/68131

Plant species Preparation Effect
Polyalthia longifolia Ethanolic stem, bark and leave EAC and DLA [28]
extracts
Rhodiola imbricate Aqueous extract Increase ROS and arrest cell cycle progression at

G2/M phase in K562 cells [29]

Semecarpus anacardium ~ Nut milk extract Effect on leukemic cells from the bone marrow
[30], induce apoptosis in breast cancer cells
through mitochondria mediated apoptosis [31]

Sesbania grandiflora Sesbania fraction 2, extracted from Down-regulate NF-kB, Bcl-2, p-Akt,
the flower cyclooxygenase-2, inhibits proliferation and
induced apoptosis in DLA and SW-480 cells [32]

Terminalia arjuna Ethanolic extract Liver cancer [33]

Tinospora cordifolia Extract Antitumor and chemopreventive [34]
Trachyspermum ammi Seed extract Skin and forestomach tumor multiplicity [35]
Withania somnifera Hydro-alcoholic extract Colon cancer model [36], cell cycle disruption and

antiangiogenic, property [37]

Zingiber officinale Extract Suppressed cell proliferation [38]

Table 1. List of some medicinal plants suggested for beneficial effects in cancer.

2. Natural compounds as lead molecules for cancer therapy and their
mechanisms of action

Natural substances such as paclitaxel [39], alkaloids and other substances [1] have demon-
strated encouraging antitumor activity in human cancer cells in vivo and in vitro. These mol-
ecules act by a variety of mechanisms. For example, paclitaxel, a complex diterpene having
a taxane ring with a four-membered oxetane ring and an ester side chain at position C-13,
enhances the polymerization of tubulin to stable microtubules and also interacts directly
with the microtubules [39]. Other mechanisms of action of antitumor agents include the
inhibition of S phase-specific topoisomerase-1 (camptothecin) and S and G2 phase-specific
topoisomerase-1I (etoposide), blockade of G2/M and M/G1 check points (paclitaxel), and pre-
vention of microtubule depolymerization (vinblastine). A new class, commonly known as the
vascular disrupting agents (VDA) (e.g., combretastatin A4 phosphate), targets tumor blood
vessels. Combretastatin A4 phosphate is a VAD isolated from Combretum caffrum and has
been reported to be antimitotic and antiangiogenic, along with the microtubule-depolymer-
izing property [40]. Substances like berberine, a protoberberine alkaloid found in the roots,
rhizomes, stems and bark of berberis, goldenseal (Hydrastis canadensis) and Coptis chinensis,
have also been reported to inhibit different types of cancer [41-49]. They act by inhibiting
angiogenesis and by other mechanisms in different cancer models. Mahanine, a purified
lead molecule derived from the leaves of Murraya koenigii, which showed antiproliferative
activity in leukemic cells, primary cells of leukemic and myeloid patients and inhibited K562
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xenograft growth, activates reactive oxygen species (ROS)-mediated mitochondrial apoptotic
pathway, death receptor-mediated signaling differentially in MOLT-3 and K562 cells. Piper
betle, reported to decrease the mitochondrial membrane potential and induce apoptosis in
primary leukemia cells from CML patients in vitro and K562 xenografts in vivo, can also
augment the early ROS production [50]. Withaferin A, which induces apoptosis in HL-60
cells through multiple pathways, also enhances early ROS accumulation leading to loss of
mitochondrial membrane potential and cytochrome c release, Bax translocation, caspase acti-
vation, and PARP cleavage [51]. It enhanced caspase-8 activity, caspase 3-mediated nuclear
cleavage of p65/Rel, which was inhibited by N-acetylcysteine, an antioxidant, suggesting the
role of early ROS production in withaferin A-mediated apoptotic signaling. The anticancer
molecules, such as betulinic acid, a pentacyclic triterpene, have also been reported to directly
activate mitochondria-mediated intrinsic pathway and exhibit antitumor activity [50, 52].
Resveratrol, a phytoalexin found in various food products, induces human promyelocytic
leukemia cell differentiation, inhibits cyclooxygenase and hydroperoxidase functions and
the development of pre-neoplastic lesions in carcinogen-treated mouse mammary glands as
well as tumorigenesis in a mouse skin cancer model [53]. Various other substances isolated
from plant material and found to be effective in cancer include: 2-deacetoxytaxinine (from the
bark of Himalayan yew, Taxus wallichiana) [54], cuarcumin (from Curcuma longa) [55], quercetin
3-O-rutinoside (from the fruits of Barringtonia racemosa) [56], 13-epi-sclareol (from the roots
of Coleus forskohlii) [57], corchorusin-D (from Corchorus acutangulus) [58], tetranortriterpenoid
methyl angolensate (from the root callus extract Soymida febrifuga) [59], oleanonic acid (from
Lantana camara) [60], longitriol and longimide (from the leaves of Polyalthia longifolia) [61],
1-hydroxytectoquinone (from Rubia cordifolia) [62], 3-(8'(Z),11'(Z)-pentadecadienyl catechol
(from Semecarpus anacardium nut) [63], -sitosterol (from Asclepias curassavica) [64], sulfono-
quinovosyl diacylglyceride (isolated from leaves of Azadirachta indica) and nimbolide (from
the leaves and flowers of A. indica) [65], diallyl disulfide (from Allium sativum) [66], arjunic
acid (from Terminalia arjuna) [67], L-asparaginase, withaferin A, and ashwagandhanolide from
(from Withania somnifera) [68-70]. Organosulfur from Allium sativum (diallyl disulfide and
S-allylcysteine) also exhibits good antiproliferative activity [71]. S-allylcysteine is reported to
inhibit N-methyl-N'"-nitro-N-nitrosoguanidine-induced gastric cancer in rats when adminis-
tered with tomato carotenoid LYC in a combinatorial approach [72]. A glycoprotein isolated
from the bulbs of Urginea indica has also been reported to show antitumor activity against
an ascites tumor and mouse mammary carcinoma. It inhibited NF-kB, VEGF-induced DNA
fragmentation and caspase-3 activation [73].

3. Lycopene

Diets high in fruits and vegetables may reduce the risk of cancers [74-78]. Tomato and
tomato-based products have been found to be effective in the stomach, lung and pleural,
colorectal, oral/laryngeal/pharyngeal, esophageal, pancreatic, prostate, bladder, breast,
cervical and ovarian cancers [79]. Lycopene (LYC) (C40H56; Molar mass, 536.873 g/mol)
is a bright red-colored carotenoid pigment found in red fruits and vegetables particularly
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tomato, carrot, watermelon, guava, etc., (but not in all red fruits, like strawberries, or cher-
ries) and also in some vegetables that are not red, such as parsley and asparagus. The benefi-
cial effects of tomato on health have been attributed to the presence of LYC. LYC is a highly
unsaturated, straight-chain hydrocarbon containing 11 conjugated and two non-conjugated
double bonds (Figure 1).

It is a non-provitamin A carotenoid. The biological significance of carotenoids has been
well established and documented. The (3-carotene, for example, is converted into retinal,
retinoic acid, and apocarotenoids, which plays a very important role in human/animal

all-frans lycopene MA)VMW
15-cis lycopene

13-zis lycopene

11-zis lycopene
-cis lycopene

T-ciz lycopene

S-cig lycopene

Figure 1. Chemical structures of lycopene isomers.
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physiology [80]. LYC is non-provitamin A carotenoid which is not converted to vitamin
A. It is a major component found in the serum and other tissues and has been inversely
related to cancer and cardiovascular diseases [81]. The molecule acts as an antioxidant and
has been reported to have beneficial effects, which can be attributed to its unique chemical
structure [82]. LYC can modulate the intercellular gap junction communication, hormonal
and immune system, and metabolic pathways.

LYC exists predominantly in trans-configuration, the most thermodynamically stable form, and
as a polyene, it undergoes cis-trans isomerization induced by light, thermal energy or chemi-
cal reactions. In human plasma, LYC is an isomeric mixture containing 50% of total LYC as cis
isomers. All-trans, 5-cis, 9-cis, 13-cis, and 15-cis are most commonly identified isomeric forms of
LYC. LYC is poorly absorbed when ingested in its natural trans-form found in tomatoes. Heat
processing of tomatoes and tomato products increases the bioavailability of LYC by inducing
isomerization of LYC to the cis form [83]. LYC, which when oxidized with potassium perman-
ganate and by atmospheric oxygen catalyzed by a metalloporphyrin, is converted into apo-
lycopenals and apo-lycopenones [84]. In addition, a number of other apo-lycopenals have been
suggested in fruits, vegetables, and human plasma [85-87].

4. Lycopene: its role and mechanisms of action in cancer

Carotenoid-rich foods have been associated with reduced risk of cancer, such as the prostate
and other cancers by various mechanisms [81, 88-95]. The enhanced cytotoxic and apoptosis
inducing the activity of LYC has been recorded in different cancer cell lines [96]. The influence
of LYC and its oxidation products on the levels of intracellular ROS in three different cell lines
has been studied, and in all the cases, the oxidation products increased the ROS levels than
the LYC- and control-treated cells. In MCEF-7 cells, ROS in control- and LYC-treated groups
was lower by 16.3 and 15.5% than in oxidation product treated cells [96].

A number of mechanisms of action have been proposed to explain the anticarcinogenic action of
LYC. These include: (i) the inhibition of cancer cell proliferation and induction of differentiation
(of cancer cells) by modulating the expression of cell cycle regulatory proteins, (ii) modulation of
the IGF-1/IGFBP-3 system, (iii) inhibition of oxidative DNA damage, (iv) modulation of redox sig-
naling, (v) upregulation of gap-junctional gene connexin 43 (Cx43) and increased gap junctional
intercellular communication, (vi) inhibition of 5-lipoxygenase, (vii) modulation of carcinogenic
metabolizing enzymes, (viii) modulation of immune function, (ix) modulation of IL-6 and andro-
gen, (x) inhibition of IL-6 and androgen, (xi) inhibition of 5-lipoxygenase, (xii) modulation of car-
cinogen metabolizing enzymes and (xiii) modulation of immune function [97], (xiv) reduction of
oxidative stress by modulating ROS-producing enzymes (CYP-P450 enzymes, NADPH oxidase,
iNOS, COX-2 and 5-LOX), (xv) inducing antioxidant/detoxifying phase II enzymes (also chemi-
cal interaction with radioactive materials), NQO1 and GST [98], (xvi) regulation of nuclear factor
E2-related factor 2-antioxidant response element (N1f2-ARE) system [99], and (xvii) inactivation
of growth factor (PDGF, VEGF and IGF)-induced PI3K/AKT/PKB and Ras/RAF/MAPK signaling
pathways [100] (Figure 2)
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Figure 2. Mechanisms of cancer chemoprevention by lycopene.

4.1. Prostate cancer

The beneficial effects of LYC in prostate cancer (PC) have been extensively reported. A sig-
nificant inverse correlation between PC and plasma LYC concentration [odds ratio (OR) =0.17,
P-trend = 0.005] has been found between the highest and lowest quintiles of intake [101]. In sev-
eral experimental studies, LYC has been suggested to suppress PC in vitro and in vivo [102, 103].
It was found to down-regulate the expression of protein kinase B (AKT2) and up-regulate miR-
let-7f-1 expression in PC3 cells. Reintroduction of miR-let-7f-1 into PC3 cells was able to inhibit
cell proliferation and induce apoptosis. Further research has shown that up-regulation of miR-
let-7f-1-targeted AKT2 and AKT2 in PC3 cells can alleviate the effects induced by miR-let-7f-1
[104]. In a recent study published by Tan et al. [105], mice fed semi-purified diets containing
10% tomato powder or 0.25% LYC beadlets up to 18 weeks had higher serum concentrations
of total, 5-cis, other cis and all-trans as compared with control in (3-carotene 9',10"-oxygenase
(BCO2) +/+ mice. The incidence of PC was lower in animals fed with tomato and LYC when
compared with control group. The ability of LYC and tomato to inhibit prostate carcinogenesis
was significantly attenuated by loss of BCO2 (P-interaction = 0.0004 and 0.0383, respectively),
although the BCO2 genotype did not significantly alter the PC outcome in mice fed with the
control AIN-93G diet alone. In another study, the treatment with LYC or metabolite with apo-
10-lycopenal increased the BCO2 expression and decreased cell proliferation in androgen-sen-
sitive cell lines, but did not alter BCO2 expression or cell growth in LYC androgen-resistant
cells. In particular, restoration of BCO2 expression in PC cells prevented cell proliferation and
colony formation independent of LYC exposure [106]. Yang et al. [107] reported that a low or
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high dose of LYC (4 and 16 mg/kg) and a single B-carotene (16 mg/kg) twice weekly for 7 weeks
strongly inhibited the tumor growth, as evidenced by the decrease in tumor volume and tumor
weight in thimeric nude mice implanted subcutaneously with human androgen-independent
prostate carcinoma PC-3 cells. At high dose level, LYC and p-carotene significantly reduced
the expression of PCNA (proliferating cellular nuclear antigen) in tumor tissues and increased
insulin-like growth factor-binding protein-3 levels in the plasma. In addition, LYC supplemen-
tation at high dose level significantly reduced vascular endothelial growth factor (VEGF) in the
plasma. Tang et al. [94] also showed that supplemental LYC inhibited the growth of DU145, a
human prostate tumor cell line, transplanted into BALB/c nude mice.

Several studies supporting the relationship between consumption of tomato products and a
reduced incidence of PC have come from the Health Professionals Follow-Up Study. In a ran-
domized two-arm clinical trial, patients who have diagnosed PC and scheduled to undergo
radical prostatectomy were randomly assigned to either 30 mg of oral LYC supplementa-
tion or no intervention for 3 weeks prior to surgery. The study reported that the plasma
prostate-specific antigen (PSA) level decreased by 18% in the intervention group, while it
increased by 14% in the control group over the study period. In the intwervention group,
11 of 15 patients (73%) had no involvement of surgical margins and/or extraprostatic tissues
with cancer, compared to 2 of 11 patients (18%) in the control group. Twelve of 15 patients
(80%) in the LYC group had tumors that measured 4 cc or less, compared to 5 of 11 (45%) in
the control group [108]. In the same study, Kucuk et al. noted that the expression of Cx43 in
the malignant part of the prostate glands was higher in LYC group than the control group.
Prostatic tissue LYC levels were 47% higher in the intervention group compared to control
group [108]. Phase II randomized clinical trial of 15 mg of LYC supplementation twice a
day for 3 days before radical prostatectomy showed a decrease in plasma IGF-I levels, but
no significant change in Bax and Bcl-2 [109]. Recently, Paur et al. [110] showed that post
hoc, exploratory analyses within intermediate risk patients based on tumor classification and
grade and Gleason post-surgery revealed that median PSA decreased in the tomato group as
compared to controls (-2.9 and +6.5%). Separate post hoc analyses showed that the median
PSA values reduced by 1% in patients with the highest increase in plasma LYC, selenium and
C20:5 n-3 fatty acid, compared with the 8.5% increase in patients with the lowest increase
in LYC, selenium, and C20:5 n-3 fatty acid. In addition, PSA decreased in patients with the
highest increase in LYC (p = 0.009). In addition, it was showed that neither pre-diagnosis
nor post-diagnosis dietary LYC intake was associated with PC-specific mortality (PCSM)
(fourth and first quartile HR =1.00, 95% GA 0.78-1.28, HR = 1.22, 95% GA 0.91-1.64, respec-
tively). Also, neither pre-diagnosis nor post-diagnosis consumption of tomato products was
associated with PCSM. Among subjects with high-risk cancers (T3-T4 or Gleason score 8-10
or nodal involvement) consistently reporting LYC intake >median on both postdiagnosis
surveys was associated with lower PCSM (HR = 0.41, 95% GA 0.17-0.99, based on ten PCSM
cases consistently >median intake compared to consistently reporting intake <median [111].

4.2. Breast cancer

In vitro and in vivo studies suggest that intake of LYC-containing foods may reduce breast
cancer risk. Assar et al. [112] have recently reported that LYC inhibits prostate as well as breast
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cancer cell growth at physiologically relevant concentrations >1.25 uM. Similar concentrations
also caused a 30-40% reduction in IxB phosphorylation (which regulates the activity of NF-«B
[113] as determined by Western blot analysis. However, immunofluorescence staining of LYC-
treated cells showed a significant suppression of NF-kB p65 subunit nuclear translocation
(225%) caused by TNEF. In another in vitro study reported by Gloria et al. [114], a significant
decrease in the number of viable breast cancer cells treated with LYC and beta-carotene carot-
enoids were observed. Carotenoids promoted cell cycle arrest and then decreased cell viabil-
ity in the majority of cell lines after 96 h from the controls. In addition, when cells were treated
with carotenoids, an increase in apoptosis was observed in cell lines. Cui et al. [115] reported
that LYC intake was inversely associated with estrogen and progesterone receptor positive
breast cancer risk in postmenopausal women (1 = 84,805), averaging 7.6 years (RR = 0.85 for
high quartile of intake as compared with the lowest quartile of intake, P-trend = 0.064). In an
animal study, the incidence of breast cancer was found to be inhibited by LYC (70%), genis-
tein (60%) and their combination (40%). Tumor weight was reduced by 48, 61 and 67% with
LYC, genistein and LYC + genistein, respectively, and the mean tumor volume decreased by
18, 35, and 65%, respectively. Administration of the combination of LYC and genistein sup-
pressed breast cancer development and was associated with a decrease in malondialdehyde
(MDA), 8-isoprostane and 8-OHDG levels, and increase in serum LYC and genistein. Animals
treated with DMBA developed breast cancer associated with increased expression of Bcl-2 in
breast tissues and decreased expression of Bax, caspase-3, and caspase-9. The combination of
genistein and LYC was more effective than either agent alone to inhibit DMBA-induced breast
tumors and to modulate the expression of apoptosis-associated proteins [116]. Recently, in a
randomized, placebo-controlled, double-blind, cross-over study, Voskuil et al. [117] found
that tomato extract supplementation (30 mg/day LYC) for 2 months reduced free insulin-like
growth factor-I (IGF-I) in premenopausal women with a high risk of breast cancer (n = 36) I)
by 7.0%. Al-Malki et al. [118] demonstrated that combined treatment of LYC and tocopherol
(LYC-Toco) caused a reduction in MDA and nitric oxide (NO) in serum and breast tissues in
LYC-Toco group than the LYC alone group. Superoxide dismutase, catalase, and glutathi-
one peroxidase activities were significantly higher when compared to rats treated with LYC
alone. Serum alanine transaminase, aspartate aminotransferase, total bilirubin and malondi-
aldehyde, which increased in the group of rats treated with diethylnitrosamine (DEN), and
hepatic antioxidant enzymes (catalase, superoxide dismutase, and glutathione peroxidase)
and glutathione, which decreased in the cancerous group, improved in LYC-treated animals
[119]. LYC also caused a reversal and reduced NF-«kB and cyclooxygenase-2, consequently
increasing Nrf2/HO-1 expression and inhibition of inflammatory cascade, thereby activating
the antioxidant signaling. LYC also reduced increases in phosphorylated mammalian targets
for phosphorylated rapamycin (p-mTOR), phosphorylated p70 ribosomal protein S6 kinase 1,
phosphorylated 4E-binding protein 1, and protein kinase B.

4.3. Gastric and colorectal cancer

Studies have also reported a positive correlation between LYC or tomato product con-
sumption and gastric and colorectal cancers [120, 121]. Although there has been a series of
epidemiological studies investigating the relationship between LYC or LYC-rich food and
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serum/plasma LYC concentration and colorectal cancer risk, the results of these studies have
not been consistent [79, 122]. Teodoro et al. [123] have demonstrated a significant reduction
in the number of viable cells in human colon adenocarcinoma cells (HT-29), human colon
carcinoma cells (T-84), and breast cancer cell line (MCF-7) after 48 h of treatment with LYC.
LYC stimulated cell cycle arrest followed by reduced cell viability in the majority of cell
lines after 96 h as compared to controls. In addition, when cells were treated with LYC, an
increase in apoptosis was observed in four cell lines (T-84, HT-29, MCF-7, and DU145). LYC
has also been reported to inhibit cell proliferation in human colon cancer HT-29 cells with
IC50 value of 10 uM. LYC treatment also suppressed Akt activation and non-phosphorylated
[3-catenin protein levels in human colon cancer cells. In addition, LYC significantly increased
the nuclear cyclin-dependent kinase inhibitor p27(kip) abundance and inhibited the phos-
phorylation of retinoblastoma tumor suppressor protein in human colon cancer cells [124].
In another study, it was shown that inhibition of cell growth by tomato digestate was dose
dependent and resulted from cell cycle arrest at GO/G1 and G2/M phase and progression by
apoptosis induction. Down-regulation of Cyclin D1, Bcl-2, and Bcl-x1 expression has also
been observed [125]. In a study conducted by our research group [126], we showed that 5%
of the tomato powder added to the diet reduced the aberrant crypt foci (ACF) ratio and also
reduced adenocarcinoma development and azoxymethane (AOM)-induced colorectal cancer
formation in rats. In addition, the addition of tomato powder indicated that it exhibits che-
mopreventive activity by regulating Nrf2/HO-1 signaling pathway in colorectal tissue while
inhibiting cyclooxygenase-2 (COX-2) expression and inducing apoptosis via the NF-«xB path-
way. Dias et al. [127] reported that treatment with LYC, synbiotics or a combination thereof
significantly increased apoptosis, decreased PCNA and p53 labeling indices, and classical
ACF and mucin-negative ACF development. In addition, a lower genotoxicity of fecal water
was also detected in groups treated with the chemopreventive agents. The additive/syn-
ergistic effect of combined treatment with LYC/synbiotics was observed only for the fecal
water genotoxicity and mucin-negative ACF parameters. In a study in a mouse xenograft
model, Tang et al. [128] reported that LYC suppressed the nuclear expression of PCNA and
[B-catenin proteins in tumor tissues. LYC consumption may also increase the nuclear levels
of the E-cadherin adherent molecule and the cell cycle inhibitor p21 (CIP1/WAF1) protein.
The inhibitory effects of LYC were associated with the suppression of COX-2, PGE (2) and
phosphorylated ERK1/2 proteins. In addition, the inhibitory effects of LYC were inversely
correlated with plasma levels of matrix metalloproteinase 9 (MMP-9) in tumor-bearing mice.

In a randomized, placebo-controlled, double-blind crossover study, the tomato-based LYC
supplementation (Lyc-o-Mato®, 30 mg/day LYC) for 8 weeks has been reported to increase
serum insulin-like growth factor binding protein-1 (IGFBP-1) concentration in men and women
with high risk for colorectal cancer [129]. The group also reported that the serum IGFPB-2
concentration in men and women increased by 8.2 and 7.8%, respectively. In a double-blind,
randomized, placebo-controlled trial, Walfisch et al. [130], a reduction of 25% in plasma IGF-I
concentration was reported in 30 patients waiting for colectomy surgery, supplemented with
Lyc-0-Mato®. In the same study, a 24% reduction in IGF-I/IGFBP-3 ratio was also observed. In
another study, 20 healthy individuals participated in a double-blind crossover dietary inter-
vention and consumed a tomato juice drink (250 ml Lyc-o-Mato® beverage, 5.7 mg LYC, 3.7 mg
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phytoene, 2.7 mg phytoplankton, 1.8 mg a-tocopherol) and a 26-day wash between each pla-
cebo drink [131] for 26 days each. The blood plasma levels of IGF-I were found to be inversely
correlated with the consumption of LYC. In yet another study, 20 healthy subjects participated
in a double-blind crossover dietary intervention and consumed a tomato juice beverage (250 ml
of Lyc-o-Mato® drink) and a 26-day wash between each placebo drink, the plasma IGF-I levels
were inversely correlated with the intake of LYC [131].

LYC has also been reported to inhibit Helicobacter pylori-induced increases in ROS, 8-OH-dG,
and apoptosis by increasing Bax and decreasing Bcl-2 expression as well as PARP-1 cleavage,
changes in cell cycle distribution, double-stranded DNA breaks, activation of ataxia-telangi-
ectasia-mutated (ATM) and ATM and Rad3-related (ATR)-mediated DNA damage response
in gastric epithelial AGS cells [132]. The administration of LYC (50, 100 and 150 mg/kg body
weight) in gastric carcinoma-induced rats up-regulated the redox status and immune activi-
ties and was useful in reducing the gastric cancer risk [133].

4.4. Liver cancer

The frequent consumption of tomatoes and tomato-based products has been suggested to
lower the risk of other cancers, such as the liver, renal and ovarian cancers. LYC can block
the growth on human Hep3B hepatoma cells in a dose-dependent manner and at the same
time has been shown to inhibit metastasis in SK-Hep 1 human hepatoma cell line [134, 135].
In a study conducted by our research group, we reported a decrease in serum alanine trans-
aminase, aspartate aminotransferase, total bilirubin and malondialdehyde by LYC in the
diethylnitrosamine (DEN)-treated animals. LYC increased the hepatic antioxidant enzymes
(catalase, superoxide dismutase, and glutathione peroxidase) and glutathione and reduced
the NF-1xB/cyclooxygenase-2. The Nrf2/HO-1 expression increased, and the inflammatory
cascade inhibited by LYC, suggesting an activation of the antioxidant signaling by LYC. In this
study, LYC reduced the increases in phosphorylated mammalian targets of phosphorylated
rapamycin (p-mTOR), phosphorylated p70 ribosomal protein S6 kinase 1, phosphorylated
4E binding protein 1, and protein kinase B [119]. In another study on DEN-induced hepa-
tocarcinogenesis in rats, LYC was reported to be effective against preneoplastic foci in the
liver by decreasing the size of the liver; whereas LYC administration in another animal study
did not reduce the risk of spontaneous liver cancer [136, 137]. The LYC-added tomato paste
has been reported to be protective against oxidative stress induced by N-nitrosodiethylamine
(NDEA) in rats. It decreases the microsomal lipid peroxidation in the liver and significantly
reduced plasma protein carbonyl levels [138]. LYC supplementation also prevents liver-
specific carcinogenic DEN-induced of hepatic preneoplastic foci and macroscopic nodules
in rat hepatic glutathione S-transferase placental-form positive foci in rats that developed
spontaneous liver tumors and ameliorated DEN-initiated, HFD (high-fat diet)-promoted pre-
cancerous lesions [139, 140]. It was effective in decreasing NASH-promoted, DEN-initiated
hepatocarcinogenesis in rats [136]. Apo-10"-lycopenoic acid, a LYC metabolite produced by
[-carotene-9',10"-oxygenase (BCO2) inhibited hepatic inflammation and liver inflammation
induced by carcinogen-initiated high-fat diets [98, 141] showed that LYC supplementation
(100 mg/kg diet) for 24 weeks decreased hepatic proinflammatory signal (phosphorylation
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of NK-«kB p65 and STATS3, IL6 protein) and inflammatory foci in wild-type mice. In contrast,
the protective effects of LYC in BCO2-KO were related to reduce hepatic endoplasmic reticu-
lum stress-mediated unfolded protein response, the ER(UPR), through decreasing ER(UPR)-
mediated protein kinase RNA-activated like kinase-eukaryotic initiation factor 2« activation,
and inositol-requiring la-X-box-binding protein 1 signaling. LYC treatment in BCO2-KO mice
inhibited carcinogenic signals, including Met mRNA, [-catenin protein and mTOR complex
1 activation associated with increased liver microRNA (miR)-199a/b and miR214 levels [141].
The connection between LYC and aflatoxin B1 (AFB1) initiated HCC has also been examined
[142], and in recent studies [143], the hepatocarcinogenesis pathway has been linked to the
activation of the oxidative stress-inflammatory pathway in rat liver.

4.5. Renal cancer

Previous research has shown that micronutrients consumed through diet or dietary supple-
mentation, including vitamin E and carotenoids, can inhibit oxidative DNA damage, muta-
genesis and tumor growth [144, 145]. However, many studies have shown that there is no
significant association between RCC and antioxidant micronutrient intake [146], while oth-
ers suggest supportive evidence that some micronutrients may have a protective effect [147].
Increased uptake of LYC in postmenopausal women in the Women's Health Initiative (WHI)
was inversely associated with RCC risk (p = 0.015); compared with the lowest quartile of LYC
intake, the highest quartile of intake was associated with a 39% lower risk for RCC (hazard
ratio, 0.61, 95% confidence interval, 0.39-0.97) when compared with the lowest quartile of LYC
intake [145]. It was also reported that no other micronutrient was significantly associated with
RCCrrisk [145]. Another case-control study reported that the intake of vegetables was associated
with a reduction in the risk of RCC (OR 0.5; 95% CI 0.3, 0.7; P trend = 0.002) [148]). In the same
study, it was reported that both 3-cryptoxanthin and LYC were associated with reduced risks,
but when both were included in a mutually adjusted backward stepwise regression model,
only (3-cryptoxanthin remained significant (OR 0.5; 95% CI 0.3, 0.8). When other micronutrients
and fiber types were investigated together, only vegetable fiber and (3-cryptoxanthin showed
significant trends. They also reported that these findings are stronger for people over 65 years of
age. Additionally, among nonsmokers, low intake of cruciferous vegetables and fruit fiber was
also associated with increased risk of RCC (P interaction = 0.03); similar reverse relationships
were found for [3-cryptoxanthin, LYC and vitamin C [148]. LYC has also been found to decrease
the tumor presence and the average number of renal carcinomas in a small animal model (rat)
for studying renal cell carcinoma (RCC) [149]. In the LYC group, the tumor counts decreased
and as the LYC supplement increased from 0 to 200, the numbers tended to decrease linearly.
Control rats fed only on a basal diet had a greater length of tumors (23.98 mm) than those fed to
LYC supplementation groups (12.90 and 2.90 mm) (11.07 mm). In addition, when LYC increased
from 0 to 200 mg/kg, tumor length decreased. It tended to decrease linearly. All tumors showed
strong staining with antibodies to mTOR, phospho-56, and EGFR.

4.6. Bladder cancer

LYC supplementation has been reported to exhibit a non-significant trend after administra-
tion of N-butyl-N-(4-hydroxybutyl) nitrosamine to reduce the number of bladder transitional
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cell carcinomas in rats [150]. In a case-control study involving 569 bladder cancer cases and
3123 controls, the relative risk for bladder cancer was 1.08, which compared the highest and
lowest rates of LYC uptake [151]. However, in a cohort study, serum LYC levels in bladder
cancer cases were found to be lower than those of compatible controls [152]. In another case-
control study with 84 cases and 173 controls, OR for bladder cancer was 0.94 (95% CI 0.89-
0.99) in the highest quartile of plasma LYC intake when compared to lowest after controlling
for age, sex, education, and pack-years of smoking [153].

4.7. Lung cancer

Many studies have shown that smokers and lung cancer patients tend to be lower plasma con-
centrations of b-carotene, retinol, LYC, b-cryptoxanthin and a-tocopherol [154]. Graham et al.
[155] have treated LYC solutions with human plasma and isolated LDL with cigarette smoke and
observed the depletion of all(E)-chylopen, 5 (Z)-chylonopen and beta-carotene. Depletion of all-
(E)-lycopenin (15.0 + 11.0%, n = 10) was greater than 5 (Z)-lycopenin (10.4 + 9.6%) or beta-carotene
(12.4 +10.5%) in plasma. LDL was found to be more sensitive to both all(E)- and 5 (Z)-clycopenia
than beta-carotene (20.8 +11.8, 15.4 + 11.5 and 11.5 + 12.5%, n = 3). It was also reported that smoke
exposure reduced the concentrations of LYC in plasma and lung tissue of LYC supplemented
ferrets, which was consistent with the National Health and Nutrition Examination survey III find-
ing that smokers had lower serum levels of LYC compared to nonsmokers [156]. In one study,
the concentration of LYC in lungs was 1.2 pmol/kg lung tissue in ferrets fortified with LYC at
a dose of 60 mg/day, and this did not cause a harmful effect, instead it prevented the induction
of lung squamous metaplasia and cell proliferation induced by smoke exposure [157]. On the
other hand, intake of tomato or tomato products including LYC has been associated with a lower
risk of lung cancer [158]. In cell culture, LYC has been shown to inhibit the nitration of proteins
and DNA strand breakage caused by peroxynitrite treatment of hamster lung fibroblasts [159].
Apo-100-lycopenoic acid has been reported to inhibit the growth of the normal human bronchial
epithelial cells, BEAS-2B immortalized normal bronchial epithelial cells, and A549 non-small cell
lung cancer cells [158]. LYC dissolved in drinking water at a dose of 50 ppm significantly reduced
diethylnitrosamine (DEH), methylnitrosourea (MNU), and dimethylhydrazine (DMD)-induced
lung adenomas along with carcinomas in male mice [160]. The inhibitory effect of apo-100-lyco-
penoic acid was associated with decreased cyclin E, inhibition of cell cycle progression and an
increase in cell cycle regulator p21 and p27 protein levels. In addition, apo-100-lycopenoic acid
trans-activated the retinoic acid receptor 3 (RARp) promoter and initiated the expression of RARf.
In another animal study, the incidence of lung adenomas and carcinomas in male mice receiving
50 ppm LYC in addition to diethylnitrosamine (DEN), N-methyl-N-(MNU) and 1,2-dimethylhy-
drazine (DMH) was lower than the incidence seen in non-LYC recipients (18.8 versus 75.0%) [161].

5. Concluding remarks

Some plant and plant-based products and their active ingredients exhibit significant anti-
tumor properties. They may act by blocking the cell cycle checkpoints (paclitaxel) and spe-
cific enzymes, such as the S-phase specific topoisomerase-I (camptothecins) and S and G2
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phase-specific topoisomerase-II (etoposide), and by preventing the microtubule polymeriza-
tion (vinblastine), as well as by various other mechanisms. Diallyl disulfide, limonoids, aza-
dirachtin, pentacyclic triterpenediol, theaflavins, curcumin, lupeol, and AECHL-1 [162-169],
for example, modulate the p53-regulated pathways. Bromelain, theaflavin, thearubigin, cur-
cumin, E-piplartine (trans-piplartine), 3(3-hydroxylup-20(29)-ene-27,28-dioic acid, withanolide
D, withaferin A [70, 170-176] affect MAPK-regulated pathways. The other pathways include
death receptors (example, theaflavins [177] and ROS-mediated pathways (isointermedeol,
mahanine, chlorogenic acid, withaferin A [50, 51, 178]. The B-sitosterol, which has a signif-
icant anticancer activity against colon cancer, acts by scavenging ROS and suppressing the
expression of PCNA [62]. Sesquiterpene isointermedeol (ISO), which is a major constituent of
Cymbopogon flexuosus (lemon grass) and inhibitor of proliferation of human leukaemia HL-60
cells, also induces ROS production with the concomitant loss of mitochondrial membrane
potential, DNA laddering, and apoptotic body formation.

LYC, which is a highly unsaturated, straight-chain hydrocarbon, is reported to be beneficial
in cancers, especially the prostate cancer. It can reduce oxidative stress by modulating ROS-
producing enzymes (CYP-P450 enzymes, NADPH oxidase, iNOS, COX-2, and 5-LOX) and
inducing antioxidant/detoxifying phase Il enzymes [98]. These phase Il enzymes are regulated
by the nuclear factor E2-related factor 2-antioxidant response element (Nrf2-ARE) system.
The Nrf2/HO-1 signaling is suggested to be an important primary target for chemoprevention
(cisplatin-induced nephrotoxicity) by LYC. LYC can also decrease inflammation by inhibiting
NF-kB [99]. It can inhibit the proliferation and induction of differentiation of cancer cells by
modulating the expression of cell cycle regulatory proteins, modulating the IGF-1/IGFBP-3
system and other mechanisms including the prevention of oxidative DNA damage and mod-
ulation of the immune function, as well as the inactivation of growth factor (PDGF, VEGF,
and IGF) induced PI3K/AKT/PKB and Ras/RAF/MAPK signaling pathways [100].

6. Future perspective

Overall, the research articles reviewed in this chapter provide convincing evidence suggest-
ing a role for LYC in cancer, particularly in prostate cancer. LYC may act by a variety of mech-
anisms, some of which could be linked to the antioxidant activity of this non-pro-vitamin-A
carotenoid. Lycopene supplementation could be a potential candidate for future clinical trials
in prostate cancer and other cancers both as a preventive and therapeutic agent and in combi-
nation with other therapies. This phytochemical offers great promise in integrative oncology
and warrants further clinical evaluation with careful attention to individualized dose escala-
tion until an effective and safe dose is found.
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Abstract

Cannabinoids comprise the plant-derived compounds and their synthetic derivatives as
well as endogenously produced lipophilic mediators. Phytocannabinoids are terpenophe-
nolic secondary metabolites predominantly produced in Cannabis sativa L. The principal
active constituent is delta-9-tetrahydrocannabinol (THC), which binds to endocannabinoid
receptors to exert its pharmacological activity, including psychoactive effect. The other
important molecule of current interest is non-psychotropic cannabidiol (CBD). Since 1970s,
phytocannabinoids have been known for their palliative effects on some cancer-associated
symptoms such as nausea and vomiting reduction, appetite stimulation and pain relief.
More recently, these molecules have gained special attention for their role in cancer cell
proliferation and death. A large body of evidence suggests that cannabinoids affect mul-
tiple signalling pathways involved in the development of cancer, displaying an anti-prolif-
erative, proapoptotic, anti-angiogenic and anti-metastatic activity on a wide range of cell
lines and animal models of cancer. These findings have led to the development of clinical
studies to investigate potential anti-cancer activity in humans, but reliable clinical evidence
for this therapeutic option is still missing.

Keywords: cannabinoids, phytochemistry, THC, CBD, cancer

1. Introduction

Cannabis sativa L. (Cannabaceae) is one of the first plants cultivated by man and one of the old-
est plant sources of fibre, food and remedies. It has a long history of medical use in the Middle
East and Asia, dating back to the sixth century BC. During a period of colonial expansion in the
early nineteenth century, cannabis found a way to Western Europe as a medicine to alleviate a
variety of conditions, such as pain, spasms, dysentery, depression, sleep disturbance and loss of
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appetite. In the beginning of the twentieth century, due to the availability of substitute drugs,
absence of quality control and the risk of abuse and intoxication, cannabis medication fell into
disuse. Moreover, following the UN Single Convention on Narcotic Drugs in 1961, cannabis
and its products were classified as narcotics. Phytochemical analysis of cannabis in the 1940s
and 1960s led to the discovery of a unique group of terpenophenolic secondary metabolites,
known as cannabinoids, of which trans-(-)-delta-9-tetrahydrocannabinol (THC) was shown to
be the primary active constituent which is responsible for the plant’s psychoactive effect [1-3].
Many natural products besides cannabinoids have been isolated from cannabis, including ter-
penes, flavonoids, steroids and nitrogenous compounds. Up to date, 750 constituents have been
identified from cannabis, out of which over 100 are classified as cannabinoids [4, 5]. Research
of the cannabis medical properties has gained worldwide interest after the discovery of two
types of cannabinoid receptors, which are G-protein coupled receptors specifically respond-
ing to endocannabinoids and phytocannabinoids, and related synthetic cannabimimetic com-
pounds. Therefore, the term cannabinoids now includes not only the plant-derived compounds
(phytocannabinoids), but also in laboratory synthesised derivatives (synthetic cannabinoids)
and a family of endogenously produced compounds (endocannabinoids) [6]. The therapeutic
properties of cannabis have been much debated from scientific and regulatory points of view
over the years. The medical use of cannabis is still controversial and strongly limited by unavoid-
able psychotropic effects. However, solid scientific data indicated the potential of therapeutic
value of cannabis in controlling some forms of pain, relieving chemotherapy-induced nausea
and vomiting, treating cachexia and anorexia in AIDS patients and combating muscle spasms
in multiple sclerosis with no evidence that giving cannabis to the patients would increase illicit
drug use in the general population [7]. Nowadays, many countries legalised cannabis for medical
purposes. To avoid abuse, numerous centres for cannabis therapy are founded worldwide and
usually organised as clinics where cannabis can be prescribed in various forms, including dried
plant material and cannabis extract. So far, only three cannabis-based medicines have been reg-
istered for certain indications. In the context of cancer, dronabinol (synthetically generated THC)
and nabilone (a synthetic THC analogue) can be prescribed to prevent chemotherapy-induced
nausea and vomiting. Nabiximols, plant extract enriched in THC and cannabidiol (CBD) at an
approximate 1:1 ratio, are approved for the treatment of cancer-associated pain [8]. Apart from
these palliative effects, recent preclinical studies suggest that various cannabinoids exert anti-
tumour effects in different experimental cancer models [1]. In this chapter, we will focus on
phytochemistry and pharmacology of cannabinoids as well as their current and potential roles
in symptom management and cancer therapy.

2. The cannabis plant

The concept of Cannabis as a monotypic genus containing just a single highly polymorphic spe-
cies is widely accepted, although there has been a long-standing debate among taxonomists
regarding classification of the existing varieties. Other previously described species, including
C. indica Lam. and C. ruderalis Janisch., are now recognised as varieties of C. sativa L. based on
morphological, anatomical, phytochemical and genetic studies [9, 10]. C. sativa L. is an annual,
herbaceous, taprooted and predominantly dioecious plant. Its height (0.2-6 m) and degree of
branching depend on both genetic and environmental factors. Staminate (male) plants are usually
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taller but less robust than pistillate (female) plants. The leaves are petiolate, palmately compound,
with an odd number (3-13) of coarsely serrate, lanceolate leaflets. The male inflorescence is a lax
panicle or compound cyme composed of many individual, yellowish green, pedicellate flowers
containing five pendulous anthers. The pistillate flowers are green, sometimes purple to red,
sessile, grouped in apical leaf axils or terminals of branches. They form short, congested pseudo-
spikes among leaf-like bracts and bracteoles. Each flower has a small green bract enclosing the
ovary with two long, slender pistils projecting well above the bract. The male plants commence
flowering slightly before the females. When mature, the sepals on the male flowers are open to
enable passing air currents to transfer the released pollens to the pistillate flowers. Soon after pol-
lination, the male plants wither and die in order to secure more space, nutrients and water to the
females so that they could produce a healthy crop of viable seeds. Following fertilisation, the ovary
develops into an achene, a fruit containing a single seed with a hard shell [11-13]. The surface of
aerial plant parts is covered in trichomes. These are either covering (non-glandular) trichomes
or glandular trichomes containing a resin (Figure 1). Non-glandular trichomes are numerous,
unicellular, rigid and curved hairs, with a slender pointed apex. Cystolithic trichomes found on
the upper surface of the cannabis leaves are swollen at the base and have calcium carbonate
crystals (cystoliths), while slender non-cystolithic trichomes occur mainly on the lower side of
the leaves, bracts and bracteoles. Three morphologically distinct types of glandular trichomes
have been identified: (1) a long multi-cellular stalk and a multi-cellular head with approximately
eight radiating club-shaped cells (capitate-stalked); (2) sessile with a multi-cellular head (capitate-
sessile); (3) a short unicellular stalk and a bi-cellular, rarely four-cell, head (bulbous). These are
mainly associated with the female inflorescences, but they can also be found on the underside of
the leaves and occasionally on the stems of young plants. Bulbous and capitate-sessile trichomes
occur on all parts of vegetative and flowering shoots. In contrast, capitate-stalked trichomes are
restricted to flowering regions. The glandular trichomes are secretory structures, where the can-
nabinoid-laden resin is produced and stored. Besides cannabinoids, these trichomes produce
terpenes, which are responsible for the typical plant aroma. The extreme variations in canna-
binoid contents of the different tissues are due to markedly different distributions of glandular
trichomes on the surface of the plant [14, 15]. The unfertilised flower heads and flower bracts of
the female plant are the primary source of cannabinoids (Figure 1).

Figure 1. Cannabis sativa L. —dried pistillate inflorescences and trichomes on their surface. (a) dried pistillate inflorescences
(50% of the size); (b) non-cystolithic trichome; (c) cystolithic trichome; (d) capitate-sessile trichome; (e) simple bulbous
trichome; (f) capitate-stalked trichome (400x).
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3. Biosynthesis and structure of phytocannabinoids

Phytocannabinoids represent a group of terpenophenolic compounds predominantly produced
in the cannabis plant. These secondary metabolites are biosynthesised as prenylated aromatic
carboxylic acids, and while almost no neutral forms can be found in fresh plants. However, can-
nabinoid acids may convert to their neutral homologues by spontaneous decarboxylation under
the influence of light, heat or prolonged storage. The precursors of phytocannabinoids originate
from two distinct biosynthetic pathways: the polyketide pathway, giving rise to olivetolic acid
(OA) or divarinic acid (DA), and methylerythritol phosphate pathway, leading to the synthesis
of geranyl pyrophosphate (GPP). The biogenesis of phytocannabinoids containing n-pentyl side
chain starts with the condensation of OA and GPP into cannabigerolic acid (CBGA), catalysed
by geranyl pyrophosphate—olivetolate geranyl transferase (GOT). The isoprenylation step is
next followed by activity of three corresponding oxidative cyclases that generate tetrahydro-
cannabinolic acid (THCA), cannabidiolic acid (CBDA) and cannabichromenic acid (CBCA) from
CBGA as the key intermediate. The phytocannabinoid acids are non-enzymatically decarboxyl-
ated into cannabigerol (CBG), delta-9-tetrahydrocannabinol (delta-9-THC), cannabidiol (CBD)
and cannabichromene (CBC) [16, 17]. Figure 2 shows the cannabinoid biosynthetic pathway
and the structures of the major constituents. The biosynthesis of phytocannabinoids with C3
side-chain (propyl cannabinoids) from DA probably follows a similar pathway yielding can-
nabigerovarinic acid [18].

Over 100 various phytocannabinoids have been found so far, but many of them are pro-
duced in trace quantities or represent auto-oxidation artefacts [16, 19]. The structural diver-
sity of naturally occurring cannabinoids is the result of differences in the nature of their
isoprenyl residue, resorcinyl core and side chain. Based on the structural variation, Hanus
and coworkers [4] have classified phytocannabinoids as follows: cannabigerol, cannabi-
chromene, cannabidiol, tetrahydrocannabinol, cannabinol, thymyl, cannabielsoin, canna-
bicyclol and 8,9-secomenthyl types. The Cannabigerol type compounds are one of the most
structurally diversified classes of phytocannabinoids. A linear isoprenyl residue is their
main feature, as exemplified by CBG, which was the first structurally elucidated and also
the first natural cannabinoid to be synthesised. The isoprenyl residue of CBG is non-oxy-
genated, indicating its early biogenetic stage within phytocannabinoids. Other components
of this type are propyl side-chain analogues (cannabigerovarin) and monomethyl ether
derivative. The isoprenyl residue is oxidatively fused to the resorcinyl ring in the canna-
bichromene type. Cannabichromene (CBC) is the simplest natural cannabinoid to obtain by
synthesis and the only major phytocannabinoid that shows a bluish fluorescence under UV
light. CBD, as the main representative of the cannabidiol type compounds, was isolated in
1940, but the correct structure elucidation was reported more than two decades later. CBD
and its corresponding acid are the most abundant cannabinoids in the fibre-type of can-
nabis (non-psychotropic). Ten CBD type phytocannabinoids with C1-C5 side-chains have
been described. The tetrahydrocannabinol type compounds contain several bis-reduced forms
of cannabinol (CBN), differing in location of the remaining double bond, the configuration
of the chiral centres, or both isomeric options. The most prominent constituent of this sub-
class is delta-9-THC, the main psychoactive ingredient of cannabis plant, isolated in 1942,
but structurally elucidated only in 1964. Other representative of this type is delta-8-THC,
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Figure 2. Biosynthesis and degradation of the major phytocannabinoids. OA —olivetolic acid; GPP—geranyl pyrophos-
phate; GOT—geranyl pyrophosphate—olivetolate geranyl transferase; CBGA —cannabigerolic acid; CBG—cannabigerol;
CBCAS —cannabichromenic acid synthase; THCAS—tetrahydrocannabinolic acid synthase; CBDAS— cannabidiolic acid
synthase; CBCA —cannabichromenic acid; THCA —tetrahydrocannabinolic acid; CBDA —cannabidiolic acid; CBC—
cannabicromene; delta-9-THC —delta-9-tetrahydrocannabinol; CBD —cannabidiol; CBL —cannabicyclol; CBN —cannabinol;
CBE —cannabielsoin.

most likely to be generated from delta-9-THC or CBD. It is easier to synthesise and more
thermodynamically stable than delta-9-THC. CBN and its derivatives and analogues (can-
nabinol type) are considered artefacts derived from oxidative aromatisation of the corre-
sponding THC type compounds. Their concentration in cannabis products depends on age
and storage condition. CBN is highly stable towards oxidative degradation and so has been
used as a marker for the identification of narcotic cannabis in archaeological findings. The
structural hallmark of thymyl type represented by cannabinodiol and cannabifuran is the
presence of thymyl group obtained by aromatisation of the menthyl moiety of CBD. The
Cannabielsoin type compounds are the result of the intra-molecular opening of cannabidiol-
type epoxides and could be isolated artefacts. Cannabielsoin (CBE) is the major pyrolytic
product of CBD and therefore expected to be present in cannabis smoke. Other artefacts
formed during storage of the plant material in the presence of light are cannabicyclol (CBL)
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and its derivatives, characterised by a five-atom ring and C1 bridge instead of a typical
six-membered ring in the cannabinoid structure. 8,9-Secomenthyl cannabidiols are formed by
splitting of the endocyclic double bonds of delta-9-THC (cannabicoumaronone) and CBD
(cannabimovone) [4, 19, 20].

4. Phytochemical characterisation of cannabinoids

Various scientific attempts have been made to classify Cannabis taxa based on their canna-
binoid composition, which is under strong environmental influences and also depends on
plant sex and maturity. The most important classification of cannabis types in forensics and
legislation is that into drug type (marijuana) and fibre type (hemp). A high amount of psy-
choactive THC characterises the drug type, while particularly low content defines the fibre
type [21, 22]. Nowadays, cannabis is divided mainly into three chemotypes (i.e. chemical
phenotypes) on the basis of the content ratio of the two major cannabinoids, THC and CBD,
in dried inflorescence: (1) THC > 0.3% and CBD < 0.5% (THC predominant); (2) THC > 0.3%
and CBD > 0.5% (intermediate); (3) THC < 0.3% and CBD > 0.5% (CBD predominant). Two
rare chemotypes with prevalence of CBG and cannabinoid-free, respectively, have also been
found [23, 24]. Apart from these chemotypes, de Meijer [25] has additionally described CBC,
delta-9-tetrahydrocannabivarin (THCV) and other propyl cannabinoid-rich chemotypes. A
large variation of cannabis strains have been developed during a long period of breeding
and selection. Over 700 different cultivars of cannabis have been catalogued and many more
varieties are thought to exist [26]. With the increasing use of cannabis for medical purposes,
the need for a clear chemotaxonomic distinction between varieties has become even more
important. Phytocannabinoids were chosen as chemotype markers as they are considered to
be the main pharmacologically active constituents in cannabis [27].

Because of the complex chemistry of cannabis, advanced separation techniques, such as
gas chromatography (GC) or high performance liquid chromatography (HPLC), often
coupled with mass spectrometry detection (MS), are necessary for the determination of
the typical phytochemical profiles of cannabis constituents [28, 29]. Thin layer chroma-
tography (TLC) is suitable only for identification of cannabis plant material, detection of
its principal cannabinoids and distinguishing between main chemotypes. The separation
of phytocannabinoids is mainly achieved by using silica gel as stationary phase, reversed
phase for the non-polar system and normal phase for the polar system. Two different
reagents for the visualisation of cannabinoids, fast blue and vanillin-sulphuric acid, can be
used [11, 30, 31]. Figure 3 shows high performance thin layer chromatography (HPTLC)
chromatogram of cannabis ethanolic extracts, representing THC and CBD predominant
types, respectively.

Gas chromatography, commonly coupled to flame ionisation detection (FID) or MS, provides
data only on neutral cannabinoids. Due to the high temperature of the injection port, the rapid
decarboxylation of the acidic cannabinoids to the neutral forms occurs, thus the real cannabi-
noid profile of the plant material does not correspond to the results obtained. Derivatisation of
phytocannabinoid acids to their trimethylsilyl esters before injection is one approach that can
allow the separation and detection of the acidic and neutral forms. Identification of the phy-
tocannabinoids is most readily performed by GC-MS, method of choice for creating cannabis
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profiles and metabolic fingerprints [12, 28, 32]. GC-FID is suitable for routine identification and
quantification of the major phytocannabinoids as illustrated in Figure 4, representing THC and
CBD predominant types, respectively.
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Figure 3. HPTLC chromatogram of phytocannabinoids in the concentrated ethanolic extracts of cannabis inflorescence.
Cs1—THC predominant type of Cannabis sativa extract; Cs2—CBD predominant type of Cannabis sativa extract; stationary
phase: HPTLC silica gel C,, F,.; mobile phase: methanol-water with 0.1% glacial acetic acid 75:25 (V/V); detection: Fast
blue reagent; R, (THC) = 0.25; R, (CBD) = 0.38.
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Figure 4. GC-FID chromatograms of two concentrated ethanolic extracts of cannabis inflorescence. (a) THC predominant
type of cannabis extract (THC/CBD = 87;2). (b) CBD predominant type of cannabis extract (THC/CBD = 0.08). Agilent
7890A gas chromatograph equipped with FID; HP-5MS column (15 m x 0.25 mm i.d., 0.25 um film thickness); carrier
gas: helium at a constant flow rate of 2.0 mL/minute; temperature program: initial temperature 200°C for 2 minutes,
increased by 10°C/minute to final temperature 240°C and held for further 2 minutes; detector temperature 300°C; injector
temperature 280°C with split ratio of 20:1; injection volume 1.5 pL; i.s. — tribenzylamine (TBA).



118 Natural Products and Cancer Drug Discovery

Both acidic and neutral forms of phytocannabinoids can be directly analysed by means of
HPLC without any derivatisation step. In contrast to GC, no decomposition occurs dur-
ing HPLC analysis, which is the main advantage for obtaining the complete cannabinoid
profiles. Analytical methods based on reversed-phase chromatography with gradient elu-
tion are commonly used. Detection of phytocannabinoids is usually performed by UV and
diode array detectors (DAD), but high sensitivity can best be achieved through the use
of thermospray MS. Apart from several HPLC methods, ultra performance liquid chro-
matography (UPLC) method has also been validated for the analysis of a wide range of
phytocannabinoids in plant material [13, 29]. Moreover, a novel method of ultra-high per-
formance supercritical fluid chromatography (UHPSFC) coupled with DAD/MS for the
separation and discrimination of cannabinoids in complex matrices has been developed
and validated [33]. Giese et al. [5] highlighted that typical concentration ranges for the can-
nabinoids vary from 0.1 to 40% of inflorescence dry weight. These data show how extreme
the variations of phytocannabinoids between plant specimens can get, indicating that the
cannabis for medical use should always be thoroughly profiled. Therefore, the previously
mentioned analyses are of interest given the probability that both the therapeutic and
adverse effects of cannabis may be dictated by the concentrations and interactions of cer-
tain phytocannabinoids.

5. The endocannabinoid system

The endocannabinoid system (ECS) consists of endogenous cannabinoids, their receptors
and the enzymes responsible for their biosynthesis, transport and degradation. The endocan-
nabinoids are lipophilic mediators, which include amides, esters and ethers of long-chain
polyunsaturated fatty acids, mostly arachidonic acid. The first two identified and most
studied endocannabinoids are N-arachidonylethanolamide called anandamide (AEA) and
2-arachidonoylglycerol (2-AG) (Figure 5). AEA and 2-AG are not pre-synthesised and stored
in vesicles like classical neurotransmitters, but rather released from the cells immediately after
biosynthesis. They are synthesised via enzymatic pathways from phospholipid precursors
in the plasma membrane of post-synaptic cells on demand upon relevant physiological or
pathological stimuli. After release, acting as retrograde messengers, AEA and 2-AG travel
backwards to stimulate receptors on the pre-synaptic membrane. The main intermediate in
the synthesis of AEA is N-acyl-phosphatidylethanolamine (NArPE), transformed into anan-
damide by several possible pathways among which the most investigated is the direct conver-
sion catalysed by an enzyme of phospholipase D family. 2-AG is produced primarily by the
hydrolysis of diacylglycerols (DAGs) via DAG lipases a and 3. The endocannabinoids act on
their receptors only locally, possibly because of their high lipophilicity, and are immediately
inactivated under physiological conditions. The suggested mechanisms of endocannabinoid
transport across the plasma membrane (facilitated transport, passive diffusion and/or endocy-
tosis) are still not fully elucidated. After their cellular re-uptake, AEA is rapidly degraded by
the enzyme fatty acid amide hydrolase (FAAH) while 2-AG is hydrolysed by monoacylglyc-
erol lipase (MAGL) forming arachidonate and ethanolamine or glycerol, respectively [34, 35].
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Figure 5. The structures of main endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG).

Apart from hydrolytic degradation, endocannabinoids may also be oxidised by cyclooxygen-
ase-2, lipoxygenases and cytochrome P450 [36].

The cannabinoids exert their effects by binding to specific receptors, among which the most
important are cannabinoid receptors CB1 and CB2 encoded by different genes and exhibit-
ing 44% homology in their primary structure. They belong to the large rhodopsin family of
G-protein-coupled receptors (GPCRs) with seven transmembrane domains connected by three
extracellular and three intra-cellular loops, an extracellular N-terminal tail and an intra-cel-
lular C-terminal tail. There is increasing evidence supporting the existence of additional tar-
gets for cannabinoids like transient receptor potential (TRP) ligand-gated cation channels
(vanilloid type 1, TRPV1, melastatin type 8, TRPMS8 and ankyrin type 1, TRPA1), certain
orphan GPCRs (GPR55, GPR119 and GPR18), 5-hydroxytryptamine receptor subtype 1A
(5-HT,,) and peroxisome proliferator-activated receptors (PPARs). The functions of canna-
binoid receptors can be modulated by endo-, phyto- or synthetic-cannabinoids which target
the orthosteric or allosteric binding sites on the receptors. The cannabinoid receptors modu-
late adenylyl cyclase (AC) activity depending on its isoform expressed in the cells and, conse-
quently, alter the cellular production of second messenger cyclic adenosine monophosphate
(cAMP). The activation of CB1 and CB2 receptors mainly causes inhibition of AC and the
subsequent reduction of intra-cellular cAMP levels leads to the inactivation of the protein
kinase A (PKA) phosphorylation pathway. Studies have shown that cannabinoid receptors
can also be coupled to other types of intra-cellular signals, such as the protein kinase B,
phosphoinositide 3-kinase and phospholipase C pathway. Also, activation of CB1 and CB2
receptors leads to the downstream activation of mitogen-activated protein kinase (MAPK),
p44/42, p38 and c-JUN amino terminal kinase as signalling pathways to regulate nuclear
transcription factors. Unlike the activation of CB2 receptor, which generally has no effect on
ion channels, CB1 receptors inhibit calcium channels and activate potassium channels. The
cannabinoid receptors are widely distributed in the human body. CB1 receptors are localised
predominantly in the CNS and mainly expressed in areas that are involved in the control of
motor coordination and movement, memory, learning, emotions, sensory perception and
autonomic and endocrine functions. In addition, CB1 receptors are present to a lesser extent
in some organs and peripheral tissues, including endocrine glands, leukocytes, adipocytes,
spleen, liver, heart and part of the reproductive, urinary and gastrointestinal systems. By
contrast, the CB2 receptor was initially described as present in the immune system, but more
recently it has also been shown to be expressed in additional cell types [37-40]. Since ele-
vated expression of CB1 and CB2 receptors and higher levels of endocannabinoids have been
found in many types of cancer, compared to normal tissues, the ECS has been recognised
as attractive potential target for cancer therapy. The growing evidence over the past decade
suggests that cannabinoids affect multiple signalling pathways involved in the development
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of cancer, displaying an anti-proliferative, proapoptotic, anti-angiogenic and anti-metastatic
activity on a wide range of cell lines and animal models of cancer [41].

6. Preclinical evidence on cannabinoids as anti-cancer agents

Despite remarkable advances in understanding and treating cancer, finding new, more effec-
tive pharmacotherapeutics still remains a key challenge for scientists worldwide. The first
study suggesting that plant-derived cannabinoids might be potential anti-cancer agents,
demonstrating their ability to inhibit tumour growth in vitro and in vivo and to increase the
survival of lung cancer-bearing animals, was published more than 40 years ago [42]. Later
discoveries of the ECS in the human body, combined with the development of numerous
preclinical testing models, have paved the way for a renaissance in the study of anti-cancer
properties of cannabinoids in the last two decades. A large body of in vitro data has been accu-
mulated demonstrating that cannabinoids affect a wide spectrum of tumour cells, including
gliomas, neuroblastomas, lymphomas, hepatocarcinoma as well as thyroid, skin, prostate,
pancreatic, breast, cervical, colon, gastric, lung and some other cancers [6, 41, 43]. Several
plant-derived (THC and CBD), synthetic (e.g. JWH-133, WIN-55,212-2 and KM-233) and
endogenous cannabinoids (AEA and 2-AG) were found to be potent inhibitors of both cancer
growth and spreading due to their ability of modulating various cell-signalling pathways
[6, 37, 43, 44]. Their anti-neoplastic action mainly relies on the activation of cannabinoid CB1
and/or CB2 receptors, although some other non-CB1/CB2 receptors, like TRPV1 and PPARs,
as well as mechanisms unrelated to receptor stimulation may also be involved [43, 45, 46].
Cannabinoids might stop the uncontrolled growth of cancer cells by several different mecha-
nisms, including inhibition of cell-cycle progression, inhibition of cell proliferation as well as
induction of autophagy and apoptosis [41, 43, 44]. Due to their modulatory actions on various
cell cycle regulatory molecules, like cyclin A and cyclin dependent kinase (CDK) 2, cannabi-
noids have been shown to cause arrest of cell cycle progression in different phases (e.g. GO/G1,
G2/M), leading to growth inhibition and/or apoptotic death of cancer cells [43]. The anti-pro-
liferative activity is based on their ability to inhibit proliferative and oncogenic pathways in
cancer cells, such as adenylyl cyclase and cyclic adenosine monophosphate/protein kinase A
(cAMP/PKA) pathway leading to the activation of mitogen-activated protein kinase (MAPK)
pathway as well as cell cycle blockade with induction of the CDK inhibitor (CDKI) p27Kip1
and p21waf, decrease in epidermal growth factor (EGF) receptor (EGFR) expression and/or
attenuation of EGFR tyrosine kinase activity, decrease in the activity and/or expression of
nerve growth factor (NGF), prolactin, or vascular endothelial growth factor (VEGF) tyrosine
kinase receptors. The MAPK signalling cascades, consisting of the extracellular signal-regu-
lated kinase (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 MAPK, as well as phosphati-
dylinositol 3 kinase (PI3K)-Akt pathways seems to have a prominent role in the control of
tumour cell fate by cannabinoids [43, 45]. Cancer cell death-inducing activity of cannabinoids
relies greatly on the apoptosis and, among several molecular mechanisms, the stimulation of
endoplasmic reticulum (ER) stress and subsequent autophagy has been recently suggested
as the most common one. Cannabinoids can induce accumulation of de novo-synthesised
ceramide and thereby activate an ER stress-related response through up-regulation of the
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stress-regulated protein p8 and several of its downstream targets, like activating transcription
factor 4 (ATF4), C/EBP homologous protein (CHOP) and pseudokinase tribbles-homologue
3 (TRIB3), leading to the inhibition of the AKT-mammalian target of rapamycin complex
1 (mTORC1) signalling, and autophagy-mediated apoptosis. Cannabinoid-evoked and ER
stress-dependent activation of calcium/calmodulin-dependent protein kinase 3 (CaCMKKp)
and AMP-activated protein kinase (AMPK) lead, together with the p8/TRIB3 pathway, to
autophagy and apoptosis [1, 46]. Tumour angiogenesis represents additional important tar-
get for cancer therapy affected by cannabinoids. They can directly inhibit vascular endothelial
cell migration and survival or act indirectly by modulating the expression of pro-angiogenic
factors, like VEGF, matrix metalloproteinase-2 (MMP-2) or anti-angiogenic factors like tis-
sue inhibitor of matrix metalloproteinase 1 (TIMP-1) as well as their receptors in tumours
[41, 44]. Besides influencing the growth of different cancer cells, cannabinoids may exert their
anti-cancer effects by inhibiting all the steps of tumour progression. The inhibitory effect on
migration, adhesion and invasion through CB receptors is related to the blocking of key path-
ways such as EGF-EGFR, RhoA-RhoA kinase (ROCK), focal adhesion kinase (FAK)-Src and of
MMPs and TIMP-1, which are fundamental for the invasiveness and spread of tumours [41,
43, 44]. Non-CB receptors mediated anti-metastasic effects may rely on the down-regulation
of the helix-loop-helix (bHLH) transcription factor inhibitor of DNA binding 1 (ID1) [46].
Tables 1 and 2 summarise preclinical evidence collected during the last decade about the role
of two most-investigated phytocannabinoids, THC and CBD, in different type of cancers and
their associated cell signalling pathways.

Recent in vivo studies demonstrated that cannabinoids of plant, synthetic and endogenous
origin are able to decrease tumour growth and metastasis of different experimental can-
cers [47]. Preclinical assessments have mainly been conducted using human tumour engraft
models, where human cancer cells were subcutaneously injected (ectopic model) or trans-
planted into the same origin site of the tumour (orthotropic model) in immunodeficient
mice. The syngeneic (allograft) models, established by transplantation of mice cancer cells
in immunocompetence animals, as well as carcinogen-induced spontaneous tumour models
and genetically engineered mouse models (GEMM) have also been used, but rarely [47, 48].
An overview of last decades’ discoveries revealed the effectiveness of THC against experi-
mental glioma, liver, pancreatic, breast and lung cancers (Table 1) while CBD was found to be
effective against glioma and neuroblastoma, melanoma, colon, breast, prostate and lung can-
cers (Table 2). Among other phytocannabinoids, CBG could be considered as a candidate for
colon cancer prevention and treatment [49]. Beside these findings, the potential clinical inter-
est of cannabinoids is additionally strongly suggested by their selectivity for tumour cells
(and even ability to protect the non-transformed cells) as well as by their good tolerance in
animal studies and the absence of normal tissue toxicities that are still the major limitations of
most conventional chemotherapeutics [45]. However, several studies reported that THC and
some other cannabinoids can inhibit apoptosis in the transformed-cell lines, exhibit proangio-
genic effect and stimulate cancer cell proliferation or show a biphasic effect in cancer cells by
increasing their proliferation at lower concentrations and decreasing at higher concentrations
[37, 41]. The ability to promote the tumours growth was found in two experimental animal
model cancers and attributed to their suppression of anti-tumour immune response [37].
Despite the few mentioned conflicting data, the majority of recent preclinical studies provide
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the supporting evidence on cannabinoids as promising anti-cancer agents, thus encouraging
further clinical investigations.

Considering the possibilities for therapeutic use of cannabinoids in cancer, their combina-
tion with traditional chemotherapy or radiotherapy seems to be an interesting option. The
possible advantages of combination therapy may be a synergistic effect evident as improved
efficiency, lowered doses and consequently attenuated toxic side effect or reduced drug
resistance. Accordingly, y-irradiation was found to enhance CBD-induced apoptotic death
in cultured leukaemia cells [50]. Synergism of plant-derived cannabinoids and radiation was
confirmed i1 vivo, where the simultaneous treatment with THC and CBD enhanced the cancer-
killing effects of the radiation in murine glioma model [51]. Preclinical evidence also supports
the combination of phytocannabinoids and chemotherapy drug temozolomide (TMZ), com-
monly used in patients with glioblastoma. Torres et al. [52] proved that co-administration
of TMZ with THC reduces the growth of glioma xenograft to a much higher extent than
the treatment with the individual agents, observing effect in the TMZ-resistant tumours
also. Interestingly, combined treatment with TMZ and submaximal doses of THC and CBD
(approximate 1:1 ratio) produced similar anti-tumoural effect in both TMZ-sensitive and
TMZ-resistant tumours. Usage of main cannabis constituents together may be therapeutically
very attractive, since CBD has the ability to potentiate anti-cancer properties of THC and, as a
non-psychotropic cannabinoid, can mitigate adverse psychoactive effects of THC that limit its
clinical use [46, 52]. Recent data also revealed that CBD-enriched cannabis extract can signifi-
cantly enhance the efficacy of bicalutamide or docetaxel, two standard drugs used in the treat-
ment of prostate cancer, and taken together even prolong the survival of treated animals [53].
Overall, recent findings provide promising evidence on the benefits of cannabinoid-based
combinational therapy in cancer, and suggest novel therapeutic opportunities that need to be
clinically proven in future.

Cancer type Experimental model Findings [reference]
Brain in vitro
(Glioma) U251MG, US7MG Inhibited cell cycle progression (G0/1 arrest) by down-
regulation of E2F transcription factor 1 and cyclin A [54]
C6.9, US7MG Inhibition of migration by inhibition of TIMP-1
expression via ceramide and stress protein p8 [55]
C6.9, US7MG Inhibition of invasion by down-regulating MMP-2 via
ceramide and p8 [56]
UsS7MG Induced autophagy-mediated cell death through ER

stress—evoked stimulation of ceramide synthesis de
novo, elF2a phosphorylation and up-regulation of p8/
TRIB3 pathway leading to inhibition of Akt/mTORC1

in vivo .

C6.9 xenograft pathway; autophagy leads to apoptosis [57]
Decreased tumour growth and tumoural TIMP-1
expression [55]

U87MG xenograft

Decreased tumour grow and tumoural MMP-2
expression [56]

Decreased tumour growth and activated autophagic
mediated cell death pathway (1TRIB3, tLC3-II, fcaspase
3, 11pS6) [57]
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Cancer type Experimental model Findings [reference]
Lung in vitro
A549, SW-1573 Inhibited proliferation, migration and invasion of
in vivo tumour cells by inhibition of EGFR-mediated activation
A549 xenograft of MAPKs (ERK1/2, JNK1/2) [58]
Reduced tumour growth and metastasis through
inhibition of proliferation ({Ki67), vascularisation
CD31) and decreased phosphorylation of FAK,
LL2 allograft S
atogra ERK1/2 and Akt [58]
No significant effect on tumour growth [59]
Liver in vitro
HepG2, HuH-7 Induced cancer cell death through autophagy
stimulation
via CB2 receptors by (i) inhibition of the Akt/mTORC1
axis via ER stress with TRIB3 up-regulation and (ii)
HenG2 stimulation of AMPK via CaMKK; autophagy leads to
P apoptosis [60]
in vivo Anti-proliferative action modulated b lation of
At rlfrats e ety up el
HuH-7 xenograft y-dependent pathways throug [61]
HenG2 orthotopic Reduced tumour growth relies on decreased mTORC1
P P activation, enhanced AMPK phosphorylation and
increased autophagy and apoptosis [60]
HepG2 ft
€plac xenogra Decreased hepatomegaly and ascites, |a-fetoprotein, in
tumour TpAMPK, |pAkt, |pS6, | procaspase-3 [60]
Reduced tumour growth via PPARy activation [61]
Pancreas in vitro
MiaPaCa2, Pancl Induced cancer cell death by apoptosis via activation of
in vivo the p8-ATF-4-TRIB3 pathway (fcaspase-3, Tceramide)
MiaPaCa2 xenograft [62]
Reduced tumour growth [62]
Breast in vitro
EVSA-T, HMEC Reduced cancer cell proliferation through apoptosis
L and cell cycle blockade (G2-M arrest) by CDK1 down-
in vivo .
regulation [63]
MMTV-neu
Reduced tumour growth, tumour number and
metastases by cell proliferation inhibition (1Ki67),
i 3), decreased angiogenesis and
N202.1 f apoptosis (fcaspase 3), giog
xenogra IMMP2 [64]
Decreased tumour growth via Akt inhibition [64]
Skin in vitro
CHL-1, A375, Induced cancer cell death by activating non-canonical
SK-MEL-28 autophagy-mediated apoptosis dependent on Atg7
in vivo but not Beclin-1 or Ambral [65]

CHL-1 xenograft

HCmel12 xenograft

Inhibited tumour growth via autophagy and apoptosis
(1Ki67, 1TTUNEL, 1LC3) [65]

Reduced tumour growth in CB receptor-dependent
manner and decreased inflammatory immune cell
infiltrates in the tumour microenvironment [66]

Table 1. Effects of THC on different types of cancer.
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Abbreviations are listed in Table 2.

Cancer type Experimental model Findings [reference]
Brain In vitro
us7 Induced apoptosis of cancer cells through
caspase
in vivo activation (fcaspase-8, -9 and -3) and oxidative
U8Y xenograft stress (1ROS, |GSH, tGPx, 1GRed) [67]
Reduced tumour growth through inhibition
U251 orthotopic of 5-LOX ({LTB4) and ECS—activation of FAAH
xenograft (LAEA) [68]
3832 387 orthotopic Reduced tumour progression and cancer cell
Xen(; caft P invasion through down-regulation of Id-1
& expression [69]
SK-N-SH xenograft Initial inhibition of tumour growth (1Ki67,
IpAkt, (Tcaspase-3) followed by tumour
resistance [70]
Suppressed neuroblastoma tumour growth via
apoptosis induction (fcaspase-3) [71]
Lung In vitro
A549, H460 Anti-invasive and anti-metastatic action via
up-regulation of ICAM-1 which leads to
enhanced cancer cell adhesion to LAK cells
in vivo and subsequent enhance of LAK cell-mediated
A549 xenograft cancer cell lysis [72]
Decreased tumour growth and inhibited tumour
cell invasion via down-regulation of PAI-1 [73]
Decreased tumour metastasis [74]
Inhibited cancer cell invasion and metastasis
by stimulation of TIMP-1 via up-regulation of
ICAM-1 [75]
Decreased tumour growth via apoptosis caused
by up-regulation of COX-2 and PPAR-y [76]
Colon In vivo
Azoxymethane-induced cancer Reduced preneoplastic lesions, number of
polyps and tumours through apoptosis by
inhibition of the PI3K-Akt pathway (IpAkt,
tcaspase 3) [77]
Prostate In vitro

LNCaP, DU-145

LNCaP
in vivo
LNCaP xenograft

Induced cell death through apoptotic pathways
(tcaspase 3, {PUMA, 1CHOP, tintra-cellular
Ca*, down-regulation of AR, p53 activation,
TROS) [53]

Induced phosphatase-dependent apoptosis in
cancer cells via CB1/CB2 [78]

Decreased tumour growth [53]
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Cancer type Experimental model Findings [reference]

Breast In vitro
MCE-7, KiMol, C6, MDA-MB-231 Inhibited cancer cell proliferation through
proapoptotic effect and by cell cycle blockade at
G1/S phase, acting directly via CB2 and TRPV1
receptors and indirectly via elevation of intra-

cellular Ca?" and ROS [79]
MDA-MB-231, 4T1

Anti-proliferative and anti-invasive effect by up-
regulation of ERK and ROS pathways leading to

down-regulation of Id-1 protein expression [80]
MDA-MB-231

SUM159, 4T1.2 Induced cancer cell death by both apoptosis
(tPARP) and autophagy (1LC3-II) through
induction of ER stress and inhibition of Akt/
mTOR/4EBP1 signalling independently of
receptor activation; important role of ROS and
Beclin-1 [81] Inhibited tumour cell proliferation,
migration and invasion through EGF/EGFR
pathway inhibiting EGF-induced activation
of EGFR, ERK, Akt and NF-kB signalling and

. actin stress fibre formation and focal adhesion

In vivo formation; Anti-metastatic effect also by

MDA-MB xenograft decreasing secretion of MMP-2 and MMP-9 as

4T1 orthotopic well as chemokines CCL3, GM-CSF, MIP-2 [82]

4T1 allograft
atogra Decreased tumour growth and lung metastasis

4T1.2 orthotopic MVT-1 orthotopic  [79]

Reduced tumour growth and metastasis. Anti-
metastatic effect by down-regulation of tumoural
1d1 expression [80, 83]

Inhibited tumour growth and lung metastasis
due to anti-proliferative (1Ki67) and angiogenic
(1CD31) effects and inhibition of EGFR, Akt and
ERK activation [82]

AEA —anandamide; Akt—serine/threonine protein kinase; AMPK —adenosine monophosphate-activated protein kinase;
AR —androgen receptor; ATF-4—activating transcription factor 4; Atg7 —autophagy-related protein 7; CaMKK{ —calcium/
calmodulin-dependent protein kinase (3; CCL3—chemokine (C-C motif) ligand 3; CD31—cluster of differentiation 31,
syn. platelet endothelial cell adhesion molecule (PECAM-1); CDK1—Cyclin-dependent kinase 1; CHOP —transcription
factor CAAT/enhancer binding homologous protein; COX-2—cyclooxygenase-2; 4EBP1—eukaryotic translation initiation
factor 4E binding protein 1; ECS—endocannabinoid system; EGF —epidermal growth factor; EGFR—epidermal growth
factor receptor; elF2a —a subunit of eukaryotic initiation factor 2; ER —endoplasmic reticulum; ERK —extracellular signal-
regulated kinase; FAAH —fatty acid amide hydrolase; FAK—focal adhesion kinase; GM-CSF —granulocyte-macrophage
colony-stimulating factor; GPx—glutathione peroxidase; GRed —glutathione reductase; GSH—glutathione; ICAM-1—
intercellular adhesion molecule 1; Id-1—helix-loop-helix protein inhibitor of DNA binding-1; JNK1/2—c-Jun N-terminal
protein kinases 1 and 2; Ki67 —biomarker of cancer cells proliferation LAK cells - lymphokine-activated killer cells; LC3—
microtubule-associated protein 1 light chain 3; 5-LOX—arachidonate 5-lipoxygenase; LTB4 —leukotriene B4; MAPK —
mitogen-activated protein kinase; MIP-2—macrophage inflammatory protein 2; MMP—matrix metalloproteinase;
mTOR—mechanistic target of rapamycin; mTORC1—mammalian target of rapamycin complex 1; NF-kB—nuclear
factor-kappa B; p53—tumour protein 53; p8 —stress-regulated protein; PAI-1—plasminogen activator inhibitor-1; pAkt—
phosphorylated Akt; pAMPK —phosphorylated adenosine monophosphate-activated protein kinase; PARP —poly (ADP-
ribose) polymerase; PI3K—phosphoinositide 3-kinase; PPARYy—peroxisome proliferator-activated receptor y; pS6—
phosphorylated-ribosomal protein S6; PUMA —p53 up-regulated modulator or apoptosis; ROS—reactive oxygen species;
rpS6—ribosomal protein S6; TIMP-1—tissue inhibitor of matrix metalloproteinase 1; TRIB3-—tribbles pseudokinase 3;
TUNEL —terminal deoxynucleotidyl transferase dUTP nick end labelling.

Table 2. Effects of CBD on different types of cancer.
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7. Clinical studies of cannabinoids in cancer care

7.1. Clinical anti-cancer studies

The promising preclinical data have encouraged the development of clinical studies aimed at
investigating the potential therapeutic value of cannabinoids as anti-cancer agents. The only
clinical study published up to date was a pilot phaseI trial in which nine patients with recurrent
glioblastoma multiforme (GBM) that have previously failed standard therapy underwent
intracranial THC administration. The study showed that THC delivery was safe without
evident psychoactive effects and that THC neither facilitates tumour growth nor decreases
patients’ survival. Additionally, THC inhibited tumour-cell proliferation and induced apop-
tosis in samples obtained from two patients before and after treatment. However, evalua-
tion of patients’ survival requires a larger study with a different design and preferably oral
or oromucosal application [46, 84]. According to the register of clinical trials [85], there are
several on-going clinical trials evaluating anti-cancer activity of cannabinoids. Two phase
I/II clinical studies in recurrent GBM patients are being conducted to assess the safety and
effectiveness of the administration of an oromucosal spray containing cannabis extract (2.7
mg THC and 2.5 mg CBD in 100 pL) in combination with dose-intense TMZ (NCT01812603
and NCT01812616). These studies have passed their completion date, but the status has not
yet been verified. Evaluation of pure CBD as a single-agent for solid tumour (NCT02255292)
started in 2014 as a phase II clinical trial and still did not reveal any results. Dexanabinol, a
synthetic cannabinoid, is currently undergoing phase I trial for the treatment of advanced
solid tumours (NCT01489826). This non-psychotropic cannabinoid was applied in different
doses with the intention to determine the maximum safe dose, to understand interactions
between the body and the drug and to measure any reduction in size of patients’ tumour.
Data on tumour response and the number of adverse events have not yet been reported.

7.2. Studies on chemotherapy-induced nausea and vomiting

In contrast torare clinical anti-cancer studies, clinical trials evaluating efficacy of cannabinoids
in cancer symptom management have a long history. The 1970s and 1980s mark a period of
intensive clinical trials dealing with chemotherapy-induced nausea and vomiting (CINV),
but the interest in these investigations is not decreasing due to the influence of CINV on
patients’ life quality and compliance with future treatment [86, 87]. Modern anti-emetic
treatment includes corticosteroids, serotonin receptor antagonists (5-HT,) and neurokinin
(NK,) receptor antagonists, while cannabinoids (dronabinol and nabilone) are prescribed
to the patients who have failed to respond to conventional anti-emetic therapy [88, 89].
Majority of clinical studies have compared efficacy of cannabinoids to dopamine recep-
tor antagonist and neuroleptics [87], yet some recent studies have been focusing on newer
generation agents such as 5-HT, and NK| receptor antagonists. Meiri and coworkers [90]
have design randomised, double-blind, placebo-controlled, parallel group, five-day study
for evaluating dronabinol alone and in combination with ondansetron, a 5-HT, receptor
antagonist. They recruited 61 patients with delayed CINV, which is defined as nausea and
vomiting occurring more than 24 hours after chemotherapy and lasting up to one week.
Obtained results indicated that dronabinol or ondansetron was similarly effective and well
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tolerated, but combination of these two drugs was not more effective than either drug alone.
Duran and coworkers [91] conducted a pilot, double-blind, parallel, placebo-controlled
phase II clinical trial with standardised oromucosal cannabis extract containing a mixture
of THC and CBD (2.7 mg THC and 2.5 mg CBD per spray) in patients with CINV. To be
recruited in the study, patients had to have moderately emetogenic cancer therapy caused
CINV lasting more than 24 hours despite standard anti-emetic therapy. During five days
patients were allowed to add up to eight sprays per day along with their standard therapy.
Combination of cannabis extract with standard anti-emetic therapy was well tolerated and
provided better protection against delayed CINV. The benefits of cannabinoids in CINV are
undoubtedly confirmed in numerous clinical studies, but there is lack of studies dealing
with cannabis plant [92]. First scientific article about use of smoked cannabis reported it as
a rescue drug in case of vomiting episodes [93]. In 2001, Musty and Rossi [94] published the
review about effects of smoked cannabis and oral THC based on previously unpublished
USA clinical trials with cannabis and/or THC. The investigation included 748 patients who
smoked cannabis prior to and/or after cancer chemotherapy and 345 patients who used the
oral THC capsules. Patients who smoked cannabis experienced 70-100% relief from nausea
and vomiting, while those on THC capsules reported 76-88% relief. Although it is clear
that cannabinoids can serve as anti-emetic agents in cancer therapy, clinical studies on their
effectiveness on nausea and vomiting in advanced cancer and metastasis are needed since
there are case-reports in which cannabinoids showed potential therapeutic use for these
indications [95].

7.3. Studies on cancer-related pain

In the last decades, available clinical data on benefits of cannabinoids in chronic pain were
scarce; however, currently there are many clinical studies, which include various cannabinoid
preparations and test different chronic pain conditions [96]. Animal studies in a variety of noci-
ceptive assays have confirmed that activation of CB1 receptors by exogenously applied agonists
can reduce pain sensitivity, while activation of CB2 receptors may promote analgesia without
psychoactive side effects usual for CB1 agonist [97]. Patients who are suffering from chronic
cancer-related pain usually are put on high doses of opiates, which alter their state of con-
sciousness. It has been reported that cancer patients down-sized opioid dose after adding can-
nabis in their pain regimen and when selecting cannabis extract, THC-rich cannabis extract was
the first choice, though many patients experienced pain relief after using CBD-rich type [92]. In
multi-centre, double-blind, randomised, placebo-controlled, parallel-group, two-week study,
THC:CBD extract and THC extract were evaluated in patients with intractable cancer-related
pain. Study included 177 patients with inadequate analgesia despite opioid dosing. During
first week patients self-titrated dose up to maximum of 48 actuations (each 100 puL containing
2.7 mg THC and 2.5 mg CBD or just 2.7 mg THC) per day and remained on that dose till the
end of the study. The mean number of THC/CBD sprays was 9.26 and of THC 8.47 per day.
Analysis of change from baseline in Numeral Rating Scale score was significantly in favour of
THC/CBD extract, while THC extract showed non-significant change. There was no change in
dose of opioid background medication as well [98]. A long-term, open-label, follow-up study
investigated the long-term tolerability of THC/CBD and THC oromucosal spray in 43 patients
with terminal cancer-related pain refractory to opioid who had participated in previously
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mentioned trial. Patients self-administered the medication to their optimal dose, again with
limitation to a maximum of 48 sprays per day. The duration of treatment with THC/CBD spray
(39 patients) was from minimum of 2 and maximum of 579 days (median 25 days) while treat-
ment with THC spray lasted from 4 up to 657 days (median 151.5 days). THC/CBD spray was
found to be well tolerated in long-term use, and patients did not ask for higher dose of spray
or other pain-relieving medication. Long-term use of cannabinoids did not result with loss
of relieving effect on cancer pain [99]. Another randomised, placebo-controlled, graded-dose
trial evaluating THC/CBD extract was conducted among opioid-treated patients with poorly-
controlled chronic pain who received placebo, low (1-4 sprays/day), medium (6-10 sprays/
day) or high dose (11-16 sprays/day) of 2.8 mg THC/2.5 mg CBD extract. During period of
five weeks average pain, worst pain and sleep disruption were measured among 360 patients,
of which 263 completed the study. Low and medium dose group of patients showed greater
analgesia than placebo group and could be assumed as effective and safe, while in high-dose
group dose medication was not well-tolerated and had no analgesic effect [100]. Another type
of pain that usually occurs in cancer patients is chemotherapy-induced peripheral neuropathy
caused by neurotoxicity of drugs such as platinum compounds, vinca alkaloids, taxols and
suramin. Although chemotherapy is limited to a short period of use and to a specific tissue,
there is no adequate medications for prophylaxis of this type of neuropathy and therapy is
restricted to symptomatic treatment of paraesthesia and pain. Ion channel blockers and tri-
cyclic anti-depressants are first choice for treating neuropathy symptoms [101]. Being resis-
tant to conventional treatments, neuropathy lowers life quality in affected patients and limits
dosing and duration of chemotherapy, which is crucial for extending their life. Preclinical
studies implied that cannabinoid agonists can suppress neuropathy caused by chemothera-
peutics, namely vincristine, paclitaxel and cisplatin; moreover, they had better efficacy than
conventional treatment. For effectiveness estimation of cannabinoid extract for treating neu-
ropathy, a randomised, placebo-controlled, cross-over pilot study with 18 patients was con-
ducted. Patients were experiencing neuropathic pain, which persisted for three months after
chemotherapy with paclitaxel, vincristine or cisplatin, and were treated with maximum of 12
oromucosal sprays (each containing 2.7 mg THC and 2.5 mg CBD) per day. First study period
lasted for four weeks with the result of five patients having a decrease of 2.6 on an 11-point
numeric rating scale for pain intensity, but in whole group, there was no significant difference
between treated and placebo group. Ten patients have entered the extension phase for the next
six months (five have completed the study), and confirmed pain reduction by average dose of
4.5 sprays per day. Despite inconsistent results, these findings support studying cannabinoids
for chemotherapy-induced neuropathic pain in larger randomised controlled trials [102].

7.4. Cannabis and cancer associated anorexia/cachexia

Many cancer patients experience cachexia, anorexia as well as progressive loss of adipose tis-
sue and skeletal muscle mass. Poor chemotherapy response and decreased survival are often
connected with cachexia, a syndrome characterised by systemic inflammation, negative protein
and energy balance, and an involuntary loss of body mass [103]. Majority of clinical studies
dealing with cachexia and anorexia are focused on AIDS patients and as a result dronabinol
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was approved for treatment of anorexia associated with weight loss in patients with AIDS. Still
there are some clinical evidences that show that cannabinoids could be beneficial for patients
with cancer-associated anorexia/cachexia. One of earliest trials with cancer patients, in 1976,
showed that oral THC in doses up to 15 mg per day stimulated appetite and produced signifi-
cant weight gain [104]. Eighteen cancer patients with anorexia and life expectancy more than 4
weeks underwent a phase II study of THC under regime 2.5 mg tree times per day, one hour
after meal. Thirteen patients responded positively to the appetite stimulating effects of THC, but
rather surprising was the fact that nausea was common side-effect [105]. In contrast, study con-
ducted in 2006 did not confirm these results. Multi-centre, phase II, randomised, double blind,
placebo controlled clinical trial included 164 patients with advanced incurable cancer and invol-
untary weight loss more than 5%. Patients were divided in placebo, cannabis extract (2.5 mg
THC and 1 mg CBD in a capsule) or THC (2.5 mg in a capsule) group, and they were assigned
to take capsules twice per day, one hour before meal for six weeks. There were no significant
differences between groups considering appetite, quality of life, cannabinoid related toxicity,
mood and nausea [106]. It is rather unusual that in this large trial there were no side effects,
which suggest that administrated dose of cannabinoids is suboptimal. Moreover, in case of the
use of cannabinoids for anorexia and cachexia, European Palliative Care Research Collaborative
noticed that dose-regimen of THC used in clinical trials may be the reason for its lack of efficacy.
They concluded that for future trials individual dose titration could be more efficient [107, 108].
These theses were confirmed in another randomised, double-blind, placebo-controlled pilot trial
in which influence of THC on taste improvement, smell perception, appetite, caloric intake and
quality of life was explored. Twenty-one advanced cancer patients, with poor appetite and che-
mosensory alterations, received THC (2.5 mg, twice per day) and had the option to increase their
drug dose to a maximum of 20 mg/day. Though study population was not specifically cachexic,
THC-treated patients had improvement in taste, appetite, protein consumption and sleep qual-
ity [109].

To summarise, cannabinoids show positive results in various clinical trials considering treat-
ment of nausea, vomiting, pain and anorexia/cachexia while clinical anti-cancer studies are
yet to be reported. The perspective of cannabis-based therapy also depends on a paradigm
shift fromillicit drug to clinically proved medicine. Due to their acceptable safety profile, with
side effects that are generally tolerable and reversible [92], clinical trials testing them as single
drugs or in combination therapies in various types of cancer are needed, particularly with
respect to their effects on tumour growth and patient survival.
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Abstract

In comparison with other natural sources like plants, highly diverse microorganisms are
narrowly explored, especially with respect to their limitless potentials as repositories of
exceptionally bioactive natural products. Of these organisms, fungi inhabiting tissues of
plant in a noninvasive relationship (endophytic fungi) have proven undeniably useful
and unmatchable as sources of potent bioactive molecules against several diseases such
as cancer and related ailments. In general terms, endophytic fungi are highly prevalent
organisms found in the tissue (intracellular or intercellular) of plants and at least for rea-
sonable portion of their lives. It has been proven that virtually every plant, irrespective
of habitat and climate, plays host to wide varieties of endophytes. Endophytic fungi pro-
duce metabolites produced by different biosynthetic pathways to that of the host plant,
and this robustness equips them to synthesize unlimited structural entities and scaffolds
of diverse classes. Interestingly too, the cohabitation/culture of these fungi with certain
bacteria offers even stronger hopes for anticancer drug discovery. The endless need for
potent drugs has necessitated the search of bioactive molecules from several sources, and
endophytic fungi appear to be a recipe. This chapter is an attempt to present the current
trend of research with these very promising organisms.
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1. Introduction: the emergence of interest in endophytic fungi as
sources of bioactive metabolites

Despite the fact that plant natural products (secondary metabolites) have been recognized as
the most successful source of potential drug leads [1, 2], their recent implementation in drug
discovery and development efforts have somewhat demonstrated a decline in interest [1].
Consequently, the need for new compounds to provide mitigation and relief in diverse human
clinical conditions is ever-growing. In addition, the challenges of bacterial drug resistance, the
emergence of highly virulent viruses and bacteria with organ transplant-associated complica-
tions demand very drastic drug discovery approaches in order to address them [3]. From the
earliest times, when man directly tested plant materials for their potentials as medicines or
foods to today when structured research approach has led to advancements in the discovery
of bioactive natural product, it is evident that so much has been achieved in terms of the num-
ber of such agents that have great clinical importance. Notwithstanding, less than 10% of the
world’s biodiversity has been evaluated for potential biological activity, and therefore, many
more useful natural lead compounds await discovery with the challenge being how to access
this natural chemical diversity [4]. The search for bioactive natural products with potentials
of addressing these identified challenges is as old as man’s existence and has always relied
heavily on the study of whole plant tissues (morphological parts) such as the roots (bark and
inner tissues), leaves, stem (bark and inner tissues) and animal sources [5]. Unfortunately,
the use of whole plant or animal tissues for the isolation of bioactive natural products has
not been without its serious challenges. Fundamentally, the process leads to destruction of
whole plant over time as the tissues are repeatedly collected without replenishment; most
times, the existence of these plant species becomes threatened (endangered) and they are
even lost after some years. Closely associated with this remarkable challenge are the problems
of environmental degradation, land spoilage and the usually limited yield of the identified
bioactive natural products. Secondly, the use of whole plant tissues in search of bioactive nat-
ural products has comparatively witnessed great wastage of research resources as a result of
dereplication. Dereplication, which describes the process of fastly identifying or re-isolating
already established biomolecules, is not only time and resources wasting but also discourages
research zeal and excitement (reduction in interest). As at today, the probability of finding a
novel bioactive molecule or chemical scaffold from whole tissues has further reduced because
of dereplication. There are usually cross-family interactions among plant species in different
biotopes complicated by most times poorly identified plant species, and as such, dereplica-
tion becomes a common challenge. Besides, the plant material has fixed biogenetic pathways
which are tightly controlled by nature to produce predetermined secondary metabolites. As
such and apart from the herculean plant tissue technology, man has little or no control over
what a natural plant material produces as secondary metabolites. These identified problems
led to loss of popularity in the natural product research efforts and, consequently, the devel-
opment of combinatorial chemistry. Despite the great chemistry and huge investments wit-
nessed in this era, not much breakthroughs have been recorded and, besides, combinatorial
chemistry should act as a compliment to the natural product chemistry [6]. At this point, there
arose a dire need for paradigm shift in the search for bioactive natural products. Accordingly,
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over a decade ago and based on accumulated successful drug discovery story, it appeared
that the search for novel secondary metabolites should be refocused and research efforts con-
sequently centered on the organisms that inhabit unique biotopes [1]. Of these organisms,
endophytes were quickly recognized as veritable sources of novel bioactive natural products.
Endophytes have been viewed as outstanding sources of novel products because there are so
many of them occupying literally millions of unique biological niches (higher plant) growing
in so many unusual environments. In all these, the endophytic fungi have been shown to be
exceptionally useful in the drug discovery process, especially in the western world. An inten-
sive literature search revealed that endophytic populations of the plants in rain forests of the
African continent have not been significantly explored. Regrettably, sketchy research data
have largely been documented on few usually unharnessed and abridged studies with whole
plant tissues. This apparent low interest in researches with microbes as sources of antimetab-
olites is much more worrisome in trans-Saharan Africa. The reasons are not farfetched, mainly
owed to weak infrastructural framework and systems. In Nigeria, for example, which is the
acclaimed most populous black nation in Africa (approximately 160 million people—2006
National Population Census data), there are large rainforest zones in strategic locations of the
country. Unfortunately, despite this robust biodiversity in Nigeria, bioprospecting for active
molecules from these interesting microbes has remained largely unharnessed, and even the
few research efforts have relied heavily on the direct plant tissues, with little work on the
potentialities of fungal endophytes as veritable sources of novel bioactive compounds. This
is a serious aberration and a major affront against any meaningful drug discovery effort of
not only in Nigeria but also in several other African Countries. Consequently, there is need
to awaken and boost research interest in the use of these specialized microbes (endophytes)
for the discovery of potent bioactive molecules against the ever-increasing disease burden
globally. In addition, given the rapidly increasing population of Nigeria and accompany-
ing demand for drugs, it is critically important to identify and develop renewable sources
of pharmaceuticals and their precursors. It is in line with this thought that we proposed this
book chapter on endophytes as alternative and reliable sources of potent anticancer agents.
It is our modest expectation that, through concerted research efforts in this promising area of
drug discovery process, several strongly potent and safe molecules will be identified, isolated,
assayed, characterized and hopefully progress into the several stages of clinical trial program
as potential part of the armamentarium against cancer and associated conditions.

2. Endophytic fungi and search for active metabolites

The use of microbial biotopes as reliable sources of bioactive natural products has received
significant attention so far [7, 8]. Current available data reveal that more than 40% of novel
potent bioactive molecules obtained in a period of nearly two and half decades and half were
microorganism-derived. Furthermore, over 60% of the anticancer and 70% of the antimicro-
bial drugs currently in clinical use are natural products or natural product derivatives. This is
not surprising in the light of their evolution over millions of years in diverse ecological niches
and natural habitats. The avalanche of microbial diversity with exciting metabolic complexes
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in plant tissues has been established in the last two decades and is continuing [8]. It is expedi-
ent to emphasize that the discovery of an endophytic fungus, from Taxus brevifolia, which pro-
duces highly selling anticancer agent called taxol, precipitated a surge in interest to researches
with endophytes [9]. Accordingly, about a decade ago, it appeared that the search for novel
secondary metabolites should be refocused and research efforts consequently centered on the
organisms that inhabit unique biotopes [1]. Of these organisms, endophytes were recognized
as veritable sources of novel bioactive natural products. Endophytes have been viewed as out-
standing sources of novel products because there are so many of them occupying literally mil-
lions of unique biological niches (higher plant) growing in so many unusual environment. One
very interesting feature of the endophytic fungi is that they are renewable, readily available
and environmentally friendly sources of biologically active natural products. An intensive lit-
erature search revealed that endophytic populations of the plant in rain forests of the African
continent have not been studied apart from few unharnessed studies with whole plant tissues.
Despite this ugly and unacceptable picture, it is heartening to note that this trend is gradually
changing as current research scholars of African origin, especially those from Nigeria and
Cameroun with thrust in natural product chemistry focus more on endophytic fungi nowa-
days as compared to the use of whole plant tissues. In summary, the inadequacy of systematic
exploitation of ecosystems for the discovery of novel microbial compounds had resulted in
random sampling and has missed the true potential of many regions [10]. Numerous bioactive
molecules have been isolated from endophytic fungi since this ground-breaking discovery
[11-13]. It is known that these endophytic fungi are embedded within plant for a substantial
part of their life cycle and, as well earlier stated, they are devoid of any established potential
to cause diseases in the host [14, 15]. This attribute makes this class of microbes a unique
resource base for the discovery and development of potent anticancer molecules without hav-
ing to destroy whole plant tissues. Additionally, they have been found to be more active when
compared to other types of fungi somewhat existing outside the host in terms of metabolic
virility [6, 16]. It was previously thought that metabolic products are transferred between host
plant and the endophyte, the theory of horizontal transfer from the host plant to its microbial
symbiont [9, 11, 17, 18]. This belief has been disproved following the successful sequencing
of the taxadiene synthase gene from the taxol-producing endophyte which established that the
metabolic pathways of both the hosts and the endophytes are independent of each other. The
implication of this is that there are ample opportunities available for the manipulation of the
endophyte biosynthetic pathways [19] to yield wide varieties of molecules and scaffolds for
drug discovery process. ‘Endophytism’ is, thus, a unique cost-benefit plant microbe associa-
tion defined by ‘location’ (not ‘function’) that is transiently symptomless, unobstructive, and
established entirely inside the living host plant tissues [20, 21]. Evidence of plant-associated
microorganisms found in the fossilized tissues has revealed that endophyte-plant associa-
tions may have evolved from the time higher plants first appeared on the earth surface [22].
The existence of fungi inside the organs of asymptomatic plants has been known since the
end of the nineteenth century [23], and the term, ‘endophyte’ was first proposed in 1866 [24].
Since their discovery and description, they have been isolated from various organs of differ-
ent plant species, from aboveground tissues of liverworts, hornworts, mosses, lycophytes,
equisetopsides, ferns and spermatophytes from the tropics to the arctic, and from the wild to
agricultural ecosystems [25]. Interestingly, all plant species studied till date have been found
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to harbor at least one endophyte. The most frequently encountered endophytes are fungi or
bacteria (including actinomycetes), but future projections suggest that there could be revela-
tion of nonendophytic microorganisms [3]. Endophytic fungi are a very diverse polyphyletic
group of microorganisms; they can thrive asymptomatically in the tissues of plants aboveg-
round as well as belowground, including stems, leaves and/or roots [26]. Many endophytes
have the potential to synthesize various bioactive metabolites that may directly or indirectly
be used as therapeutic agents against numerous diseases [3, 19, 21, 27-29]. Occasionally and
usually hitting major buck, endophytes that produce host plant secondary metabolites with
therapeutic value or potentials have been discovered; some examples include paciltaxel (also
known as taxol) [9] and podophyllotoxin [17, 30]. The production of bioactive compounds
by endophytes, especially those exclusive to their host plant, is not only important from an
ecological perspective but also from a biochemical and molecular standpoint. In contrast to
the direct bioprospecting with known medicinal plants (the common problem being that of
dereplication), exciting possibilities exist for exploiting endophytic fungi for the production
of a plethora of known and novel biologically active secondary metabolites. The potential
of microorganisms is further limited by the presence of orphan biosynthetic pathways that
remain unexpressed under general laboratory conditions [31]. However, the vast choice of
techniques pertaining to the growth and manipulation of microorganisms such as media engi-
neering, coculture, chemical induction, epigenetic modulation and metabolite remodeling,
coupled with the fermentation technology for scale-up, make them suitable for production of
useful natural products, both known and novel [16]. Of the myriads of ecosystems on earth,
those having the greatest biodiversity seem to be ones also having endophytes with the great-
est number and the most biodiverse microorganisms. Tropical and temperate rain forests are
the most biologically diverse terrestrial ecosystems on earth. As such, one would expect that
areas of high plant endemicity also possess specific endophytes that may have evolved with
the endemic plant species. Ultimately, biological biodiversity implies chemical biodiversity
because of constant chemical innovation that exists in ecosystems where the evolutionary
race to survive is most active. Comparatively, tropical rainforests are a remarkable example
of this type of environment because competition is great; resources are limited, and selection
pressure is at its peak. This gives rise to a high probability that rainforests are excellent source
of novel molecular structures and biologically active compounds [32]. Early researches in
endophyte bioprospecting showed that a significantly higher number of tropical endophytes
produced a larger number of active secondary metabolites than did fungi from temperate
endophytes or other tropical substrata [33].

3. Isolation process and characterization of bioactive metabolites from
endophytic fungi

The choice of plants for the explorative study of endophytes in search of potent bioactive mol-
ecules is a very crucial issue that requires the right information. Since the biochemical pathways
of both endophytes and their host are strongly correlated, it is expedient that medicinally use-
ful plants in different cultures are selected for bioprospecting of endophytes. The isolation of
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endophytic fungi is carried out using the most probable morphological part of the properly
identified and document host plant, most times the leaves. The wholesome leaves of the selected
plant are collected in sterile plastic bags from designated area with the aid of the geographic
position system (GPS) and stored at refrigeration temperature (4°C) in preparation for the isola-
tion of endophytic fungi. There are times during which samples might have to be transported
over long distances, and it is required that contingent transport and sterile cold chain arrange-
ments should be made to ensure the integrity of the plant part on arrival. In all the processes, it
is required that strict sterility is maintained so as to ensure that no external organisms are intro-
duced as contaminants to the culture. The following procedures are then followed:

(i) Theleaves or any other morphological part of interest is washed under flowing tap water
for a minimum time of 10 min and dried under sterile dry air.

(ii) With the aid of a sterilized scalpel (use of Bunsen flame) or other techniques, pieces of
the leaves are cut out and sterilized further using these agents; 95% ethanol (1-2 min),
3.5% (v/v) sodium hypochlorite (3-4 min), 70% (v/v) ethanol (30-40 s) in that order.

(iii) The sterilized samples will be washed trice in sterile distilled water and allowed to dry
on filter papers under aseptic conditions. Subsequently, the samples are placed on the
appropriate culture media of interest supplemented with an antibiotic concentration to
prevent the growth of bacteria and depending on the substrate that will act as the pri-
mary carbon source in the medium. Some of the natural carbon sources include maltose,
rice, beans, etc. The plating is usually done in replicates and inside air laminar flow hood
of appropriate level of biosafety.

(iv) The plates will then be incubated at room temperature (30-37°C). The fungal mycelium
growing out from leaf discs were subsequently transferred to fresh MEA plates by hy-
phal tip transfers and incubated further at room temperature for 1-2 weeks. The purity
of isolated endophytic fungi was checked and their antimicrobial and anticancer activity
was determined. The endophytic fungal isolates were maintained in MEA for future
studies. This is referred to as the primary culture. When the pure fungal species is iden-
tified and fully characterized (after affirmation of interesting activities in this instance,
anticancer property using different robust in vitro techniques), large-scale production
of the fungi will then involve the use of secondary culture technique in larger vessels
for the harvest of larger quantity in preparation for isolation of the fungal metabolites.
Sometimes, selected bacteria are cocultured with the fungi as a way of stimulating and
manipulating and exploiting the metabolic pathways of these organisms. Modifications
of these procedures vary from laboratory to laboratory.

4. Identification of endophytic fungal isolates

Essentially, isolated endophytic fungi are identified based on both their macroscopic and
microscopic structures [34]. Further identification sequel to establishment of satisfactory bio-
logical activities involves the use of biotechnological procedures. There are several taxonomical
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classification guides available such as found in these references [35-38]. The nonspores are
termed and classified as mycelia isolates. The fungal isolates with very interesting biological
activity spectrum are further identified based on the analysis of nucleotide sequences of the
internal transcribed spacer (ITS) regions of rDNA following the method described by earlier
authors [39]. The confirmation of similarity of gene properties of the synthesized nucleotide
rDNA sequence of ITS is usually compared with sequences from available GenBank using
BLAST program of the National Institutes of Health, United States of America.

5. Large-scale endophytic fungal cultivation and extraction

The large-scale cultivation of the endophytic fungi is also carried out on the selected media as
described above and then transferred (inoculated) into a 500-ml or larger Erlenmeyer flasks
containing appropriate nutrients depending on target. The setup will be incubated at room
temperature for one month standard conditions. The broth is then filtered and extracted with
an appropriate solvent such as ethyl acetate. The extract was dried over anhydrous sodium
sulfate and then evaporated under vacuum in a rotary evaporator, to yield ethyl acetate
extracts. The dried extract will be partitioned into several solvent fractions and recovered
for further testing of biological activities. Subsequently, the fractions are subjected to several
processes of chromatography and purifications steps to isolate pure metabolites which are
tested and fully characterized using physicochemical and spectroscopic methods. In order
to maximize the unlimited potentials of the endophytic fungi as reliable repository for anti-
cancer bioactive metabolites and other drug discovery, modern research should target the
selection and isolation of samples from diverse ecosystems, manipulating microbial physiol-
ogy to activate microbial natural-product biosynthetic machinery, and genetically modifying
strains for production of unnatural microbial natural products. By manipulating all three of
these approaches, the diversity of an extract collection can be maximized, and in doing so, the
chance of finding a ‘hit’ can be increased.

6. An overview of anticancer agents from endophytic fungi

Although some battles have been won since the declaration of the ‘war on cancer’ in 1971
in the United Sates, the war is ongoing [40]. Furthermore, the much expected breakthrough
in anticancer chemotherapy has been seriously challenged. Malignant tumors are one of
the most serious diseases that damage human health in the modern world and the second
largest deadly disease just after heart diseases [41], and as such, the search for newer anti-
cancer agents remains endless. This search has, in recent times, shifted to the endophytic
fungi. Interesting secondary metabolites are derived from endophytes which make them
unmatchable synthesizers of very useful complex chemical scaffolds inside their hosts
[42, 43]. In comparison, most of these metabolites have been engaged in the fight against
diverse diseases of man and animal [44]. Since the advent of taxol from an endophytic fun-
gus, efforts have relied on the manipulation and optimization of the culture conditions and
this approach has produced several chemical constituents and novel analogues with quite
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unique biochemistry [3]. For the purpose of this chapter, we limited our discussion to few
selected important categories of bioactive metabolites produced by fungal endophytes of
medicinal plants (Figure 1). Several authors in the past have reported excellent reviews on
endophytes as potential sources of bioactive metabolites. One of such interesting reviews
was published by Sanjana et al. [45] in 2012, covering their unmatched potentials as sources
for anticancer, antioxidant, immunomodulatory, antiparasitic, antitubercular and insecticidal
agents. In the current review, we attempt to present an updated chapter on endophytes as
reliable sources of anticancer metabolites. Following the discovery of the multimillion dollar
anticancer agent, taxol from the endophytic fungus Taxomyces andreanae [9], several others
have been studied as potential repositories of anticancer agents. Taxol (paclitaxel) belongs
to the diterpenoid class of natural products and is an exceptionally potent anticancer agent.
Before, being isolated from the endophytic fungus Taxomyces andreanae, it was isolated for
the first time, from the bark of Taxus brevifolia, commonly called yew plant from the South
American pacific. The drug was subsequently approved by the Food and Drug Administration
(FDA), USA, for the treatment of selected cancers [46]. The diverse sources of taxol from
endophytic fungi are shown in Table 1. Lee et al. [47] reported the isolation of a dimeric
quinone Torreyanic acid from the endophytic fungus, Pestalotiopsis microsporum growing
in the plant Torreya taxifolia. This compound was shown to possess potent cytotoxic activ-
ity through apoptotic mechanisms [47]. Camptothecin, a potent antineoplastic agent from
endophytic Entrophospora infrequens isolated from the host plant, Nothapodytes foetida, was also
reported by Puri et al. [48], as having pronounced activity against lung cancer and ovarian
cancer cell lines. Several authors attempted the derivatization of analogues of Campothecin,
and a successful effort led to the discovery of two clinically useful anticancer drugs: topote-
can and irinotecan. These potent anticancer compounds were extracted from the endophytic
Fusariumsolani inhabiting Camptotheca acuminata [18]. Podophyllotoxin, a nonalkaloid lignin
and its analogues are clinically relevant mainly due to their antiviral and anticancer activi-
ties; further, they are the precursors of many other useful anticancer drugs including eto-
poside, Teniposide and etopophos phosphate [49]. Podophyllotoxin and other related aryl
tetralin lignans have also been reported to be produced by another novel endophytic fungus,
Trametes hirsute with anticancer potential [17]. The different strains of endophytic fungi pro-
ducing Podophyllotoxin are represented in Table 2. Various novel microbial sources of podo-
phyllotoxin include Aspergillus fumigatus isolated from Juniperus communis [50], Phialocephala
fortiniiisolated from Podophyllum peltatum [30] and Fusarium oxysporum isolated from Juniperus
recurva [49]. Ergoflavin, a novel anticancer agent, was isolated from the leaf endophytes of
an Indian medicinal plant Mimusops elengi, belonging to family Sapotaceae. Ergoflavin is a
dimeric xanthene linked at position-2, belonging to the ergochrome class of compounds [51].
Another compound from ergochrome class, i.e., secalonic acid D, a mycotoxin, isolated from
the mangrove endophytic fungus also exhibits a good cytotoxic activity on HL60 and K562
cells by inducing leukemia cell apoptosis [52]. Wagenaar et al. [53] studied Rhinocladiella
sp. inhabiting Tripterygium wilfordii and reported three novel cytochalasins: cytochalasin H,
cytochalasin ] and epoxycytochalasin H along with a known compound cytochalasin E. These
compounds have been identified as 22-oxa-12-cytochalasins and have antitumor activity.
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Figure 1. Selected structures of anticancer metabolites from endophytic fungi.
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Endophytic fungus Fungal strain Host plant Paclitaxel yield (ug/L)
Alternaria sp. Ja-69 Taxus cuspidata 0.16
Alternaria sp. - Ginkgo biloba 0.12-0.26
Alternaria alternata TPF6 Taxus chinensis var. mairei 84.5
Aspergillus fumigatus EPTP-1 Podocarpus sp. 557.8
Aspergillus niger var. taxi HD86-9 Taxus cuspidata 273.6
Botryodiplodia theobromae BT115 Taxus baccata 280.5
Botrytis sp. XT2 Taxus chinensis var. mairei 161.24
Botrytis sp. HD181-23 Taxus cuspidata 206.34
Cladosporium cladosporioides MD2 Taxus media 800
Ectostroma sp. XT5 Taxus chinensis var. mairei 276.75
Fusarium arthrosporioides F-40 Taxus cuspidate 131
Fusarium lateritium Tbp-9 Taxus baccata 0.13
Fusarium mairei Y1117 Taxus chinensis var. mairei 2.7
Fusarium mairei UH23 Taxus chinensis var. mairei 286.4
Fusarium solani - Taxus celebica 1.6
Fusarium solani Tax-3 Taxus chinensis 163.35
Metarhizium anisopliae H-27 Taxus chinensis 846.1
Monochaetia sp. Tbp-2 Taxus baccata 0.10
Mucor rouxianus DA10 Taxus chinensis -
Ozonium sp. BT2 Taxus chinensis var. mairei 4-18
Papulaspora sp. XT17 Taxus chinensis var. mairei 10.25
Periconia sp. No. 2026 Torreya grandifolia 0.03-0.83
Pestalotia bicilia Thbx-2 Taxus baccata 1.08
Pestalotiopsis guepinii W-1f-2 Wollemia nobilis 0.49
Pestalotiopsis microspora Ja-73 Taxus cuspidata 0.27
Pestalotiopsis microspora Ne-32 Taxus wallachiana 0.5
Pestalotiopsis microspora No. 1040 Taxus wallachiana 0.06-0.07
Pestalotiopsis microspora Cp-4 Taxodium distichum 0.05-1.49
Pestalotiopsis microspora Ne 32 Taxus wallichiana 0.34-1.83

Adapted from Zhao et al. (2010), Endophytic fungi for producing bioactive compounds originally from their host plants [62].

Table 1. Paclitaxel-producing endophytic fungi and their host plants.

A novel cytotoxic cytochalasan-based alkaloid chaetoglobosin U along with four known ana-
logues, chaetoglobosin C, chaetoglobosin F, chaetoglobosin E and ponochalasin A, have been
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Endophytic fungus

Fungal strain

Host plant

Podophyllotoxin content or yield

Alternaria sp.

Sinopodophyllum hexandrum
(=Podophyllum hexandrum)

Alternaria neesex Ty Sinopodophyllum hexandrum 2.4 ug/L
Fusarium oxysporum JRE1 Sabina recurva (=Juniperus recurva) 28 ugl/g
Monilia sp. - Dysosma veitchii -

Penicillium sp. - Sinopodophyllum hexandrum -

Penicillium sp. - Diphylleia sinensis -

Penicillium sp. - Dysosma veitchii -

Penicillium implicatum SJ21 Diphylleia sinensis -

Penicillium implication 2BNO1 Dysosma veitchii -
Phialocephala fortinii PPE5, PPE7 Sinopodophyllum peltatum 0.5-189 ug/L
Trametes hirsuta - Sinopodophyllum hexandrum 30 ug/g

Adapted from Zhao et al. (2010), Endophytic fungi for producing bioactive compounds originally from their host plants.

Table 2. Podophyllotoxin-producing endophytic fungi and their host plants.

produced by the fungal endophyte Chaetomium globosum IFB-E019 isolated from Imperata
cylindrica. Cheatoglobosin U exhibits cytotoxic activity against nasopharyngeal epidermoid
tumor KB cell [54]. Chen et al. [55] reported Gliocladicillins A and B as effective antitumor
agents in vitro and in vivo. They induced tumor cell apoptosis and also showed a signifi-
cant inhibition on proliferation of melanoma B16 cells implanted into immunodeficient mice.
Vincristine, an alkaloid with cytotoxic activity, was isolated from the endophytic mycelia
sterilia inhabiting Catharanthus roseus [56]. This drug is mainly used as a chemotherapy regi-
men in acute lymphoblastic leukemia and nephroblastoma. Likewise, there are large numbers
of anticancer agents produced by fungal endophytes inhabiting different medicinal plants.
Several of such molecules are presently at different levels of clinical trials, and there are puta-
tive hopes that some of them will be approved for use in no distant time. Furthermore, the list
of metabolites obtained diverse endophytic fungi with proven potent activity against several
cancers is endless, thus indicating that these organisms hold the future in the attempt to con-
quer cancer therapeutically.

7. Conclusion

No doubt, endophytes remain an unmatchable biodiversity and repository for novel natural
compounds with useful biological activities and form simple to complex scaffolds for the
generation of more potent of compound. Because of the diversity of potential of advantages
including the application of modern biotechnological techniques, metabolic technology and
microbial fermentation process, we can better understand and manipulate this important
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microorganism resource and make it more beneficial for the mankind [33, 57-60]. We can
conclude that the endophytic fungi are a novel and important microbial resource for produc-
ing bioactive compounds and have attracted attention of many researchers on their theoretical
study as well as their potential applications [61]. The future of discovering anticancer agents
from endophytic fungi is undoubtedly bright.

Author details

Edwin O. Omeje'*, Joy E. Ahomafor? Theophilus U. Onyekaba®?*, Philip O. Monioro? Ibekwe
Nneka*, Sunday Onyeloni?, Charles Chime® and Jonathan C. Eboka*®

*Address all correspondence to: edwin.omeje@unn.edu.ng

1 Department of Pharmaceutical and Medicinal Chemistry, Faculty of Pharmaceutical Sciences,
University of Nigeria, Nsukka, Nigeria

2 Department of Pharmaceutical Chemistry, Faculty of Pharmacy Sciences, Delta State University,
Abraka, Nigeria

3 Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Madonna University, Elele,
River State, Nigeria

4 Department of Medicinal Chemistry, National Institute for Pharmaceutical Research and
Development (NIPRD), Idu, Abuja, Nigeria

5 Department of Industrial Chemistry, Faculty of Applied Natural Sciences, Enugu State
University of Science and Technology, Agbani, Enugu, Enugu State, Nigeria

6 Department of Pharmaceutical Chemistry, Faculty of Pharmacy, University of Benin, Benin
City, Edo State, Nigeria

References

[1] Mishra BB, Tiwari VK. Natural products: An evolving role in future drug discovery.
European Journal of Medicinal Chemistry. 2011;46:4769-4807

[2] Rey-Ladino J, Ross AG, Cripps AW, McManus DP, Quinn R. Natural products and the
search for novel vaccine adjuvants. Vaccine. 2011;29:6464-6471

[3] Strobel G, Daisy B, Castillo U, Harper J. Natural products from endophytic microorgan-
isms. Journal of Natural Products. 2004;67:257-268

[4] Cragg GM, Newman DJ. Biodiversity: A continuing source of novel drug leads. Pure
and Applied Chemistry. 2005;77:7-24

[5] Dias DA, Urban S, Roessner U. A historical overview of natural products in drug discov-
ery. Metabolites. 2012;2(2):303-336

153



154  Natural Products and Cancer Drug Discovery

(10]

[11]

(12]

[13]

[14]
[15]

[16]

(17]

(18]

[19]

[20]

[21]

Strobel G, Daisy B. Bioprospecting for microbial endophytes and their natural products.
Microbiology and Molecular Biology Reviews. 2003;66(4):491-502

Qadri M, Johri S, Shah BA, Khajuria A, Sidiq T, Lattoo SK, Abdin MZ, Riyaz-Ul-Hassan S.
Identification and bioactive potential of endophytic fungi isolated from selected plants
of the Western Himalaya. SpringerPlus. 2013;2:8. DOI: 10.1186/2193-1801-2-8

Porras-Alfaro A, Bayman P. Hidden fungi, emergent properties: Endophytes and micro-
biomes. Annual Review of Phytopathology. 2011;49:291-315

Stierle A, Strobel G, Stierle D. Taxol and taxane production by Taxomyces andreanae, an
endophytic fungus of pacific yew. Science. 1993;260:214-216

Czaran TL, Hoekstra RF, Pagie L. Chemical warfare between microbes promotes bio-
diversity. Proceedings of the National Academy of Sciences of the United States of
America. 2002;99:786-790

Strobel G. Harnessing endophytes for industrial microbiology. Current Opinion in
Microbiology. 2006;9(3):240-244

Wang LW, Zhang YL, Lin FC, Hu YZ, Zhang CL. Natural products with antitumor activ-
ity from endophytic fungi. Mini-Reviews in Medicinal Chemistry. 2011;11:1056-1074

Zhang Y, Han T, Ming Q, Wu L, Rahman K, Qin L. Alkaloids produced by endophytic
fungi: A review. Natural Product Communications. 2012;7(7):963-968

Bacon CW, White JF. Microbial Endophytes. New York, NY: Marcel Dekker Inc.; 2000

Souvik K, Christian H, Michael S. Chemical ecology of endophytic fungi: Origins of
secondary metabolites. Chemistry and Biology. 2012;19:792-798

El Amrani M, Debbab A, Aly AH, Wray V, Dobretsov S, Mueller WEG, Lin WH, Lai DW,
Proksch P. Farinomalein derivatives from an unidentified endophytic fungus isolated
from the mangrove plant Avicennia marina. Tetrahedron Letters. 2012;53:6721-6724

Puri SC, Nazir A, Chawla R, Arora R, Riyaz-Ul-Hasan S, Amna T, Ahmed B, Verma V, Singh
S, Sagar R, et al. The endophytic fungus Trametes hirsute as a novel alternative source of
podophyllotoxin and related aryl tetralin lignans. Journal of Biotechnology. 2006;122:494-510

Kusari S, Zuhlke S, Spiteller M. An endophytic fungus from Camptotheca acuminata that
produces camptothecin and analogues. Journal of Natural Products. 2009;72(1):2-7

Staniek A, Woerdenbag HJ, Kayser O. Endophytes: Exploiting biodiversity for the
improvement of natural-based drug discovery. Journal of Plant Interactions. 2008;3:75-93

Kusari S, Spiteller M. Campothecin: Recent advances in plant-endophyte research. In:
Patro LR, editor. Natural Resources Conservation and Management. New Delhi, India:
Manglam Publications; 2012. pp. 1-32

Kusari S, Spiteller M. Metabolomics of endophytic fungi producing associated plant
secondary metabolites: Progress, challenges and opportunities. In: Roessner U, editor.
Metabolomics. Rijeka, Croatia: In Tech; 2012. pp. 241-266



[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

(33]

[34]

Endophytic Fungi as Alternative and Reliable Sources for Potent Anticancer Agents
http://dx.doi.org/10.5772/67797

Redecker D, Kodner R, Graham LE. Glomalean fungi from the Ordovician. Science.
2000;289:1920-1921

Guerin P. Sur la presence d’'un champignon dans l'ivraie. Journal de Botanique. 1898;12:
230-238

De Bary A. Morphologie und physiologie der Pilze, Flechten and myxomyceten.
In: Hofmeister's Handbook of Physiological Botany. Vol. II. Leipzig, Germany: Engelmann;
1866. pp. 1-335

Arnold AE. Understanding the diversity of foliar endophytic fungi: Progress, challenges
and frontiers. Fungal Biology Reviews. 2007;21:51-66

Selim KA, El-Beih AA, Abd El-Rahman TM, El-Diwany Al Biology of endophytic fungi.
Current Research in Environmental & Applied Mycology. 2012;2(1):31-82. DOI: 10.5943/
cream/2/1/3

Aly AH, Debbab A, Edrada-Ebel RA, Miiller WEG, Kubbutat MHG, Wray V, Ebel R,
Proksch P. Protein kinase inhibitors and other cytotoxic metabolites from the fungal endo-
phyte Stemphylium botryosum isolated from Chenopodium album. Mycosphere. 2010;1:153-162

Khawar RN, Mishra A, Gond SK, Stierle A, Stierle D. Anti-cancer compounds derived
from fungal endophytes: Their importance and future challenges. Natural Product
Reports. 2011;28:1208-1228

Debbab A, Aly AH, Edrada-Ebel RA, Wray V, Miiller WEG, Totzke F, Zirrgiebel U,
Schiachtele C, Kubbutat MHG, Lin WH, Mosaddak M, Hakiki A, Proksch P, Ebel R.
Bioactive metabolites from endophytic fungus Stemphylium globuliferum isolated from
Mentha pulegium. Journal of Natural Products. 2009;72:626-631

Eyberger AL, Dondapati R, Porter JR. Endophyte fungal isolates from Podophyllum peltatum.
Journal of Natural Products. 2006;69:1121-1124

Hertweck C. Hidden biosynthetic treasures brought to light. Nature Chemical Biology.
2009;5:450-452

Redell P, Gordon V. Lessons from nature: Can ecology provide new leads in the search
for novel bioactive chemicals from rainforest? In: Wrigley SK, Hayes MA, Thomas R,
Chrystal EJT, Nicholson N, editors. Biodiversity: New Leads for Pharmaceutical and
Agrochemical Industries. Cambridge, United Kingdom: The Royal Society of Chemistry;
2000. pp. 205-212

Bill G, Dombrowski A, Pelaez F, Polishook J, An Z. Recent and future discoveries of
pharmacologically active metabolites from tropical fungi. In: Watling R, Frankland JC,
Ainsworth AM, Isaac S, Robinson CH, editors. Tropical Mycology: Mycromycetes. Vol.
2. New York, NY: CABI Publishing; 2002. pp. 165-194

Thirawatthana P, Tanapat P, Jittra P, Anthony JSW, Prakitsin S. Antimicrobial and anti-
cancer activities of endophytic fungi from Mitrajyna javanica Koord and Val. African
Journal of Microbiology Research. 2013;7(49):5565-5572. DOI: 10.5897/AJMR12.2352

155



156  Natural Products and Cancer Drug Discovery

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Ainsworth GC, Sparrow FK, Sussman AS. The Fungi: An Advanced Treatise. Vol. 4A.
New York, USA: Academic Press; 1973

Ellis MB. More Dematiaceous Hyphomycetes. Kew, Surrey, England: Common Wealth
Mycological Institute; 1976

von Arx JA. The Genera of Fungi Sporulating in Pure Culture. Vaduz, Liechtenstein:
A.R. Gantner Verlag KG; 1978

Barnett HL, Hunter BB. Illustrated Genera of Imperfect Fungi. 4th ed. St. Paul, MN: APS
Press; 1998

Rogers SO, Bendich AJ. Extraction of total cellular DNA from plants, algae and fungi.
Plant Molecular Biology Manual. 1994;D1:1-8

Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) as a potential metabolic-
targeting therapy for cancer. British Journal of Cancer. 2008;99(7):989-994. DOL: 0.1038/
sj.bjc.6604554

Tu J-T, Sun H-X, Ye Y-P. Immunomodulatory and antitumour activity of triterpe-
noid fractions from the rhizomes of Astilbe chinensis. Journal of Ethnopharmacology.
2008;119:266-271

Owen NL, Hundley N. Endophytes—The chemical synthesizers inside plants. Science
Progress. 2004;87:79-99

Tan RX, Zou WX. Endophytes: A rich source of functional metabolites. Natural Product
Reports. 2001;18:448-459

Tejesvi MV, Mahesh B, Nalini MS, Prakash HS, Kini KR, Subbiah V, Shetty HS.
Endophytic fungal assemblages from inner bark and twig of Terminalia arjuna W.
and A. (Combretaceae). World Journal of Microbiology and Biotechnology. 2005;21:
1535-1540

Sanjana K, Suruchi G, Maroof A, Manoj KD. Endophytic fungi from medicinal plants:
A treasure hunt for bioactive metabolites. Phytochemistry Reviews. 2012. DOI: 10.1007/
s11101-012-9260-6

Cremasco MA, Hritzko BJ, Linda Wang NH. Experimental purification of paclitaxel
from a complex mixture of taxanes using a simulated moving bed. Brazilian Journal of
Chemical Engineering. 2009;26(1):207-218

Lee ]JC, Strobel GA, Lobkovsky E, Clardy J. Torreyanic acid: A selectively cytotoxic qui-
none dimer from the endophytic fungus Pestalotiopsis microspora. Journal of Organic
Chemistry. 1996;61(10):3232-3233

PuriSC, Verma V, Amna T, Qazi GN, Spiteller M. An endophytic fungus from Nothapodytes
foetida that produces camptothecin. Journal of Natural Products. 2005;68:1717-1719

Kour AS, Shawl S, Rehman S, Sultan P, Qazi PH, Suden P, Khajuria RK, Verma V. Isolation
and identification of an endophytic strain of Fusarium oxysporum producing podophyl-

lotoxin from Juniperus recurva. World Journal of Microbiology and Biotechnology.
2008;24:1115-1121



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

Endophytic Fungi as Alternative and Reliable Sources for Potent Anticancer Agents
http://dx.doi.org/10.5772/67797

Kusari S, Lamshoft M, Spiteller M. Aspergillus fumigates Fresenius, an endophytic fun-
gus from Juniperus communis L. Horstmann as a novel source of the anticancer pro-drug
deoxypodophyllotoxin. Journal of Applied Microbiology. 2009;107(3):1019-1030

Deshmukh SK, Mishra PD, Kulkarni-Almeida A, et al. Anti-inflammatory and antican-
cer activity of ergoflavin isolated from an endophytic fungus. Chemistry & Biodiversity.
2009;6(5):784-789

Zhang JY, Tao LY, Liang Y], et al. Secalonic acid D induced leukemia cell apoptosis and
cell cycle arrest of G1 with involvement of GSK-3b/b-catenin/c-Myc pathway. Cell Cycle.
2009;8(15):2444-2450

Wagenaar MM, Corwin ], Strobel G, Clardy ]. Three new cytochalasins produced
by an endophytic fungus in the genus Rhinocladiella. Journal of Natural Products.
2000;63(12):1692-1695

Ding G, Song YC, Chen JR, Xu C, Ge HM, Wang XT, Tan RX. Chaetoglobosin U, a cyto-
chalasin alkaloid from endophytic Chaetomium globosum IFB-E019. Journal of Natural
Products. 2006;69(2):302-304

ChenY, Guo H, Du Z, Liu XZ, Che Y, Ye X. Ecology-based screen identifies new metab-
olites from a Cordyceps-colonizing fungus as cancer cell proliferation inhibitors and
apoptosis inducers. Cell Proliferation. 2009;42:838-884

Yang X, Zhang L, Guo B, Guo S. Preliminary study of vincristine-producing endophytic
fungus isolated from leaves of Catharanthus roseus. Chinese Traditional and Herbal
Drugs. 2004;35:79-81

Aly AH, Debbab A, Kjer J, Proksch P. Fungal endophytes from higher plants: A pro-
lific source of phytochemicals and other bioactive natural products. Fungal Diversity.
2010;41:1-6

Bara R, Aly AH, Pretsch A, Wray V, Wang BG, Proksch P, Debbab A. Antibiotically
active metabolites from Talaromyces wortmannii, an endophyte of Aloe vera. The Journal
of Antibiotics. 2013;66(8):491-493. DOI: 10.1038/ja.2013.28

Bara R, Aly AH, Wray V, Lin WH, Proksch P, Debbab A. Talaromins A and B, new cyclic
peptides from the endophytic fungus Talaromyces wortmannii. Tetrahedron Letters.
2013;54:1686-1689

Colegate SM, Molyneux R]. Bioactive Natural Products: Detection, Isolation and
Structure Determination. Boca Raton, FL, USA: CRC Press; 2008. pp. 421-437

Dias DA, Urban S, Roessner U. A historical overview of natural products in drug
discovery. Metabolites. 2012;2:303-336

Zhao ], Zhou L, Wang ], Shan T, Zhong L , Liu X, Gao X. A. Mendez Vilas (Ed).
Endophytic fungi for producing bioactive compounds originally from their host plants.
2010. Current Research Technology and Education Topics in Applied Microbiology and
Microbial Biotechnology, pp. 567-576

157






Section 4

Phytotherapy and Modern Formulations for
Treatment of Skin Cancer







Chapter 8

Flavonoids: Promising Natural Products for Treatment

of Skin Cancer (Melanoma)

Raimundo Gongalves de Oliveira Junior,
Christiane Adrielly Alves Ferraz,

Mariana Gama e Silva, Erica Martins de Lavor,
Larissa Araujo Rolim, Julianeli Tolentino de Lima,
Audrey Fleury, Laurent Picot,

Jullyana de Souza Siqueira Quintans,

Lucindo José Quintans Junior and

Jackson Roberto Guedes da Silva Almeida

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67573

Abstract

Melanoma, which is the most malignant skin cancer type, has got one of the fastest
increasing incidence rates of all cancer types in the world. When belatedly diagnosed,
melanoma is extremely invasive and metastatic. Although there are effective drugs used
to treat melanoma, some cell lines have proven resistant to chemotherapy. In this con-
text, several research groups on natural products have investigated the anticancer effect
of new natural molecules in the treatment of melanoma. Flavonoids have shown to play
an important role in chemoprevention and inhibition of the proliferation, migration, and
invasion of melanoma cells. In this chapter, we present a systematic review performed
through a literature search over a period of 20 years, using specialized databases. Analysis
of all selected manuscripts demonstrated that at least 97 flavonoids have already been
investigated for the treatment of melanoma using in vitro or in vivo models. Most of the
bioactive flavonoids belong to the classes of flavones (38.0%), flavonols (17.5%), or
isoflavonoids (17.5%). Apigenin, diosmin, fisetin, luteolin, and quercetin were considered
as the most studied flavonoids for melanoma treatment. In general, flavonoids have
shown to be a promising source of molecules with great potential for the treatment of
melanoma.
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Natural Products and Cancer Drug Discovery

Keywords: cancer, melanoma treatment, herbal medicines, medicinal plants,
flavonoids

1. Introduction

Natural products have contributed significantly to new drugs discovery. Historically, natural
products derived from plants, microorganisms, and animals have been a promising source of
medicinal preparations and molecules with therapeutic potential, for various diseases, includ-
ing cancer treatment. The study of natural products also contributed to the provision of unique
chemical structures, which were chemically modified, resulting in the development of new
drugs [1-3].

An analysis of the new medicines approved by the US Food and Drug Administration (FDA)
between 1981 and 2010 revealed that 34% of those drugs were based on small molecules from
natural compounds or derivatives of natural compounds (semisynthetic products). This
includes drugs such as statins, tubulin-binding anticancer, and immunosuppressant drugs. In
this context, it is evident the contribution of natural products for drug discovery [3-5].

In the search for new anticancer drugs, natural products have provided many structural
models with different mechanisms of action, for the treatment of melanoma regional or distant
metastatic melanoma. Vinblastine from Vinca rosea and paclitaxel, which originates from a
Chinese plant, is an example of anticancer agent obtained from natural sources. The therapy
also includes drugs with different mechanisms of action, such as immunomodulatory agents,
BRAF, and MEK inhibitors, and most recently, use of vaccines [6, 7]. However, even with
recent advances in anticancer therapy, there is still a demand to develop new effective antican-
cer drugs for the melanoma treatment [8].

Despite the diversity of treatments for melanoma, the high resistance of tumor cells to conven-
tional therapies drives the search for new anticancer agents that have less toxic effects, and
greater effectiveness, incentive to develop new therapies that can be used individually or in
combination with other drugs bringing therapeutic benefits for the patient. The polyphenolic
compounds like flavonoids possess a large spectrum of pharmacological activity, including
anticancer activity. These secondary metabolites have molecular mechanisms of action in
tumor cells already understood, acting in enzymes and receptors associated and signal trans-
duction pathways relating to cellular proliferation, differentiation, apoptosis, inflammation,
angiogenesis, and metastasis [9-11].

2. Pathological aspects of skin cancer (melanoma)

2.1. Definition

Melanomas are malignant skin tumors deriving from melanocytes, the melanin-producing
cells, that typically occur in the skin but may rarely occur in mucous membranes (vulva,
vagina, and rectum), or uvea, the pigmented layer of the eye, lying beneath the sclera and
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cornea, and comprising the iris, choroid, and ciliary body. Melanomas account for less than 2%
of skin cancers but are responsible for 80% of the mortality of patients with skin cancer [12].
They are classified in several subtypes, according to their tissue origin, tumor form, spreading
and infiltrating behavior, metastatic potential, etc. These includes (a) superficial spreading
melanoma, that tend to start growing outwards rather than downwards into the skin, (b)
nodular melanoma, that tends to grow downwards, deeper into the skin, (c) lentigo maligna
melanoma, that develops from very slow growing pigmented areas of skin called lentigo
maligna or Hutchinson’s melanotic freckle, (d) acral lentiginous melanoma, most commonly
found on the palms of the hands and soles of the feet or around the big toenail, and (e)
amelanotic melanoma, that usually have no, or very little color, occasionally are pink or red,
or have light brown or gray around the edges [13].

2.2. Etiology

The precise etiology of melanoma depends on several individual factors and is probably
multifactorial in most cases [12]. Sun exposure (particularly UVB radiation) and genetic sus-
ceptibility (including faulty DNA repair) have been reported as major environmental and
genetic factors associated with the risk of melanoma initiation and promotion [14, 15]. Precur-
sor lesions, particularly dysplastic nevi/atypical moles, probably play a critical role in mela-
noma initiation [16]. Moreover, the distribution of melanoma among various work forces
suggests that occupational risk factors could play an important role in the etiology of this
cancer. For example, melanoma incidence is significantly higher in populations working in
printing and press, petrochemical, and telecommunications industries [17].

2.3. Progression

The development of a melanoma tumor is considered a multistage process that involves
various genetic and epigenetic alterations. From a histopathological point of view, the follow-
ing steps can be considered: (a) common acquired nevi and dysplastic nevi, (b) radial growth
phase melanoma, in which melanocytes undergo changes that enable them to survive and
proliferate (c) vertical growth phase melanoma, in which tumor cells deeply invade into the
dermis/hypodermis, and (d) malignant metastatic melanoma, in which the cells may eventu-
ally invade the endothelium and migrate to distant tissues [18-20]. When diagnosed in the
early stages, melanoma can be easily treated by surgical excision of the primary tumor [21].
However, when the disease is at an advanced stage the treatment is very difficult because the
cancer cells have a high capacity to cause metastases (including brain metastases) and acquire
resistance to conventional therapy [22, 23]. The progression of cutaneous melanoma in the skin
can be classified using the Clark method [18, 19] (Figure 1).

This classification is not very used, contrary to the TNM one, which is regularly revised by the
American Joint Committee on Cancer (AJCC) [24, 25]. The TNM classification is based on the
thickness of the primary tumor (T, also known as Breslow's index), presence of metastatic cells
in the neighboring lymph nodes (N), and localization of metastasis in the body (M) (Table 1).
The T criterion is subdivided into four categories from T1 to T4 discriminating melanomas
from 1 —4 mm thick. Each category is subdivided into two subgroups that report the presence
(a) or not (b) of ulceration of the primary tumor. The survival rate decreases with an increase in
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Tulermin
Py demis

SubcutmEnces fvess

Stages and description

I.  Melanoma is found exclhusively in epidermidis

I, Meclanoma penetrates the upper part of the dermis
(papillary dermis)

IlI. Melanoma penetrates to the junction of papillary
dermis with the reticular dermis

IV, Melanoma penctrates the reticular dermis

V. Melanoma penetrates the subculaneous tissue

Figure 1. Progression stages of the cutaneous melanoma, according to the Clark skin infiltration classification [18, 19].

T classification

T1

T2

T3

T4

N classification
NO
N1

N2

N3

M classification
MO

Mla

M1b

Milc

Tumor thickness

<1.0 mm

1.01-2.0 mm

2.01-4.0 mm

>4.0 mm

Metastatic lymph nodes

Site
0

Subcutaneous tissue and/or metastatic lymph nodes

Lung metastasis
viscera metastasis

Distant metastasis

Ulceration-mitosis

S

IS

4

Without ulceration and mitosis < 1/mm?
With ulceration or mitosis > 1/mm?

Without ulceration
With ulceration

Without ulceration
With ulceration

Without ulceration
With ulceration

Size of metastatic lymph nodes

a. Micrometastasis

b.  Macrometastasis

a. Micrometastasis

b.  Macrometastasis

c In transit without metastatic nodule
Seric LDH

Normal

Normal

High

Table 1. The TNM classification of melanoma progression (adapted from Ref. [26]).
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the thickness of the tumor, which may, however, be smaller in the presence of ulceration. The
classification N evaluates the number of neighboring lymph nodes containing metastatic
melanoma cells. This criterion is subdivided into four categories from NO to N3, as well as
three subgroups according to the presence of small metastases detected after biopsy (a), large
metastasis detected after clinical examination (b) and metastases in transit (c) (melanoma cells
located between the primary tumor and the lymph node region in lymph channels). The
classification M, with four categories from MO to M1c, evaluates the localization of metastases
in the organism, as well as the increase in serum lactate dehydrogenase concentration [24].

According to the TNM parameters, four melanoma progression stages can be defined (Table 2).

The only efficient treatment is the early surgical resection of the primary melanoma, when
tumor cells have not already spread to nearby lymph nodes (stages I and II). Advanced and
metastatic melanoma (stages III and IV) has very poor prognosis as most chemotherapeutical
agents used to treat cancers are ineffective in killing melanoma cells, which are constitutively
or adaptively resistant to proapoptotic drugs [22]. Melanoma is also resistant to radiotherapy
[27, 28]. The overall positive responses to melanoma monotherapy using conventional antican-
cer drugs are weak and range from 4 to 26% [22]. Additionally, melanoma tumor displays
pronounced neoangiogenesis [29] and a high ability to escape immune cell that explain why
the 5-year survival rate for metastatic melanoma ranges from 5 to 10%, with a median survival
of less than 8 months [30, 31]. Brain metastasis is present in 75% of stage IV melanoma
patients, and constitutes a major cause of mortality because of the low permeability of the
blood-brain barrier to chemotherapeutic drugs [30].

2.4. Epidemiology

Since 2005, World Health Organization (WHO) has identified the cutaneous melanoma as a
priority public health concern as 132,000 new cases are registered every year in the world [32].
Since the early 1970s, the incidence of malignant melanoma has increased significantly, for
example an average 4% every year in the United States [12, 14, 33]. The melanoma death rate in

Stage T N M
I IA Tla NO MO
IB T1b-T2a NO MO
II Ila T2b/T3a NO MO
IIb T3b-T4a NO MO
Ic T4b NO MO
111 IIa T1 to T4b Nla-N2a MO
Ib T1 to T4a N1b-N2b-N2c MO
MIc T1 to T4b N3 MO
v - T1 to T4b N1 to N3 M1

Table 2. Melanoma progression stages based on the TNM classification (adapted from Ref. [26]).
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2012 was the highest in Australia and New Zealand (3.5/100,000) and Europe (2.3 per 100,000
people). In 2014, 76,100 new cases were diagnosed in the United States and 9710 patients with
cutaneous melanoma died, according to the American Cancer Society. The wide disparity in
melanoma incidence throughout the world depends upon the variation of early sun-exposure
behaviors, recreational and vacation histories, nevus phenotypes and skin phototypes, distri-
bution of melanoma risk genotypes, and discrepancies in epidemiological registrations
between countries [34]. According to the WHO, a large number of atypical nevi (moles) are
the strongest risk factor for malignant melanoma in fair-skinned populations. Malignant mel-
anoma is more common among people with a pale complexion, blue eyes, and red or fair hair.
It is over 20 times more frequent in White people compared to African-Americans and the risk
increases with the age, although it also affects young adults, especially women. High, inter-
mittent exposure to solar UV appears to be a significant risk factor for the development of
malignant melanoma [14, 35], particularly for White people living in tropical regions [36, 37].
The incidence of malignant melanoma in White populations generally increases with decreas-
ing latitude, with the highest recorded incidence occurring in Australia, where the annual rates
are 10 and over 20 times the rates in Europe for women and men, respectively. Several
epidemiological studies support a positive association with history of sunburn, particularly
sunburn at an early age [34]. The role of cumulative sun exposure in the development of
malignant melanoma is equivocal. However, malignant melanoma risk is higher in people
with a history of nonmelanoma skin cancers and solar keratoses, both of which are indicators
of cumulative UV exposure [38].

2.5. Immunity and immunotherapy of melanomas

Activation of genes in transformed melanocytes leads to the expression or overexpression of
tumour-associated antigens. Several melanoma-associated antigens (MAA) have been identi-
fied and classified according to their tissue expression and structure [39, 40]. These include
proteic antigens that can be recognized as MHC-I—peptide complexes by cytolytic T lympho-
cytes, membrane gangliosides, and conformational antigens inducing strong humoral
responses by B-lymphocytes. MAGE-1, —2, —3 and —4 antigens are expressed by metastatic
melanoma while their expression is absent in melanocytes and weak in primary melanoma
tumors, indicating that the corresponding genes are activated during malignant transforma-
tion and progression [41]. Other MAA such as Melan-A/melanoma antigen recognized by
T-cells (MART-1), tyrosinase, Pme117/gp100, gp75/tyrosine-related protein (TRP)-1 and AIM-2
are expressed in normally differentiated melanocytes and melanoma cells but absent in other
tumor cells, suggesting the possibility to target them for a specific destruction of melanoma
tumors [42, 43]. The expression of various gangliosides present in the membranes of melano-
cytes and melanoma cells (GM3, GD3, GM2, GD2 and O-acetyl GD3) is also significantly
increased during malignant transformation [44]. Given that malignant melanoma is one of the
most immunogenic tumor and that melanomas are highly resistant to chemotherapy and
radiotherapy, immunotherapy appears as one of the most promising and relevant strategies
to destroy melanoma tumors and metastatic cells.

Promising results have been reported using ex-vivo stimulation of tumor-infiltrating lympho-
cytes by cytokines and MAA, potentiation of T-cell cytotoxic activity by blocking CTL-A4
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co-inhibitory receptor (using monoclonal antibodies), CAR-T strategies, and combination of
immunotherapy with chemotherapeutics (e.g., dacarbazine/CTL-A4 blockade) [22, 31, 45-49].
Interferon-a and interleukin-2 monotherapeutic treatments give an overall positive response in
13-25% patients, and constitute a first-line therapy for nonmetastatic patients. Ipilimumab, an
anti-CTLA-4 monoclonal antibody, targeting a T-cell receptor decreasing T-cell activation and
cytotoxicity, allows a long-term survival benefit in one-third of metastatic melanoma patients,
and a complete remission in patients [50]. As a consequence, a high research effort is dedicated
to the development of new antibodies activating antitumoral immunity and to the discovery of
new natural drugs with cytostatic, antimetastatic, and/or antiangiogenic activity that could
stimulate the immune system and be used in chemoimmunotherapy protocols to synergize
with chemotherapeutic drugs and immune effectors.

In this view, only a few natural molecules have proved their efficacy to limit tumor growth and
inhibit the invasiveness of highly aggressive melanoma cells in in vitro and in vivo models. The
efficacy of such molecules is related to their antiangiogenic activity (e.g., resveratrol [51],
curcumin [52]), to their capacity to induce melanoma cell death regardless of their apoptosis-
sensitivity (e.g., narciclasine [53], carotenoids [54-59]), to their ability to target components of
apoptotic pathways to overcome melanoma cells resistance to anticancer drugs (e.g., epigallo-
catechin gallate [60-62]), or to their strong stimulatory effect on antitumoral immunity (e.g.
Lentinula edodes polysaccharides [63]). Considering the clinical efficacy of melanoma immuno-
therapy, combined to the high potential of natural compounds to limit melanoma growth and
restore melanoma sensitivity to apoptosis inducers without impairing antitumoral immunity,
an important research effort should be undertaken to assess the efficacy of original natural
cytostatic compounds, highlight the molecular and cellular mechanisms involved in their
pharmacological action, and study if these molecules favor in vivo melanoma rejection via their
immune regulatory properties. Considering the fast growth of melanoma and failure of cur-
rent treatments, the identification and clinical development of such efficient molecules will
obviously have a significant impact on patient survival rate and duration.

3. Molecular and cellular pathways involved in melanoma biogenesis and
progression

3.1. Implication of the MAPK pathway

The receptor tyrosine kinase MAPK pathway triggers a signaling cascade that regulates cell
growth, proliferation, differentiation, and survival in response to a wide variety of extracellu-
lar stimuli including hormones, cytokines, and growth factors through the activation of tyro-
sine kinase receptors. As mutations of components of the MAPK pathway are associated with
increased activity of ERK1/2 proteins [64], deregulation of this pathway contribute to both
development and progression of melanoma. In particular, mutations in B-RAF, a member of
the RAF kinase family, have been identified in up to 70% of malignant melanoma [65].

Binding of a ligand to the membrane bound tyrosine kinases receptors (RTKSs) or integrins
adhesion to extracellular matrix triggers the activation of the RAS GTPases which further lead
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to activation/transduction of the MAPK signaling pathway. Ras GTPases are small proteins
bound to the cytoplasmic membrane. The RAS gene encodes three isoforms with tissue-
specific pattern: HRAS, KRAS, and NRAS [64]. Downstream targets of RAS proteins are the
PI3K/Akt pathway and the serine threonine kinase RAF proteins [66, 67]. Activated B-RAF
then leads to the activation of the MEK/ERKSs kinases, which targets a variety of signaling
pathways such as cell growth, proliferation, protein synthesis, and apoptosis.

The RAF kinase family consists of three cytoplasmic proteins (A-RAF, B-RAF, and C-RAF)
which participate in the MAPK transduction pathway. Unlike, c-RAF and A-RAF, mutations in
B-RAF have been identified in up to 70% of malignant melanoma [68, 65]. Most frequent
activating somatic mutations in B-RAF occur at the V599E where a valine replaces a glutamic
acid [68]. Identification of such activating mutations in B-RAF proteins leads to the develop-
ment of new drugs, such as B-RAF inhibitors, as anticancer strategies [69].

These oncogenic B-RAF proteins are able to transform fibroblastic cell line and lead to
hyperactivation of the ERK proteins [68]. Constitutive ERK leads to increased proliferation
apoptosis resistance in melanoma cells [69]. Interestingly, suppression of the tumor suppressor
PTEN and activating mutations in B-RAF are both necessary in melanoma development
highlighting the importance of the PI3K/Akt pathway upregulation in melanoma growth and
apoptosis resistance [70].

Indeed, the tumor suppressor PTEN is downregulated in melanoma and this is associated with
PI3BK/Akt hyperactivation [71]. Apoptosis resistance could be mediated through activation of
the NF-KB pathway, target of hyperactive ERK proteins [72]. Oncogenic B-RAF also leads to
inhibition of the LKB1-AMPK pathway, a central signaling pathway at a crossroad between
metabolism and proliferation regulation through, in particular, inhibition of the mTOR path-
way. This study highlights a new pathway in tumor growth regulation [73]. Finally, expression
of MCL-1, a member of the Bcl-2 pathway, whose alternative splicing leads to proteins with
either pro- and antiapoptotic activities, is increased in melanoma metastasis associated with
oncogenic B-RAF [74]. Oncogenic B-RAF may also trigger the antiapoptosis pathway through
inhibition of the proapoptotic Bim proteins [75].

Besides, downregulation of a downstream target of the MAPK pathway, MITF (microphthalmia-
associated transcription factor), the master regulator of melanocyte development, survival, and
function, is associated with poor diagnosis and melanoma progression [76]. Finally, cKIT, a
tyrosine kinase receptor, might trigger proliferation signals in melanoma through activation of
the MAPK pathway [77].

Others signaling pathways contribute to melanoma progression and metastasis such as the
noncanonical Wnt signaling [78] and deregulation of the cyclin-dependent kinase inhibitor 2A
(CDKN2A) pathway involved proliferation and apoptosis control [23].

3.2. Implication of extracellular vesicles (EV) in melanoma biogenesis and progression

Extracellular vesicles (EVs) are small vesicles released by most cell types in the extracellular
environment, and as a consequence can be retrieved from various body fluids, especially
plasma. EV might split into apoptotic bodies (>1 um), microparticles (100 nm to 1 pm) released
after membrane blebbing and exosomes (<100 nm), vesicles with an endosomal origin release
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after multivesicular bodies fuse with the plasma membrane [79]. EVs are biological vectors
that convey lipids, different classes of proteins (cytoskeleton, adhesion, raft associated pro-
teins, histones, chaperones [80], glycoproteins, and chemokines [81] or even morphogens such
as Hedgehog proteins [82]. EVs also harbor nucleic acids [83] able to modulate the differenti-
ation of the target cells [84]. EVs communicate with their target cells via receptor-ligand
interaction, through transfer of membrane proteins [85, 86], can fuse with the plasma mem-
brane [87], or transfer their components into target cells via phagocytosis [88] or endocytosis
[89]. The ability of EVs released from antigen presenting cells to convey MHC class II proteins
[90] highlights their immunomodulatory properties and their potential as therapeutic agents in
anticancer strategies [91]. Moreover, as they carry tumor antigens via MCH class I proteins,
EVs can initiate antitumor response in vitro [92] and in vivo [93]. Nevertheless, the composition
of EVs and the message they convey depend both on the cells they originate from and the
conditions triggering their release. Indeed, EVs from dendritic cells can also suppress immune
response in inflammatory diseases models such as DTH (delayed-type hypersensitivity) mice
[94]. This ability to attenuate immune response might be associated with the capacity of EV to
induce expression of molecules able to inactivate T-cells or suppress immune response [95].

In addition to their immunomodulatory properties, the role of EVs in inflammation, angiogen-
esis, and proliferation has been widely demonstrated [96-98]. This suggests an implication for
EVs in tumor survival and progression. In this study, exosomal markers, such as CD63, could
be found also on a wide range of subpopulations of EVs, and as long as there is no determina-
tion of the cellular origin of vesicles, we chose to use the term EV to refer to both exosomes and
microparticles.

3.3. Role of circulating EV in melanoma biogenesis and progression

Circulating EV can trigger inflammatory pathways in target cells [96], stimulate angiogenesis
[82, 99, 100], protect against apoptosis [101], or stimulate proliferation [102].

Plasma levels of EV harboring CD63 in melanoma-engrafted SCID mice correlate to tumor
size, suggesting a role of the tumor in EV secretion [103]. However, other suggests that
circulating rates of EV do not differ between melanoma and healthy patients [104-106] but
instead, EV protein composition might differ. In particular, plasmatic EVs from melanoma
patients are enriched in platelet-derived EV involved in neovascularization (CD42a harboring
EV) and antitumour immune responses (CD8 harboring EV) [105]. Furthermore, circulating
endothelial and platelet derived-EV (EEV) and procoagulant EV are significantly higher in
melanoma patients [107]. Such procoagulant EVs stimulate proinflammatory cytokines secre-
tion by macrophages and drive melanoma metastasis in vivo [108] reinforcing the implication
of EV in melanoma progression.

3.4. A role of EV in melanoma metastasis

EV release is exacerbated in human malignant [109] and murine [110] melanoma cell lines.
Furthermore, in comparison with murine melanocyte cell line, metastastic melanoma cell lines
secrete highly procoagulant EV harboring phosphatidylserine and enriched in tissue factor pro-
teins suggesting that melanocyte transformation into cancer cells is associated with the secretion
of such EVs [110]. Besides, Wnt5a, a noncanonical Wnt signaling ligand in involved melanoma
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progression [78] induces the release of melanoma exosomes enriched in proangiogenic proteins
and pro-inflammatory cytokines [111].

Proteomic analysis of human malignant melanoma cell lines A375 reveals an enrichment in
proteins involved in angiogenesis and matrix remodeling such as annexin Al and hyaluronan
and proteoglycan link protein 1 (HAPLNT1) [109]. Analysis of EV microRNA content reveals
enrichment in miRNA involved in cell growth, proliferation, and apoptosis. Uptake of such EV
promotes the invasion ability of normal melanocytes [109]. Furthermore, tumor-derived EV
harbor FAS ligand involved in antitumor response through lymphocytes apoptosis [112]. Finally,
human (SK-Mel28/-202/-265/-35) and mouse (B16-F10) cell line-derived exosomes are enriched in
TYRP2 (tyrosinase-related protein-2), VLA-4 and Hsp90 proteins. Indeed, B16F10-derived
exosomes are enriched in prooncogenic proteins such as the oncogene MET which has been
described a role in cell transformation, proliferation, survival, invasion, and metastasis [113-
115]. BM cell treatment with such exosomes led to an increase in tumor size compared to
nontreated mice. Compared to EV derived from B16F1, a poor metastatic cell line, injection of
B16F10 EV led to increased metastatic lesions and a wider tissue distribution (brain, bone) [106].
This is in agreement with previous studies suggesting that highly metastasis cells are enriched in
oncogene Met72 and are more deleterious than B16F1-derived EV [116]. These data strongly
suggest that EV from melanoma cells is able to suppress antitumor response and stimulate
tumor progression but also their ability to trigger melanoma invasion and metastasis. However,
different populations of EV have distinct procoagulant properties [117]. Thus, it is therefore
necessary to identify the cell origin of EV in order to determine their role in cancer progression.

3.5. Role of microRNAs in melanoma progression

MicroRNAs are noncoding small RNAs able to bind target mRNAs, through their 3'UTRs
leading to their degradation. Binding of microRNAs to their targets allows regulating a wide
variety of cellular mechanisms such as proliferation, angiogenesis, inflammation, and survival.

A role for microRNAs in melanoma progression was first demonstrated through different
miRNA expression signatures associated with the developmental lineage and differentiation
state of solid tumors [118]. Furthermore, a microarray analysis demonstrates a specific
targeting between A375 cell line and the A375 cells-derived EV of 28 miRNAs involved in
cellular growth, development, and proliferation [109]. Relevance of microRNAs implication in
melanoma development was illustrated by the fact that miRNAS loci are retrieved in genomic
regions altered in melanoma [119]. MITF (microphthalmia-associated transcription factor) the
master regulator of melanocyte development, survival, and function, which is often
dysregulated in melanoma is a target of miR-137 [120] and miR-182 [121]. Finally, a number
of microRNAs such as miR-214 [122] and miR-223 [123], but also miR-137, miR-182, miR-221/
222, and miR-34a, have been involved in melanoma progression (for a review see [124]). In
particular, miR-221 and miR-222 are involved in tumor proliferation and an increased in
invasion and migration abilities through targeting of p27Kipl/CDKNI1B (cyclin-dependent
kinase inhibitor 1B) and the tyrosine kinase receptor c-KIT receptor [124, 125].

However, five members of the Let-7 family are downregulated in primary melanoma suggesting
that these microRNAs might trigger anticancer responses. In particular, Let7b which targets
cyclins exerts antitumoral responses through inhibition of cancer cycle progression [126].
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MicroRNAs can also be transported via EV and regulate the pathway in distant target cells. In
particular, circulating EV from metastatic melanoma patients harbors a specific miRNA signa-
ture. Indeed, those EVs are enriched in oncogenics miRNAs mirl7 and miR19a suggesting a
role for miRNAs-associated EV in tumor progression and metastasis [127]. On the other hand,
circulating EV in advanced melanoma patients shows a decrease in miR-125b which
downregulation has been described in melanoma progression [128].

Finally, deep-RNA sequencing allows identifying an enrichment of 23 specific microRNAs in
small EV including miR-199a-3p, miR-150-5p, miR-142-3p, and miR-486-5p known to be
involved in melanoma progression or identified in melanoma metastasis or patient blood sam-
ples [129]. In particular, miR-214 has been associated with melanoma metastasis [122]. Interest-
ingly, in silico analysis reveals that some of these miRNAs could target the BRAF pathway which
is often deregulated in melanoma [129]. Metastatic cell lines secrete EV enriched in the oncogenic
miR-222. Furthermore, miR-222 associated with EV can be transferred into target cells and
promote tumorigenesis through activation the Akt/PI3K pathway [130].

3.6. Identification of new markers for melanoma diagnosis and prognosis

Circulating concentrations of lactate dehydrogenase [79], S100 and MIA (Melanoma Inhibitory
Activity), two small proteins expressed by melanoma cells, are significantly higher in melanoma
patients [131] and thus are widely used a proteins markers in order to monitor melanoma
progression. LDH concentrations might be a better prognosis factor to classify advanced mela-
noma [132, 133].

Other circulating factors such as circulating nucleic acids or EV could be used in melanoma
detection as a prognosis factor in advanced stages of diseases. Indeed, circulating EVs from stage
III to stage IV are enriched TYRP2 (tyrosinase-related protein-2), a specific melanoma protein,
VLA-4 (very late antigen 4) and HSP90. Furthermore, these enriched EVs correlated with poor
survival prognosis [106]. These authors identified a specific exosomes protein signature that
could be used as a prognosis marker in stages IIl and IV melanoma patients [106].

Besides, circulating EV carries melanoma markers such as S100B and MIA proteins. Concentra-
tions of EV-5100B and EV-MIA are higher in stage IV melanoma patients and such EV was
associated to poor prognosis in patients [104]. Detection of such EV could be used as an additional
diagnosis and prognosis marker of melanoma patients. In contrast, these authors did not find an
increase in TYRP2 containing exosomes in plasma of melanoma patients. This discrepancy could
be due to difference in EV isolation, or EV concentrations/number analysis (NTA analysis vs. EV-
protein concentration determination). Finally, circulating EV enriched in oncogenes miRNAs
mirl7 and miR19a could be used as predictive markers in melanoma patients [127].

In addition, some microRNAs detected in patient metastasis such as miR-150, miR-342-3p, miR-
455-3p, miR-145, miR-155, and miR-497 could be used as a specific signature to predict
postsurvival recurrence with a high expression of miR-145, miR-155 in metastatic tissue associ-
ated with longer survival [134]. Finally, identification of a specific signature of 16 differentially
expressed microRNAs in patient blood samples represents a new noninvasive tool in diagnosis
applications [135]. Finally, other authors suggest that microRNAs from blood patients could be
used to monitor melanoma recurrence [136, 137].
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4. Current melanoma treatment

The treatment options for regional or distant metastatic melanoma have expanded in recent
years and are directly influenced by disease stage at diagnosis and the extent of metastases.
The therapy used includes several drugs with different mechanisms of action, including
chemotherapies, immunomodulatory agents, the serine/threonine protein kinase BRAF, mito-
gen-activated protein kinase (MEK) inhibitors, and most recently, use of vaccines [6, 7]. The
primary treatment of this cancer type is surgical excision, sentinel lymph node dissection,
radical lymph node dissection, and isolated limb perfusion [138, 139].

Chemotherapy may now be considered a second or third line in patients with resistance to
immunotherapy and targeted therapy [140]. Tumor cells may evade the immune attack by
some mechanisms, such as impaired antigen presentation, expression of factors with immuno-
suppressive properties, such as transforming growth factor-beta (TGF-{3), vascular endothelial
growth factor (VEGF), interleukin-2 (IL-2), and induction of resistance to apoptosis. In addi-
tion, melanoma cells further express receptors on the cell surface which function as check-
points to the immune system response, as the cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1). The ipilimumab is an anti-CTLA-4
monoclonal antibody and the nivolumab and pembrolizumab are also monoclonal antibodies
directed against the PD-1 receptor, that blocking the inhibitory ligand's suppression of
immune response. Thus, the main objectives of immunotherapy are to activate an immune
response through the immunostimulation of IL-2, the upregulation of tumor-inhibitory T cells,
and the inhibition of the immune control points [141, 142].

In addition to the immunological approach, targeted therapies have also been employed in the
treatment of melanoma, such as BRAF and MEK inhibitors. The BRAF gene is responsible for
encoding the B-raf protein that participates in the regulation of the mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK) signaling pathway, which regulates
cell proliferation, differentiation, and cell cycle progression [142]. The discovery that BRAF
was mutated in about 50% of melanomas led to the development of BRAF kinase inhibitors as
vemurafenib and dabrafenib. However, most patients acquire resistance mechanisms to BRAF
kinase inhibition [141, 143]. In view of the development of resistance to single BRAF blockade,
several combination schemes have been developed, as the combination therapy with MEK
inhibitors trametinib and cobimetinib [144-146].

Despite these advances, about 80% of patients develop resistance to the current standard of
treatment with the combination of a selective BRAF and MEK inhibitors, which stimulates
research for new treatment alternatives. The use of triple combining therapy has also been the
subject of investigations and demonstrated prolonged responses [147]. Preclinical assays
performed with the triple combination of BRAF and MEK inhibitors and anti-PD-1 demon-
strated high antitumor activity and phase I/Il clinical studies have shown promise in
BRAFV600-mutated melanoma [148]. Moreover, vaccines have also been investigated and in
2015 the Food and Drug Administration (FDA) approved the Talimogene laherparepvec
(T-VEC), an oncolytic virus derived from herpes simplex type 1, which can selectively replicate
within tumors and produce granulocyte macrophage colony stimulating factor (GM-CSF)
which promotes increased antitumor immune response [149].
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5. Chemical and biological aspects of flavonoids

Flavonoids are phenolic constituents commonly found in a variety of fruits, vegetables, and
medicinal plants. They add color, flavor, and aroma to plants, and play an important role in
protection mechanisms against pathogens, ultraviolet radiation, and herbivores. Flavonoids
comprise an important class of secondary metabolites, with numerous possibilities of chemical
structures [150, 151].

Flavonoids have a basic phenylbenzopyrone skeleton (Cs-C3-Cs), admitting several substitu-
tion possibilities. In accordance with the substitution pattern of A, B, and C rings of the basic
structure, flavonoids can be classified as chalcones, aurones, flavones, flavonols, flavanols,
flavanones, isoflavones, flavanonols, among others [10]. The most common classes of flavo-
noids are shown in Figure 2.

Flavonoids may include the polyhydroxylated or polymethoxylated form. There are more than
8000 flavonoids identified, some of the most abundant are quercetin, catechin, and kaempferol,
which are often combined with glycosidic units (commonly glucose, galactose, and rhamnose)
through C-C or C-O-C bonds [152, 153]. The structural diversity of flavonoids directly influ-
ences their chemical, physical and pharmacological properties.
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Figure 2. Basic skeleton (C4-C3Cs) and main classes of flavonoids. This figure was adapted from Ref. [10].



174 Natural Products and Cancer Drug Discovery

Several studies have demonstrated the therapeutic properties of flavonoids obtained from plants
or through synthesis. In fact, the structural diversity of flavonoids contributes to the diverse
pharmacological activities reported for these compounds. In vitro and in vivo assays have shown
the antioxidant, anti-inflammatory, antinociceptive, cardioprotective, photoprotective, antide-
pressant, antimicrobial, and cytotoxic effects of flavonoids [154, 155].

Recently, flavonoids have been shown to be potent antitumor agents. These compounds
showed promising effect against different tumor cell lines, including human melanoma cells
[156, 157]. In addition, flavonoids typically exhibit low toxicity in biological systems, which
make them an alternative therapy compared with traditional anticancer drugs [158-161].

6. Bioactivity of flavonoids on melanoma

In this section, the authors present a systematic review performed through a literature search
over a period of 20 years (January 1996-December 2016). This literature search was performed
through specialized databases (PUBMED, LILACS, SCIELO, Science Direct, and Web of Sci-
ence) using different combinations of the following keywords: flavonoid, flavonoid derivative,
melanoma, skin cancer, treatment, and anticancer therapy. We did not contact investigators
and we did not attempt to identify unpublished data.

Manuscripts were selected based on the inclusion criteria: articles published in English, Portu-
guese, Spanish, or French and articles with keywords in the title, abstract, or keywords, as well
as studies involving anticancer activity of natural flavonoids necessarily against melanoma in
in vitro or in vivo models. Other review articles, meta-analysis, abstracts, conferences, editorial/
letters, case reports, conference proceedings, or articles that did not meet the inclusion criteria
were excluded from this systematic review.

For the selection of the manuscripts, two independent investigators (RGOJ and CAAF) first
selected the articles according to the title, then to the abstract, and finally through an analysis of
the full-text publication. A consensus between the investigators was reached as a clarification for
in order to clarify all disagreements. The selected articles were manually reviewed with the
purpose of identifying and excluding the works that did not fit the criteria described above.

The primary search identified 164 articles. However, among these, 39 manuscripts were indexed
in two or more databases and were considered only once, resulting in 125 articles. After an initial
screening of titles, abstracts, full text, and time of publication, 43 articles were selected, while the
remainder did not meet the inclusion criteria (1 = 82). Although many articles presented prom-
ising anticancer activity for plant extracts rich in flavonoids, we considered only articles that
showed anticancer activity of the isolated flavonoids on melanoma cell lines. Investigations
involving synthetic flavonoids were also excluded from this review. A flowchart illustrating the
progressive study selection and numbers at each stage is shown in Figure 3.

Analysis of all selected manuscripts demonstrated that at least 97 flavonoids have already
been investigated for the treatment of melanoma using in vitro or in vivo models. Most of the
bioactive flavonoids belong to the classes of flavones (38%), flavonols (17.5%), or isoflavonoids
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Figure 3. Flowchart of included studies for the systematic review.

(17.5%), which has aroused the interest of several research groups in natural and synthetic
products in the world. All information about these flavonoids for the treatment of melanoma
was reported in Box 1. Next, we highlight the anticancer properties of the main tested flavo-
noids on melanoma cells (apigenin, diosmin, fisetin, luteolin, and quercetin).

6.1. Bioactivity of apigenin on melanoma

Apigenin (4',5,7,-trihydroxyflavone) is a nonmutagenic and low-toxicity dietary flavonoid
commonly present in many fruits, vegetables, and medicinal plants. This flavone has a broad
spectrum of antiproliferative activities against many types of cancer cells, including mela-
noma. Recent studies have demonstrated that apigenin inhibits cell growth through cell cycle
arrest and apoptosis in malignant human melanoma cell lines. Hasnat et al. [169] showed that
treatment with 50 uM apigenin significantly reduced viable cell percentages in A375 and
A2058 human melanoma cells. Treatment with apigenin for 24 h also decreased human mela-
noma cell numbers in a dose-dependent manner. A similar result was observed by Spoerlein
et al. [170], who evaluated the cytotoxic potential and the effect of apigenin on the cell cycle of
518A2 human melanoma cells. Apigenin also caused a dose-dependent decrease in the per-
centage of transwell-migrated cells, and ~90 and ~70% inhibitions of cell migration were
recorded upon treatment with 20 uM of apigenin, respectively, for A2058 and A375 cells [169].

The cytotoxic effects of apigenin were related to its ability to reduce integrin protein levels and
inhibit the phosphorylation of focal adhesion kinase (FAK) and extracellular signal-regulated
kinase (ERK1/2). Furthermore, apigenin treatment increased apoptotic factors such as caspase-3
and cleaved poly(ADP-ribose) polymerase in a dose-dependent manner. Cao et al. [172] have
also demonstrated that apigenin suppressed STAT3 phosphorylation, decreased STAT3 nuclear
localization, and inhibited STAT3 transcriptional activity. Apigenin also downregulated STAT3
target genes MMP-2, MMP-9, VEGF, and Twistl, which are involved in cell migration and
invasion. In this same investigation, it was determined the in vivo antimetastatic effect of
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apigenin in an experimental lung metastasis model. Apigenin-treated mice had significant fewer
metastatic nodules when compared to the vehicle control group, suggesting apigenin inhibits the
metastasis potential of BI6F10 melanoma cells in vivo mouse model (Figure 4).

6.2. Bioactivity of diosmin on melanoma

Diosmin is a glycosylated flavonoid commonly used as an active constituent of several
pharmaceutical products, mainly for cardiovascular diseases treatment. Diosmin is used in
the treatment of venous insufficiency, because of its vasoprotector and venotonic properties.
In addition, it acts as an antioxidant, anti-inflammatory, and antimutagenic molecule, regu-
lating the activity of several enzymes, including cyclooxygenases and cytochrome P450 pro-
teins [177, 179]. Interestingly, the anticancer effects of diosmin have also been studied
[176, 178], suggesting that this flavonoid presents a broad spectrum of pharmacological
activities.

Conesa et al. [179] performed a comparative study with three different flavonoids (tangeretin,
rutin, and diosmin) using an experimental model of B16F10 melanoma cell-induced pulmo-
nary metastasis. The greatest reduction in the number of metastatic nodules (52%) was obtained
with diosmin treatment. Similarly, diosmin presented a relevant decreasing in implantation,
growth, and invasion index (79.40, 67.44, and 45.23%, respectively). These results were confirmed
by another study developed by Martinez et al. [178], suggesting diosmin is an effective agent
against metastatic stages of melanoma.

The antimetastatic effect of diosmin has also been evaluated in combination with IFN-«
[176, 177], an important cytokine that has shown the significant effect in the treatment of
metastatic melanoma in high doses. In both investigations, it was verified that synergistic
antiproliferative and antimetastatic effects shown by the combination of the flavonoid and
the lowest dose of IFN-a, which was similar to that produced by the highest dose of the
cytokine alone. These results suggest that diosmin may be used in combination with IFN-a in
an attempt to reduce its therapeutic dose, thereby reducing the side effects promoted by
continued cytokine use.

]

Control Aplgenin
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Figure 4. Apigenin inhibited murine melanoma B16F10 cell lung metastasis. B16F10 melanoma cells were injected into
the tail vein of the C57BL/6 mice. These mice then received intragastric administration of vehicle or apigenin (150 mg/kg/
day) for 24 consecutive days. Lung metastasis of B16F10 melanoma cells in the mouse model (upper) and the metastasis
nodules number in the lungs (bottom) were shown. Data were mean =+ SD, 1 =8, *p <0.05. This figure was taken from Ref.
[172].
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6.3. Bioactivity of fisetin on melanoma

Fisetin (3,7,3'4'-tetrahydroxyflavone) is a flavonol also found in many fruits and vegetables, such
as strawberries, apples, persimmons, kiwi, onions, and cucumbers. This flavonoid has shown a
relevant neuroprotective effect, aiding in memory and cognition processes, as well as reducing
behavioral deficits. Recently, the effect of fisetin on anticancer therapy has also been studied [186].

Investigation conducted by Syed et al. [188] determined an ICs, value of 38.1 and 20.3 uM
against A375 human melanoma cell line, at 24 and 48 h after treatment. In a subsequent study,
Syed et al. [191] have demonstrated that fisetin induces apoptosis in melanoma cells. The
efficacy of fisetin in the induction of apoptosis varied with cell type and preliminary results
confirmed apoptosis as the primary mechanism through which fisetin inhibits melanoma cell
growth. The possible mechanisms involved include upregulation of ER stress markers such as
IREla, XBP1s, ATF4, and GRP78. In addition, both extrinsic and intrinsic apoptosis pathways
are involved in fisetin cytotoxic effects.

The effect of fisetin was also evaluated on the growth of metastatic 451Lu human melanoma cells,
which exhibit constitutive Wnt signaling in addition to harboring a mutation in the B-Raf gene. The
ICs( value was estimated to be 17.5 uM at 72 h of treatment in the MTT assay. In an in vivo model, a
smaller average tumor volume was consistently observed in mice treated with fisetin. This was
more marked in animals receiving 1 mg fisetin than in animals receiving the 2 mg dose, indicating
a nonlinear dose response. The authors attributed this effect to a decreasing of cell viability with
Gl-phase arrest and disruption of Wnt/p-catenin signaling mediated by fisetin [186].

A recent report evaluated the effect of fisetin in combination with sorafenib, a multi-kinase
inhibitor of mutant and wild-type BRAF and CRAF kinases, on melanoma cell invasion and
metastasis. In this study, fisetin potentiated the anti-invasive and antimetastatic effects of
sorafenib in vivo, suggesting that this flavonoid can be used as an alternative agent in mela-
noma therapy reducing doses of anticancer drugs used for this purpose [187].

6.4. Bioactivity of luteolin on melanoma

Luteolin is a common flavone that exists in many types of plants including fruits, vegetables,
and medicinal herbs. This flavonoid presents potential for cancer prevention and therapy
[174]. Concerning to melanoma treatment, George et al. [182] showed that luteolin possesses
relevant cytotoxicity against A375 human melanoma cell line, with an ICs, value of 115.1 uM
in a preliminary test. Luteolin also inhibited colony formation and induced apoptosis in a dose
and time-dependent manner by disturbing cellular integrity. Accumulation of cells in the GO/
G1 (60.4-72.6%) phase for A375 cells after 24 h treatment indicated cell cycle arresting potential
of this flavonoid, suggesting that luteolin inhibits cell proliferation and promotes cell cycle
arrest and apoptosis in human melanoma cells. A similar result was demonstrated by
Casagrande and Darbon [204], who highlighted the involvement of the regulation of cyclin-
dependent kinases CDK2 and CDK1 in the antiproliferative effect of luteolin on OCM-1
human melanoma cells.

In a recent investigation, the inhibitory effect of luteolin on melanoma cell proliferation was related
to ER stress induced. In this context, luteolin increased the expression of the ER stress-related
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proteins, such as protein kinase RNA-like ER kinase, phosphorylation eukaryotic translation
initiation factor 2a, activating transcription factor (ATF) 6, CCAAT/enhancer-binding protein-
homologous protein (CHOP), and cleaved caspase 12. In addition, luteolin increased the level of
intracellular ROS, leading to ROS-mediated apoptosis and ER stress, suggesting that luteolin
induces apoptosis by ER stress via increasing ROS levels [183].

Anticancer potential of luteolin has also evaluated in vivo. In experimental metastasis model,
mice treatment with luteolin (10 or 20 mg/kg) reduced metastatic colonization in the lungs by
50%. This treatment increased E-cadherin expression while reduced the expression of vimentin
and (3 integrin in the tumor tissues [184]. These results encourage the use of luteolin as an
anticancer chemopreventive and chemotherapeutic agent.

6.5. Bioactivity of quercetin on melanoma

Quercetin is a noncarcinogenic dietary flavonoid with low toxicity, has been shown to exert
antioxidant, anti-inflammatory, neuroprotective, and antimelanoma activities [193]. A prelim-
inary study showed that quercetin presents a weak cytotoxic effect on B16F10 murine mela-
noma cells, with an ICs, value > 50 puM [174]. However, Casagrande and Darbon [204] and Kim
et al. [196] showed that quercetin presents a considerable antiproliferative effect on OCM-1
and SK-MEL-2 human melanoma cells, with an ICs; value between 4.7 and 19 uM. In these
investigations, the authors demonstrated that the presence of hydroxyl group at the 3'-position
of the ring B in quercetin favors the cytotoxic effect and a G1 cell cycle arrest. The involvement
of the regulation of cyclin-dependent kinases CDK2 and CDK1 may also be present in its
anticancer effect.

Cao et al. [198] evaluated the involvement of STAT3 signaling in the inhibitory effects of
quercetin on melanoma cell growth, migration, and invasion. Quercetin treatment promoted
inhibition in proliferation of melanoma cells, induction of cell apoptosis, and suppression of
migratory and invasive properties. Furthermore, mechanistic study indicated that quercetin
inhibits the activation of STAT3 signaling by interfering with STAT3 phosphorylation, and
reducing STAT3 nuclear localization. In an animal model, quercetin inhibited murine B16F10
cells lung metastasis, indicating that quercetin possesses antitumor potential.

7. Brief structure-activity relationship (SAR) considerations

Nagao et al. [167] evaluated the cytotoxic activity of 21 flavones and the effect of the substitu-
tion patterns on their anticancer potential, although the authors highlight that the number of
compounds examined might not be sufficient to determine the structure-activity relationships.
Generally, the data show that the growth inhibitory activity of one flavone against the three
different tumor cell lines (including a murine melanoma cell line) is not always the same,
suggesting differences in the sensitivity of tumor cells to flavones.

The influences of ring A substituents against B16F10 cells were examined. Comparing the
antiproliferative activity of four 3',4’-di-OH-flavones, the order of contribution was found to
be 5-OH-6,7-di-OCH; > 5,6,7-tri-OH > 5,7-di-OH-6-OCH; > 5,7-di-OH. In contrast, in the
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3’-OH-4'-OCHj;-flavones (desmethoxycentaureidin, eupatorin, and 5,6,3'-trihydroxy-7,4'-
dimethoxyflavone), the order is 5,6-di-OH-7-OCHj; > 5-OH-6,7-di-OCHj; > 5,7-di-OH-6-OCHs.
In the 3',4’-di-OCHj;-flavones (eupatilin and 5,6-dihydroxy-7,3,4'-trimethoxyflavone), the order
is 5,6-di-OH-7-OCHj > 5,7-di-OH-6-OCHj, and in the 3'-OCH;-4'-OH-flavones (jaceosidin and
cirsilineol), it is 5,7-di-OH-6-OCHj > 5-OH-6,7-di-OCHj. In addition, for ring B substituents, 3',4'-
di-OH and 3',4’-di-OH-5'-OCHj3 showed a greater effect than the others, but the influence of 3',5'-
di-OCH;-4'-OH appears to be not relevant [167].

Another investigation evaluated the effects of polyhydroxylated flavonoids on the growth of
B16F10 melanoma cells. In general, the results suggest that the presence of a C2-C3 double bond
and three adjacent hydroxyl groups in the A- or B-rings confers greater antiproliferative activity
[174]. Casagrande and Darbon [204] investigated the effects of a series of flavonoids on cell
proliferation and cell cycle distribution in human melanoma cells (OCM-1). Interestingly, the
presence of a hydroxyl group at the 3'-position of the ring B in quercetin and luteolin was
correlated to a G1 cell cycle arrest while its absence in kaempferol and apigenin was correlated to
a G2 block.

The presence of isoprenoid units in the cytotoxic effect of flavonoids has also been evaluated for
melanoma cells [168]. The results indicated that isoprenoid substitutions in flavonoids enhance
their cytotoxic potential, and that the position of attachment and the number of isoprenoid-
substituent moieties per molecule influence flavonoid cytotoxicity. This is probably related to
their lipophilicity and affinity properties, which favor penetration into the cell membrane.
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Abstract

The chapter includes a brief presentation of the types of skin cancer. The most aggressive
type of skin cancer, melanoma, is discussed from the point of view of incidence, molec-
ular, and immunohistochemical mechanism along with the most important biomarkers
for identification. Recent studies containing active phytocompounds with chemopre-
ventive activity pointing toward phytochemicals used for melanoma prevention and
therapy are reviewed. Modern physicochemical formulations for the enhancement of
bioavailability of some active phytochemicals with chemopreventive activity for malig-
nant melanoma are discussed.

Keywords: malignant melanoma, mechanism, biomarkers, active phytocompounds,
modern formulations

1. Introduction

Skin cancer, with its many forms, is one of the most prevalent diseases today. In the last
decades, there was a rising incidence in the reported cases of skin cancer and is estimated that
one out of three Caucasians may develop a type of skin cancer in their lifetime [1, 2]. There are
three common types of skin cancer, namely basal cell carcinoma (BCC), squamous cell carci-
noma (5CC), and melanoma. Basal and squamous cell carcinomas are also known as non-
melanoma skin cancer (NMSC) [1, 3].
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Melanoma and non-melanoma skin cancers represent the most common malignancies world-
wide [2, 3]. Wehner et al. indicated that approximately 30% of white people are likely to
develop NMSC in their lifetime as a result of increased exposure to ultraviolet radiation [4]. It
is considered that exposure to high doses of ultraviolet B radiation can cause basal cell
carcinoma, while squamous cell carcinoma can be triggered after a chronic exposure to UV
[2]. Melanoma in the first place and squamous cell carcinoma in the second place are tumor
types with a high risk of metastasis, while basal cell carcinoma rarely does. Usually, these
types of cancer affect people with white skin, blue eyes, and red hair [5]. Regarding gender,
men are more likely to develop a type of NMSC in their lifetime than women [1].

As already mentioned above, one of the most important risk factors for developing skin cancer
is considered exposure to ultraviolet radiation (UV) [6]. There are three types of UV radiation
depending on the wavelength: UVA, UVB, and UVC. UV radiation especially ultraviolet B
radiation is known to cause oxidative stress, inflammation, DNA damage, and apoptotic cell
death in the skin [6, 7]. UV exposure also determines immunosuppression and photoaging of
the skin [8]. People who use indoor tanning especially at an early age (before 25 years) are
exposed to a higher risk of developing a form of skin cancer in their lifetime [4]. Among UV
exposure, ozone depletion, genetics, and immune suppression are also incriminated in the
rising incidence of skin cancer [9]. Another factor considered responsible for skin cancer
growth is long-term exposure to arsenic, a class I human carcinogen found in industrial,
agricultural, and medicinal substances [10, 11]. PUVA therapy is a treatment used for severe
skin diseases which consists of psoralens (P) and exposure to ultraviolet A radiation (UVA).
PUVA may induce skin cancer by photomutagenicity and photoinduced immunosuppression.
It is important to evaluate the risk-benefit ratio before starting with the PUVA therapy
[10, 12, 13]. Exposure to ionizing radiation, inorganic metals, and polycyclic hydrocarbons are
also risk factors for skin cancer development [10].

1.1. Basal cell carcinoma

Basal cell carcinoma (BCC) is considered the most common type of skin cancer affecting people
worldwide [5, 3]. It develops in the basal layer of the skin, from keratinocyte stem cells.
Usually BCC appears de novo on hair-bearing skin, more often in adults. The most frequent
BCC is considered the nodular/nodulo-ulcerative type which is commonly found on the neck
and head. It looks like a red or pink papule with raised edges, telangiectasias, pearly appear-
ance, and central small ulcers. Nodular BCC develops slowly but in time it can invade the
tissue around it producing significant damage [14].

Exposure to high doses and intermittent UV radiation can trigger BCC [5]. Most cases of BCC
were reported in Australia and are mainly attributed to UV radiation [3]. UVB is considered
the most harmful environmental factor that can induce DNA mutations after exposure. BCC
can develop through alteration of p53 and PTCH1 tumor-suppressor genes.

In general, BCC is found on the arms, head, neck, or the back and is more prevalent in people
with light hair, blue or green eyes, and freckles. Other factors reported to increase the risk of
BCC are genetic conditions, ionized radiation, genodermatoses, exposure to chemical carcino-
gens, organic and inorganic solvents, and organophosphate compounds [14, 15]. In some cases
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of superficial BCC, human papillomavirus (HPV) is considered to be a risk factor in cancer
growth. Also, immunosuppression caused by other diseases is considered to have a role in
NMSC development [14].

There are various types of treatment options for BCC. The therapeutic approach depends on
the location and the size of the tumor. Also, it is important to know the morphology and
histologic subtype of the tumor and whether or not it has spread to nearby tissues. The most
common therapeutic option is surgical excision of the skin [14, 15]. In most of the cases, the
method is applicable if the lesion is less than 2 cm in diameter and is found in the trunk or
extremities. An advantage of surgical excision is that after surgery, the lesion can be histolog-
ically analyzed and the tumor subtype can be determined. Also, there are disadvantages of
using this method, including the possibility of infection and the presence of scars [14]. When
surgery is not possible due to tumor location or because it is locally advanced, radiation
therapy is an option [15]. The method can be used when the tumor is located on the ears, nose,
eyelids, and lips. Other therapeutical options include photodynamic therapy, cryosurgery
[14, 16], and topical therapies with imiquimod, an immune response modifier or 5-fluorouracil,
a pyrimidine analog [15]. It is important to properly treat BCC because it has a high tendency
to reappear if it remains untreated. Even if treated, in 18% of the cases, BCC will reappear in a
few years after treatment [14].

1.2. Squamous cell carcinoma

Squamous cell carcinoma (SCC) also arises from keratinocytes and is the second most common
type of skin cancer [17, 18]. SCC can be localized in the epidermis, known as in situ SCC, or it
can extend to the dermis or deeper in the skin, known as invasive SCC. UV exposure is the
main risk factor incriminated for SCC development. Cumulative high doses of UV radiation
are responsible for SCC evolution [17], also non-healing wounds or chronic lesions that were
linked with previous cases of chronic immuno-inflammation are associated with SCC [5]. SCC
is found at a higher prevalence at people who smoke, compared to non-smokers, probably as a
result of the immunosuppressive effects caused by smoking. Viruses, such as human papillo-
mavirus (HPV), human immunodeficiency virus (HIV), or human herpes virus (HHV), also
increase the risk for SCC. Exposure to chemical agents, including arsenic and polycyclic
aromatic hydrocarbons, can lead in time to SCC. People with genetic disorders, such as
xeroderma pigmentosum and oculocutaneous albinism, are more likely to develop SCC [17].

This type of cancer is usually found in people older than 50 years and is located on the head
and neck, being more frequent in males, than in females [17]. Usually, it does not metastasize,
but when it does, the survival rate is poor, between 25 and 40% [18].

SCC treatment depends on the location of the tumor, the size, and whether or not it has
metastasized. For high-risk tumors, Mohs micrographic surgery (microscopically oriented
histographic surgery) is considered the best method, while for low-risk SCC, surgical excision
is the most common therapeutic option. In order to have a low recurrence rate, safety margins
must be also excised. They vary between 4 and 10 mm according to tumor size. Cryosurgery is
another surgical method used for small tumors [17, 19]. Nonsurgical treatments are also
effective therapies for SCC, namely radiation therapy, topical application of 5-fluorouracil
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and imiquimod, and photodynamic therapy. There are studies, which indicate that non-steroi-
dal anti-inflammatory drugs are useful in the prevention and treatment of SCC [17]. Other
drugs used rather in the prevention than in the treatment of SCC are retinoids. The results of
Tran et al. showed that the topical administration of retinoids neutralizes vitamin A depletion
induced by exposure to UVB radiation and thus has a beneficial role on recovery [20]. Recur-
rence rate is around 5 years after treatment, so it is important that the patients are closely
monitorized [17].

1.3. Melanoma

Melanoma is a melanocytic neoplasia, and it is thought to be the rarest form of skin cancer and
the most aggressive one [1]. It is considered that melanocytic nevi are precursors for mela-
noma. They are benign nevi, usually found in body areas exposed to the sun and can undergo
transformation due to several risk factors and then progress into dysplastic nevi, which can
further turn into melanoma [21].

In order to establish whether or not a melanocytic nevus has a malignant transformation, five
characteristics can be followed, also known as the ABCDE of melanoma. The first is Asymmetry
—usually a benign melanocytic nevus is symmetric; Border—the margins of the nevus are
irregular; Color—the pigmentation is not equable on the entire surface of the nevus; Diameter
—the melanocytic nevus is bigger than 6 mm, Evolution [1].

Exposure to UV radiation is considered one of the most important factors in melanoma
development. Among it, genetic conditions, multiple nevi, and exposure to some chemical
agents are incriminated as risk factors [22, 23]. People who have first-degree relatives with
melanoma are exposed to a higher risk in developing this type of skin cancer. Immunosup-
pression is also thought to have a role in melanoma growth. Other risk factors include the
exposure to some pesticides, such as parathion, carbaryl, maneb/mancozeb, and benomyl [23].

Commonly, melanoma appears on males older than 54 years and females older than 45 years
and is mostly found on the trunk, face, and ears. In the last years, the number of melanomas
found in women aged 15-24 has increased [23]. Indoor tanning is considered to have an
important role in this higher incidence rate [24].

There are different forms of melanoma, the most common being melanoma of intermittently
sun-exposed skin, acral (and mucosal) melanoma, lentigo maligna melanoma, and nodular
melanoma. Melanoma of intermittently sun-exposed skin is generally found in Caucasian
people and is related with BRAF mutations and melanocytic nevi. It affects more women than
men, and is located in the lower extremities and the trunk [22]. Acral (and mucosal) melano-
mas can appear in areas of the body that are not frequently exposed to UV radiation such as
the soles of the feet and the palms of the hands. This type is found in black people and is
associated with chromosomal aberrations [5, 22]. Lentigo maligna (solar) melanoma develops
after chronic exposure to UV radiation. It is found in people older than 60 years and is
correlated with genomic aberrations and the lack of BRAF mutations. Nodular melanoma is a
rapid growing tumor that can have pagetoid spread, commonly found in people older than 30
years [22].
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Tumor thickness (mm) Excisional margins (cm)
in situ melanoma 0.5

<1.0 1.0

1.0-4.0 2.0

>4.0 2.0

Melanoma has a high metastatic potential through lymphatic and vascular channels. Early
diagnosis is very important because in the early stages it can be removed surgically. In order to
reduce the risk of tumor recurrence, along with the tumoral tissue, part of the surrounding
normal structure is also removed. The American Academy of Dermatology recommends the
following excisional margins (cm) according to tumor thickness (mm) [1]:

When there is evidence of metastasis, systemic chemotherapy is used. Frequently used drugs
are cisplatin, mitomycin, doxorubicin, and temozolomide. Immunotherapies are also an
option for metastatic melanomas. This includes administration of interferon-alpha or inter-
leukin 2 [1].

Patients with high-risk melanomas must be physically monitored every 3 months for the first 3
years, considered the period when metastases are more likely to appear and thereafter bian-
nually or annually [22].

2. Melanoma: incidence, molecular, and immunohistochemical mechanism

2.1. Incidence and mortality of melanoma

From the total number of all skin cancer cases, melanoma represents less than 2%, nevertheless
being the major cause of death from skin cancer. Despite this steadily increasing incidence of
melanoma, the mortality caused by this pathology stabilized in the last 20 years, on the
strength of advances in medical care. At present, the survival rate of 5 years exceeds 90%,
being associated with the moment of diagnosis [25].

It was predicted that 73,870 patients would be diagnosed with this condition in 2015. The most
affected segment was the white people of non-Hispanic origin. According to American Cancer
Society, the incidence rates vary from 1 per 100,000 annual cases in blacks to 4 in Hispanics, and
25 in non-Hispanic whites. Although it can appear independently of age, usually the elders are
more affected by melanoma, being diagnosed at an average age of 62 years [25]. By the age of
50, women are more affected than men; however, by age 65 the incidence is two times higher in
men than in women, tripling by the age of 80. These disparities are pursuant to ultraviolet
radiation, either solar or artificial. During 1930, the incidence of melanoma was 1 in 1500
American people, reaching 1 in 68 in 2002. Through the years 2002-2012, the incidence
extended with 1.8% per year. This enhancement of new cases of melanoma is partially linked
to the development of new, modern, diagnostic methods, and also to the rising of the average
life expectancy [25, 26].
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In the US, during the year 2015, there were estimated 73,870 new cases of melanoma from
which 42,670 cases were in male and 31,200 in female. The total melanoma deaths in US, in
2015, reached 9940, whence 6640 cases in men and 3300 in women. In the State of California,
the total number of new melanoma cases reaches the upper limit (8560 cases), being followed
by Florida (5480 cases), while the minimum was observed in the District of Columbia (80
cases), followed by Alaska (100) [27].

In Europe, 100,000 new cases of melanoma were diagnosed during 2012, mostly in the central
and eastern part. The incidence of melanoma deaths was high in these regions of Europe
(36%); from a total of 22,000 deaths, 8000 cases were found in the Central and Eastern Europe.
However, the most cases of melanoma in Europe were in the Nordic regions and the Nether-
lands [28].

A recent study has compared the incidence and mortality rate in 11 countries from Europe:
Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, Czech Republic, Malta, Romania, Serbia,
Slovenia, and Turkey. Regarding the distribution of incidence upon age and sex, it was observed
that younger females and males had the same incidence rates, although it increased in middle-
aged and older men in comparison with females from the same category. The incidence rate of
melanoma was increased in most of the countries, the higher trend concerning the young people
(25-49 years) being observed in Slovenia, though in men aged 50-69, the incidence was impor-
tant in Slovenia, Slovakia, Bulgaria, and Serbia. After the age of 70, the rate was raised in men,
independently on the level of the incidence in the country. In women, the rate of melanoma was
increased in most regions of Europe, especially in Slovenia, whatever the age. For 50-69 aged
females, the incidence was higher in Bulgaria and Romania, while for women older than 70
years, a greater incidence in Serbia and Slovakia was remarked. For this category of women, the
incidence was also significant in Bulgaria, Croatia, and the Czech Republic. Regarding the
melanoma mortality rates in the 11 countries of Europe previously mentioned, men were more
affected than women in most countries. In younger groups, the mortality rate was non-signifi-
cantly decreased, in both men and women. Men of middle and older age had a relevant
mortality in Serbia. Also, the elders were affected in Turkey and Czech Republic. On the other
hand, women aged 50-69 had elevated rates of mortality in most countries, particularly in
Slovenia. The mortality increased with age, mainly in Serbia and Slovenia [29].

2.2. Molecular and immunohistochemical mechanism in melanoma

From the embryonic neural crest cells, throughout development, melanoblasts are first taken
into dermis, and then these precursors migrate toward the epidermis to settle in its basal
epithelial layer, on the basal lamina. Melanoblasts arise into dermis by 11 weeks. Melanin
pigment is produced at around 12 weeks [30].

Differentiated melanocytes are hold tightly in the basement membrane, when they arrive in
contact with keratinocytes. At higher epidermal layers, they are unable to survive, unless
turned into nevi or melanomas. Keratinocytes play an important role in the maintenance of
melanocytes homeostasis. The impairment of this homeostasis affects the epidermal melanin
unit, giving rise to an unceasing proliferation of melanocytes. It is presumed that melanoma
cells get rid of the keratinocytes control by several mechanisms: (a) down-regulation of some
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molecules (like E-cadherin) that play a role in their communication and adhesion to
keratinocytes; (b) up-regulation of certain molecules that participate in cell signaling signif-
icant for melanoma-melanoma and melanoma-fibroblast interplays, like N-cadherin, zonula
occludens protein-1, and MCAM (melanoma cell adhesion molecule); and (c) impaired expres-
sion of several proteins that bind the extracellular matrix with the repercussions for the
retention into the basement membrane [31, 32].

Recent studies revealed the up-regulation of CCN3 protein in melanocyte-keratinocyte co-
culture, influencing some important characteristics in the physiology of melanocytes. This
matricellular protein is overexpressed in some malignant diseases being related to the evolu-
tion of prostate cancer, carcinoma of renal cells, and Ewing's sarcoma; moreover, its expression
is linked to the differentiation of tumors in rhabdomyosarcoma and cartilage malignancies
[33-35]. Depending on the type of cancer, CCN3 influence divergently the genesis of tumor.
Therefore, in gliomas it manifests antiproliferative effects, as well as in chronic myeloid leuke-
mia cells. By contrast, it stimulates the invasion of Ewing's sarcoma cells [36, 37]. Regarding
the effects of CCN3 on melanocytes, it reduces their proliferation and is essential for the
melanocyte network organization [38]. In addition to this, it enhances the adherence of mela-
nocytes to the type-IV collagen from basement membrane. Studies in vivo show that CCN3
overexpression is associated with an extremely attenuated invasion of melanoma cells,
through the inhibition of MMP (matrix metalloproteinase) expression [31, 39].

The progression of melanoma comprises five distinct phases. First of all, hyperplasia of melano-
cytes gives rise to nevi; these can be acquired or congenital. The second phase is characterized by
dysplastic nevi along with cytological and architectural abnormality. The third one corresponds
to radial growth phase (RGP) melanoma, distinguished by the presence of tumor cells within the
epidermis, or their invasion through the superficial dermis, having a reduced ability to spread
from the primary site. The last stage is the vertical growth phase (VGP), which is featured by the
profound invasion of tumor cells into the dermis and hypodermic tissue, augmenting the
systemic dissemination risk. Lastly, metastasis occurs, being the most advanced phase of this
condition, as a result of the altered homeostasis in the skin. The impaired mechanisms of
homeostatic control determine the development of melanoma, since these mechanisms control
the proliferation of cells, as well as their differentiation and apoptosis [33, 41].

Throughout the development stages of melanoma, CCN3 protein expression is down-regu-
lated. Immunohistochemical techniques performed on melanoma cells evidentiated the
inversely proportional interdependence between CCN3 expression and tumor dimension.
The transduction of CCN3 in progressive melanomas inhibited the activity of matrix
metalloproteinases MMP 2 and 9, resulting in an intense reduction of tumor invasion. Hence,
the absence of CCN3 expression in melanomas is related to an invasive phenotype [31].

Melanomas can appear from melanocytes that have the role in the production of melanin
pigment, and also in its storage and distribution to keratinocytes. There are other melanomas
that arise from nevi, particularly dysplastic or giant congenital nevi. Melanomas are divided
into four clinic-histological types: superficial-spreading melanoma, nodular form, lentigo
maligna, and acral lentiginous type. Different factors are involved in the development of
melanoma, such as genetic triggers, methylation of DNA, acetylation, or milieu factors [40, 41].
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Impairment in tumor-suppressor genes such as mutation, deletion, translocation, or activation of
proto-oncogenes has a significant role in mutagenesis. Mutation or deletion of CDKN2A anti-
oncogene and CDK4 proto-oncogene is related to the development of familial melanoma, which
constitute 8-12% of total melanomas [42]. This type of melanoma is characterized by an abnor-
mal regulation of cell cycle by cyclin-dependent enzymes. In this case, the 9p21 chromosome has
a germline mutation in the locus of CDKN 2A gene, affecting two proteins p16 and p14 or Arf
that have a suppressive role. The p16 protein has an inhibitory effect on cyclin D/CDK4 and
CDKS, influencing therefore pRB (retinoblastoma protein) which, through liberation of E2F, change
the G1 phase of cell cycle into S phase [43, 44]. It was discovered lately that E2F1 protein, as well,
manifests a suppressor function through p53 or p73. Between 10 and 30% of familial melanoma
cases are due to CDKN2A mutation. NRAS and p16 mutations are also incriminated in some
isolated cases of melanoma. Mutation of CDKN2A can lead to multiple melanomas. This alter-
ation seldom appears in actinic keratosis, skin carcinomas, and other types of cancers [45, 46].

The p14 protein, encoded by CDKN2A reading frame, affects the p53 protein through the
influence on other protein, Mdm?2. The p14 deprivation lowers the activity of p53 [47]. Studies
taken on mice models have shown that pl4 can determine apoptosis of oncogene-activated
melanocytes [48, 49].

It is known that pigmentation of the skin that depends on the amount of melanin is in direct
relation with the development of melanoma. It is 10 times more frequently in whites than in
blacks; however, people affected by albinism are exceptionally affected. The highly polymorphic
melanocortin 1-receptor gene (MCIR) situated on 16q24 chromosome controls sun sensitivity
[50, 51]. It codifies the transmembrane receptor coupled with G protein. The pituitary polypep-
tide POMC (pro-opiomelanocortin) is cleaved to give rise to different peptide hormones, including
MSH (melanocyte-stimulating hormone), that acts through this receptor, enhancing cAMP and
therefore stimulating tyrosinase enzyme activity. As a fact, keratinocytes can also produce these
molecules. The synthesis of dark eumelanin and yellow cysteine-abundant pheomelanin is aug-
mented by MSH. It was observed that people with MCIR variations evolve to earlier melanoma
[52]. New studies have revealed that MITF (microphthalmia-associated transcription factor) gene
found on 3p14 chromosome has a role in the promotion of melanocyte cell cycle progression [53].

3. The most important biomarkers for the identification of malignant
melanoma

In order to diagnose malignant melanoma, there are several methods and techniques that
when combined can give a certain degree of surety to the diagnosis.

As previously discussed, the first step in diagnosing malignant melanoma is the visual inspec-
tion of the lesion and the assessment of the well-known ABCDE signs (Asymmetry, irregular
Borders, uneven Color, large Diameter, Evolution) [54]. These findings are combined with
dermatoscopical inspection of the lesion in order to confirm or to infirm the naked eye observa-
tions. If these findings lead to a suspicion of malignancy, then most likely a wide-excision
surgery is performed and upon the assessment, a sentinel lymph node biopsy is also performed
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[55]. In order to establish a certain diagnosis, there are various sets of markers specific for this
type of cancer, which enable the obtaining of a definite diagnosis and/or the prognosis and
staging of the disease, which can be identified by several methods [56].

There are different types of biomarkers to investigate malignant melanoma such as the micro-
scopical markers identified upon the examination of the tumor and the immunohistochemical
biomarkers identified upon isolation from the tumor/tissue section. Another type of malignant
melanoma markers is the serological biomarkers that are identified from the peripheral blood
samples of the patients by various methods.

3.1. Microscopical biomarkers in malignant melanoma

Breslow thickness refers to the thickness of the tumor and was demonstrated to be the most
important prognostic histopathological factor. This parameter is of great importance and is
used to stage malignant melanoma [57].

Tumor ulceration is the loss of epidermal integrity of the melanoma and is used for staging
malignant melanoma and was linked to rapid tumor growth and metastasis [58].

The mitotic rate refers to the number of mitoses per square millimeter. A high mitotic rate is
correlated with high metabolic cell activity and predicts rapid tumor growth and metastasis.
Also, increased mitotic rate was linked with decreased survival [59].

3.2. Immunohistochemical and serological biomarkers in malignant melanoma

Immunohistochemical biomarkers

Biomarker type Significance/location Specificity/involvement in prognosis

2.1 HMB 45 (human  Monoclonal antibody for the premelanosome  Very specific for melanoma, especially for
melanoma black 45) protein (Pmel antigen) [60] primary lesions, not being able to identify other
types of tumors [61, 62]

2.2 Melan A Antigen recognized by T cells 1 or MART-1 Higher sensitivity for primary melanomas
(membrane protein of melanosomes and compared to metastatic ones [65]
endoplasmic reticulum found in melanocytes,
melanoma, and endoplasmic reticulum)

[63, 64]
2.3 5100 Family of proteins expressed in Schwann cells, Low specificity, used together with other
melanocytes, glial cells, is involved in many biomarkers [65]

cellular functions such as the activation of cell
processes along the Ca2+- signal-transduction

pathway [66, 67]
2.4 Tyrosinase Oxidative enzyme involved in melanin Elevated sensitivity for primary melanoma
production in melanocytes and melanoma; than for later stage tumors [68]
detected with T311 monoclonal IgG antibody
[68]
2.5 Ki-67 Protein biomarker for cellular proliferation [69] Adjunctive diagnostic biomarker [70]
2.6 Nestin Filament protein associated with migration and Advanced stages of the disease (T3 and T4) [71]

metastasis [71]
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Immunohistochemical biomarkers

Biomarker type

Significance/location

Specificity/involvement in prognosis

2.7 Vimentin

2.8 Chondroitin
sulfate proteoglycan 4

2.9 EFGR (epidermal
growth factor
receptor)

2.10 P53 (cellular
tumor antigen p53)

Serological biomarkers

3.1 LDH (lactate
dehydrogenase)

3.2 CRP (C-reactive
protein)

3.3 MIA (melanoma-
inhibiting activity)
3.4 VEGF (vascular

endothelial growth
factor)

3.5 BRAF

3.6 miRNA
(MicroRNAs)

3.7 GM3

3.8 OPN (osteopontin)

3.9 IL-8 (interleukin-8)

3.10 YKL-40

3.11 CTC (circulating
tumor cells)

3.12 Melanoma-
initiating cells

Ectodermal, neural, and pancreatic progenitor
cell marker, overexpression in cancer [72]

Located in melanocytes, promotes cell
adhesion, growth, migration, motility [65]

BRAF transmembrane tyrosine kinase [73]

Tumor suppressor “guardian of the genome”
(promotes cell cycle arrest, apoptosis,
senescence, and DNA repair) [75, 76]

Enzyme that converts lactate into pyruvate in
anaerobic conditions [77]

Nonspecific marker of inflammation, infection,
cancer [65]

Protein associated with in vitro increased
invasiveness, extravasation, and metastasis [77]

Protein that stimulates vasculogenesis and
angiogenesis [78]

Raf kinases family involved in RAF-MEK-ERK
signal transduction pathway (cell growth,
proliferation, and differentiation) [79]

RNA molecules involved in proliferation,
differentiation, stress responses, apoptosis
[77, 78]

Ganglioside (glycosphingolipid) involved in
cell proliferation, differentiation, apoptosis,
embryogenesis, and oncogenesis [81]

Glycol-phosphoprotein implicated in reduction
of apoptosis, promotion of tumor growth,
tumor-promoting stromal cell in the bone
marrow [82]

Chemokine produced by malignant cells [82]

Heparin secreted during the late stages of cell
differentiation [84]

Cells from melanoma metastatic tumors [77]

Cancer stem cells [85]

Tumor growth, invasion, and poor prognosis
[72]

Invasion and metastasis [65]

Progression and metastasis [74]

Inactivated or functionally impaired in
melanoma [75]

High levels are correlated with metastasis,
decreased survival rate, negative outcome after
treatment [77]

Predictor for disease progression in high levels
[65]

Elevated levels, marker for advanced stage (11
and IV) and poorer prognosis [77]

Elevated levels linked to poor progression-free
survival [78]

BRAF mutation, BRAF-V600E, associated with
increased tumor thickness, ulceration, and
reduced survival [80]

Disease progression and risk of recurrence
[77,78]

Low levels (early stage) linked to invasive
proliferation; higher levels (late stage) linked to
cell migration and invasion [81]

Rapid melanoma growth, angiogenesis, and
aggressive metastasis [83]

Associated with tumor burden, stage
of the disease, survival, and response to
therapy [82]

Overexpression associated with poor survival
[84]

Linked to inferior survival; predictive marker
for selecting the systemic therapy [77]

Can lead the specific targeted systemic therapy
(8]
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4. Recent studies concerning active phytocompounds targeting malignant
melanoma

Although synthesized to serve the plant in modulating its interaction with the environment,
many natural compounds act as drugs when used by humans by binding to various
enzymes and receptors. In the area of anticancer medications, it has been shown that about
75% of the medications are naturally derived or inspired [86]. Phytocompounds hold an
important potential in the chemoprevention and treatment of melanoma, including metas-
tasis [87, 88]. The main advantage of natural products relies in their multi-target activity,
with one compound being able to interact with multiple proteins and receptors. Anti-
melanoma activities have been pointed out for both phytocompounds from nutraceuticals
(polyphenols, polysaccharides, and carotenoids), as well as for highly active secondary
metabolite classes like the alkaloids or the terpenes. Additionally, there are a number of
crude extracts or enriched fractions with anti-melanoma actions, for which the active com-
pound(s) could not be singled out yet. A promising field in the actual usage of plant-
derived compounds is their synergistic activity when administered in combination with
synthetic anticancer medications [89].

4.1. Polyphenols

The potential of polyphenolic compounds (Figure 1) as anti-melanoma agents was recognized
as early as 1995, when Menon and coworkers found that orally administered curcumin,
catechin, and rutin significantly prolonged the life span of animals with experimental mela-
noma [90]. The anticancer potential of these food constituents is supported by epidemiological
studies [91]. Their general mechanisms of action may be summarized as follows: antioxidative,
photoprotectant, induction of apoptosis, and inhibition of angiogenesis. Antioxidative capaci-
ties are seminal for the protective activity against UV-induced oxidative stress [92]. The ability
to act as UV filters is related to the physiologic function of certain flavonoids present in
epicuticular waxes protecting the plant epidermis against UV radiation [93]. Apoptosis is
mainly promoted by polyphenols via regulation of Bcl-2 family proteins and caspase-3 activa-
tion, while the anti-migratory effects are mainly obtained by down-regulation of MMPs
expression.

Intensely researched polyphenols in the context on melanoma include flavonoids (quercetin,
apigenin, silymarin, genistein, catechins, anthocyanins, biflavonoids), curcumin, and resvera-
trol [94]. Quercetin (1), an abundant dietary flavonol, acts via all above-cited mechanisms. It
decreases the viability and promotes the apoptosis of ultraviolet UVB-irradiated B16F10 mel-
anoma cells by several mechanisms: it increases the levels of reactive oxygen species, depolar-
izes mitochondrial membrane potential, induces the imbalance of calcium homeostasis,
attenuates MEK-ERK signaling, and changes the ratio of Bcl-2, Bax, and Bim expression in
favor of cell death elicitation [95]. It offers photoprotection against melanogenesis through a
regulatory effect on the Nrf2-ARE pathway [96]. Furthermore, quercetin inhibits melanoma
cell migration in a setup of experimentally activated receptor tyrosine kinase c-Met, known to
be involved in the acquisition of metastatic phenotypes [97].
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Figure 1. Chemical structure of representative polyphenols targeting malignant melanoma. 1: quercetin, 2: (-)-epigallo-
catechin-3-gallate, 3: curcumin; 4: resveratrol.

Apigenin, a flavone from the point of view of chemical structure, offers an effective photoprotection
against UVA- and UVB-induced skin carcinogenesis [98], fights metastasis by preventing the
activation of MMP-2, MMP-9, VEGF, and Twistl genes through down-regulation of STAT2
signaling [99], promotes apoptosis via caspase-3 and cleaved poly(ADP-ribose) polymerase
[100]. In addition, apigenin blocks the COX-2 pathway and increases terminal differentiation in
the epidermis [101].

Silymarin, a complex of flavonolignans from the achenes of milk thistle, is a natural product
known especially for its hepatoprotective, anti-oxidative and anti-inflammatory effects [102].
When applied locally, silymarin was able to inhibit carcinogenesis induced by UV-radiation
and to decrease tumor multiplicity and growth. It produces cell cycle arrest in melanoma cells
via inhibition of kinase activities of (MEK)-1/2 and RSK-2 [103], induces apoptosis and coun-
teracts metastasis via down-regulation of MMPs expression [104]. Silymarin is a prominent
inhibitor of Wnt/p3-catenin translocation in melanoma cells, beside few other phytocompounds



An Update On Natural Compounds and Their Modern Formulations for the Management of Malignant Melanoma
http://dx.doi.org/10.5772/67647

like the flavonoid fisetin, the triterpene lupeol, and the alkaloid tryptanthrin; aberrant Wnt
signaling occurs in one-third of melanomas [105].

Catechins are flavanols devoid of the 3-oxo group specific to other flavonoids; they may espe-
cially be found in woody plants like wine and the tea plant. Catechins as well as their esters with
gallic acid, in particular epigallocatechin-3-gallate (EGCG, 2), are the subject of intense research
in cancer prevention and treatment. In the field of anti-melanoma activities, the chemopreventive
effect of ECGC is mainly achieved by a photoprotective effect exerted through interleukin 12
induction followed by DNA repair, inhibition of angiogenesis, and the stimulation of cytolytic T
cells [106]. The proapoptotic effects are exerted by EGCG through down-regulation of inhibitory
proteins such as Bcl-2, D1, and cdk2, as well as the up-regulation of the proapoptosis protein
Bax. Important tumor-suppressor proteins (p16, p21, and p2) are induced by EGCG [107, 108].
More recently, the discussed polyphenol was shown to bind to the cell surface receptor 67LR,
overexpressed in melanoma [109]. As an agonist of 67LR, EGCG is able to suppress melanoma
tumor growth by activating a specific signaling pathway (cAMP/PKA/PP2A) via regulation of
miRNA-let-7b expression in melanoma cells [110]. Moreover, EGCG displays an excellent anti-
metastatic profile, reducing the number of lung metastases in mice [111]. Molecular targets in
this regard are COX-2, PGE2 receptors, the impairment of epithelial-to-mesenchymal transition
[112], reduction of angiogenesis promoters and down-regulation of MMP2 activity and ERK1/2
pathway [113].

Curcumin (3), an orange-colored constituent of turmeric rhizomes (Curcuma sp.), is an exten-
sively investigated compound with anti-inflammatory and anticancer activities. In human
melanoma cell lines (A375 and C8161), it reduces cell viability, has an antiproliferative effect
arresting mitosis at the transition of G2/M phase, suppresses cell invasion, and induces
autophagy [114]. The anti-metastatic effect was demonstrated in vivo using C57BL/6 mice; the
down-regulation of metalloproteinases and collagenases activities, modulation of integrin
receptors [115] and interference with the STAT3 pathway support this observation [116].

Resveratrol (4), a stilbene found mainly in grapes and Polygonum cuspidatum, inhibits mel-
anoma proliferation in vitro, arresting cell divisions at the G1/S transition and induces
apoptosis targeting Bcl-2-associated X protein, B-cell lymphoma 2, and caspases -9 and -3
[117]. Through the suppression of -catenin and STAT3-pathway, resveratrol reduces the
levels of survivin, a protein which is essential for the survival of melanoma cells. Further-
more, the compound has anti-migratory activities mediated by the deactivation of the
proto-oncogenic Akt [118]. The low bioavailability of resveratrol triggered the obtainment
of several analogs, as well as the preference for the use of the natural pterostilbene having a
longer half-life [87].

4.2. Polysaccharides

The potential of polysaccharide fractions obtained from terrestrial and marine organisms in
cancer treatment receives an increasing attention. These compounds are potent immunomod-
ulators, leading to the release of cytokines which may play important roles in the defense
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against cancer [119]. Their main mechanism of action includes activation of natural killer cells,
induction of inflammatory caspases, and down-regulation of MMPs expression, but as a
general feature their mechanism of action is much less known than in the case of plant poly-
phenols. An important advantage of polysaccharides is their very low toxicity.

The sulfated and partially acetylated fucoidans from brown algae Coccophora langsdorfii
and Fucus evanescens, consisting of (1—3)- and (1—4)-linked a-1-fucopyranose residues, pro-
duced a significant inhibition of colony formation of SK-MEL-5 and SK-MEL-28 melanoma
cells [120].

Beta-glucans are constituents of cell walls in certain fungi, algae, and vascular plants such as
oat or barley. Oral administration of yeast-derived beta-glucan to mice inoculated with B16
murine melanoma cells significantly reduced tumor weight, pulmonary metastasis, and
survival rate. These effects are mediated by the activation of NK cells. An important finding
was that beta-glucan supplementation was devoid of hematopoietic toxicity, unlike chemo-
therapeutic drugs such as 5-fluorouracil [121]. Low-molecular-weight beta-glucan prepared
from oat decreased the cell viability of cancer cell lines Me45 and A431, while normal
keratinocytes were not affected. The cytotoxic effect was mediated by induction of caspase-
12 expression. This natural product had the advantage of a good solubility in water and a
low viscosity, in comparison with other glucans [122]. Polysaccharides from higher plants,
like raspberry fruits, have as well been shown to inhibit melanoma growth, and to have a
synergistic activity with docetaxel in vivo, reducing at the same time liver and kidney injuries
inflicted by the latter [123]. Pectins from corn demonstrated their ability to inhibit cancer cell
growth and metastasis by modulating specific markers such as galectin-3, VEGF, MMP-2
and MMP-9, and NF-«xB [124].

4.3. Volatile oils

Volatile oils are complex mixtures of monoterpenes, sesquiterpes, aromatic compounds, and
their derivatives, which are produced by plants in order to protect themselves against patho-
gens, herbivores, or, on the contrary, to act as signals for pollinators and disseminators [125]. In
the search for innovative strategies in melanoma treatment, these natural products have as
well been investigated. The main mechanisms of action known so far are represented by
induction of apoptosis (via increasing the expression of p53 and caspase-3) and reduction of
angiogenesis with down-regulation of MMPs.

The volatile oil of the tea tree plant (Melaleuca alternifolia) and its main component terpinen-
4-ol (5) were evaluated in an experimental setting of human melanoma M14 WT cells and
M14 adriamycin-resistant cells. Concentration as low as 0.005-0.03% proved to induce apo-
ptosis, and conversely the resistant cell variant was more sensitive [126]. More recently,
Greay and coworkers [127] applied a topical formulation containing 10% tea tree oil and
found a significant delay in the growth of established subcutaneous B16-F10 melanoma,
while systemic toxicity was absent. The volatile oil of Tridax procumbens, a common annual
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Asteraceae in most tropical regions, displayed anti-metastatic effects by the inhibition of
lung nodule formation by B16F-10 cells in C57BL/6 mice. Furthermore, it induced apoptosis
increasing the expression of p53 and caspase-3 and reduced angiogenesis [128]. Curcuma
zedoaria volatile oil suppressed as well melanoma growth and lung metastasis, with the
down-regulation of MMPs [129].

4.4. Alkaloids

Alkaloids are nitrogen-containing plant metabolites with usually very intense pharmacologic
effects at even low dosages. Consequently, their safety profile is very different from the one of
compounds discussed above. The main compounds from this class, which are able to target
melanoma, include berberine, harmine, paclitaxel, and glycoalkaloids from Solanaceae. While
the number of reports on the anti-melanoma potential of alkaloids is rather scarce in compar-
ison with that of polyphenols, the mechanisms of action are well studied. The anti-migratory
properties of alkaloids in malignant melanoma have been the subject of a comprehensive
review [87]. Alkaloids may induce apoptosis via the inhibition of the Ras-signaling cascade at
various downstream points, blocking both PI3K/AKT and MAP/ERK pathways. Metastasis is
mainly counteracted by blocking the COX pathway and angiogenesis. NF-«B inhibition is as
well a target of anti-melanoma alkaloids.

Berberine, an isoquinoline alkaloid (6), occurs in several medicinal plants of the Berberidaceae,
Ranunculaceae, and Papaveraceae families [130]. While best known for antimicrobial, anti-
inflammatory, anti-hyperglycemic, and anti-hyperlipidemic effects [131], berberine is one of
the most active alkaloids in melanoma. It has been shown to inhibit kinases like PI3K, ERK,
and GSK3p [132]. Moreover, in combination with doxorubicin, it intensely reduces prolifera-
tion and increases apoptosis, effect demonstrated both in vitro and in vivo [133]. Berberine
inhibits the migration of melanoma cells via the reduction of COX-2/PGE2 receptors expres-
sion [134] and has anti-angiogenetic properties [135]. Harmine is an indole alkaloid contained
by only a few plant species, including Peganum harmala and Banisteriopsis caapi. While its ability
to bind monoamino-oxidase A and to elicit psychoactive effects is known since several
decades, the potential anticancer properties of this compound have only been explored in
recent years. In melanoma, it displays important anti-migratory effects through the inhibition
of NF-«xB and other transcription factors (CREB, ATF-2) [136]; it reduces lung metastasis in
C57BL/6 mice and down-regulates the expression of pro-metastatic genes (MMP-9, ERK, and
VEGF) [137].

Paclitaxel is a pseudoalkaloid, first isolated from the bark of the Pacific yew (Taxus brevifolia),
approved for the clinical treatment of several solid tumors with poor prognosis including
melanoma [138]. It stabilizes microtubules, disrupting the dynamic equilibrium between free
and polymerized tubulin; as a consequence, cell division is arrested in the G2/M transition of
mitosis [139]. Additionally, paclitaxel has antiangiogenic effects, which are potentiated by
COX-2 inhibitors [140]. Disadvantages of this compound include its extreme hydrophobicity,
which could be overcome in modern nanoformulations, as well as drug resistance to paclitaxel
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due to the induction of the efflux protein P-gp and unusual expression of class III isotype of -
tubulin [139].

Glycoalkaloids from Solanaceae, including o-solanine and solamargine, displayed anti-
melanoma effects in recent reports. Interestingly, solamargine inhibited selectively the growth
of WM239 and WM115 melanoma cells, in comparison to benign WM35 cells. Cellular necrosis
occurred upon permeabilization of the lysosomal membrane, which triggered, in turn, the
extrinsic pathway of mitochondrial destruction. The intrinsic apoptosis pathway was as well
disrupted by this compound [141]. a-Solanine displays anti-proliferative effects, induces apopto-
sis, and suppresses melanoma cell invasion, mainly via the reduction of MMP-2 and MMP-9
activities. The potential of this compound in the treatment of metastatic melanoma is further
substantiated by the inhibition of JNK and PI3K kinases as well as the reduction of NF-«kB
activity [142]. Two chemical structures of representative natural compounds targeting mela-
noma, other than polyphenols, are presented in Figure 2.

Figure 2. Chemical structures of representative natural compounds targeting melanoma, other than polyphenols.
5: Terpinen-4-ol, the major monoterpene in tea tree volatile oil, 6: Berberine, an intensely researched alkaloid.

5. Modern physicochemical formulations for the enhancement of
bioavailability of selected active phytochemicals with chemopreventive
activity for malignant melanoma

Formulation development can be regarded as a determining aspect in the delivery of antineo-
plastic natural compounds due to their physicochemical properties, in particular water solu-
bility, which limit their bioavailability [143]. A variety of formulation strategies have been
reported highlighting the main challenges that arise in the development of optimized drug
delivery in the anticancer field [144], including skin cancer. The most studied natural antican-
cer compounds in terms of bioavailability improvement are different types of polyphenols
(curcumin, silymarin, and resveratrol) and alkaloids (paclitaxel). In Tables 1-4, we aim to
summarize the main reported attempts to increase the bioavailability of the above-mentioned
compounds through various modulations of their physicochemical parameters as well as
modern pharmaceutical formulations.
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Abstract

We present an overview of computational approaches for the prediction of metabolic
pathways by which plants biosynthesise compounds, with a focus on selected very prom-
ising anticancer secondary metabolites from floral sources. We also provide an overview
of databases for the retrieval of useful genomic data, discussing the strengths and limita-
tions of selected prediction software and the main computational tools (and methods),
which could be employed for the investigation of the uncharted routes towards the bio-
synthesis of some of the identified anticancer metabolites from plant sources, eventually
using specific examples to address some knowledge gaps when using these approaches.

Keywords: anticancer, biosynthesis, computational prediction, natural products, plant

metabolism

1. Introduction

An immense number of secondary metabolites (SMs) exist in nature, originating from plants,
bacteria, fungi and marine life forms, serving as drugs for the treatment of many life-threat-
ening diseases, including cancer [1-4]. Taxol, vinblastine, vincristine, podophyllotoxin and
camptothecin, for example, are typically well-known drugs used in cancer treatment, which
are of plant origin. The search for drugs against cancer has often resorted to plants and marine
life for lead compounds. To illustrate this, Newmann and Cragg published a recent study in
which it was shown that ~49% of drugs used in cancer treatment were either natural products
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(NPs) or their derivatives [5]. We would henceforth refer to SMs and NPs interchangeably,
since NPs are the products of secondary (or specialised) metabolism, as opposed to primary
metabolism, which results in molecules playing a key role in physiological processes of the
organism and are thus necessary for the plant’s survival. It should be mentioned that SMs are
important for the plant’s defence against attacks by other organisms. Several efforts have also
been made towards the collection of data on naturally occurring plant metabolites showing
anticancer properties. As an example, Mangal and co-workers published the naturally occur-
ring plant-based anti-cancer compound activity-target database (NPACT), containing about
1,500 NPs [6]. In addition to the experimentally verified in vitro and in vivo data for these NPs,
the authors also include biological activities (in the form of IC s, ED,_s, EC, s, GL s, etc.),
along with physical, elemental and topological properties of the NPs, the tested cancer types,
cell lines, protein targets, commercial suppliers and drug likeness of the NPACT compounds.
A similar effort was published the following year, for NPs from African flora, resulting in a
dataset of about 400 compounds, named AfroCancer [7]. A further study showed that the
NPACT and AfroCancer datasets showed little intersection, thus providing us a combined
dataset of about 2,000 NPs [8]. The anticancer properties of some of the most promising
AfroCancer compounds have been described in detail in recent reviews [9-12]. Further cura-
tion of data from Northern African species has recently resulted in the Northern African
Natural Products Database (NANPDB), a web accessible and completely downloadable vast
database of NPs, with a significant proportion of anticancer metabolites [13]. The NANPDB
effort was founded on the observation that the Northern Africa region is particularly highly
endowed with diverse vegetation types, serving as a huge reservoir of bioactive natural
products [14-16].

For decades, NPs were identified exclusively by using chemical identification based on bio-
activity-guided screening approaches. Recently, it has been postulated that genomics and
bioinformatics would transform the approach of natural products discovery, even though
genome mining has had only little influence on the advancement of natural product discovery
until now [17]. Several algorithms have been developed for the mining of the (meta)genomic
data, which continue to be generated. Computational methods and tools for the identification
of biosynthetic gene clusters (BGCs, which are physically clustered groups of a few genes
in a particular genome that together encode a biosynthetic pathway for the production of
a specialised metabolite) in genome sequences and the prediction of chemical structures of
their products have been developed [18]. BGCs for SM biosynthetic pathways are impor-
tant in bacteria and filamentous fungi, with examples being recently discovered in plants
[19, 20], although some metabolic processes in plants, for example, the thalianol pathway for
triterpene synthesis in Arabidopsis thaliana has been suggested to be controlled by operon-like
(clusters of unrelated) gene clusters [21]. This, coupled with the rapid progress in sequencing
technologies has led to the development of new screening methods, which focus on whole
genome sequences of the organisms producing the NPs. Genome mining approaches for NP
discovery basically focus on:

¢ identifying the genes of the organism involved in the biosynthesis of the NPs,
* identifying the metabolic pathways by which the NPs are biosynthesised and

¢ predicting the products of the identified pathways (Figure 1A).
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Figure 1. (A) Summary of genome mining approaches for the discovery of SMs and (B) classification of tools by
applicability domain.

The four main strategies that are mostly employed to identify such pathways are based on pro-
cesses involved in the production of plant secondary metabolites, for example, physical clus-
tering, co-expression, evolutionary co-occurrence and epigenomic co-regulation of the genes
[22-25]. Such approaches have been successfully applied for the investigation of fungal and
microbial metabolites [26-28]. Since the discovery of the first gene cluster for secondary metabo-
lism in Zea mays, the corn species [29], BGCs for plant secondary metabolism have become an
emerging theme in plant biology [30]. It is even believed that synthetic biology technologies will
eventually lead to the effective functional reconstitution of candidate pathways using a variety
of genetic systems [25]. A knowledge of BGCs and their manipulation is therefore important in
understanding how to activate a number of ‘silent’ gene clusters observed from the investigation
of whole-genome sequencing of organisms. This would make available a wealth of new chemical
entities (NCEs), which could be evaluated as drug leads and biologically active compounds [20].

This chapter aims at discussing the metabolic pathways by which plants biosynthesise com-
pounds with anticancer activities, with a focus on selected very promising anticancer SMs
from the African flora. We also aim to provide an overview of computational tools, which
have been used to predict metabolic pathways and eventually address knowledge gaps when
using the former. Additionally, we will present some databases for the retrieval of useful
genomic data, discuss the strengths and limitations of selected computational (prediction)
tools, which could be employed for the investigation of the uncharted routes towards the
biosynthesis of some of the identified anticancer metabolites from plant sources, with specific
examples. It is believed that properly addressing knowledge gaps that exist would lay the
foundation for proper future investigations.

2. Natural products and plant genomic data

Genome data mining indicates that the vast majority of plant-based NPs have not yet been
discovered [24, 25]. In addition, SMs are normally produced only at later growth stages of
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plant metabolism and are frequently found only at low concentrations within complex mix-
tures in plant extracts, due to several factors. Some of these factors include physiological
variations, geographic variations, environmental conditions and genetic factors [25, 31, 32].
The aforementioned factors are the main drawbacks in the isolation and purification of NPs in
meaningful quantities for either research or commercial aims. Nowadays, BGCs can be inves-
tigated using computational methodologies and used to predict the NPs present in microbial,
fungal and floral matter [18, 20, 33, 34]. It is current knowledge that more than 70 genome
sequences for several plant species have been made available, along with a wealth of tran-
scriptome data [25]. However, the interpretation of such data, for example, the translation
of predicted sequences into enzymes, pathways and SMs remains challenging. Advances in
bioinformatics and synthetic biology have permitted the cheap and efficient overproduction
of secondary metabolites of medicinal interest in heterologous (non-native) host organisms
by reengineering of BGCs [35]. This is carried out through reengineering of BGCs as well
as the activation of silent BGCs to yield unreported natural products of the target chemical
space [17, 36], for example, an engineered Escherichia coli strain was used as the heterologous
host organism for the production of taxadiene (a vital precursor of paclitaxel, an anticancer
agent isolated from the bark of Taxus brevifolia), a precursor of the anticancer agent taxol [37].
In this way, quite a number of interesting SMs of plant origin (e.g. resveratrol, vanillin, cono-
lidin, etc.) have been objects of pathway engineering in bacteria, yeast and other plants [38].
Thus, chemical libraries of diverse and novel hybrid natural products analogues can now
be generated through combinatorial biosynthesis by manipulation of biosynthetic enzymes
[39], for example, several analogues of the antibiotic erythromycin were obtained via combi-
natorial biosynthesis [40]. Such bioengineered libraries of ‘unnatural” natural products show
promises in drug discovery campaigns against multidrug-resistant cancer cells.

3. Some database resources for retrieving secondary metabolism
prediction information

A summary of databases for retrieving information on BGCs is provided in Table 1. A major-
ity of them focus on microbial BGCs, for example, ClusterMine360, ClustScan, DoBISCUIT,
IMG-ABC and the Recombinant ClustScan Database. Details on the utility of the aforemen-
tioned databases have been provided in excellent recent reviews [26-28, 53]. Further efforts
towards the construction of plant-based BGC and genomic databases include those of the
Medicinal Plants Genomics and Metabolomics Resource consortium [47]. This effort has been
focused on 14 medicinal plants and includes a BLAST search module, a genome browser, a
genome putative search function tool and transcriptome search tools. While the entire data-
base is available for download, similar efforts from the Plant Metabolic Network (PMN) have
the advantage of having included several plant metabolic pathway databases, mostly among
food crops [49, 50]. The PMN, for example, currently houses one multi-species reference data-
base called PlantCyc and 22 species/taxon-specific databases, providing access to manually
curated and/or computationally predicted information about enzymes, pathways, and more
for individual species.
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It provides a broad network of plant metabolic pathway databases that contain curated
information from the literature and computational analyses about the genes, enzymes,
compounds, reactions and pathways involved in primary and secondary metabolism in the
included plant species. The PlantCyc database also provides access to manually curated or
reviewed information about shared and unique metabolic pathways present in over 350 plant
species. On the other hand, Plant Reactome is a pathway database for several crops and
model plant species, making use of a framework of a eukaryotic cell model. Currently, it uses
rice as a reference species and gene homology-based pathway projections have been made to
62 plant species [51].

4. Some computational tools for the analysis of genomic data and
specialised metabolism prediction

Some computational tools for biochemical pathway prediction have been summarised in
excellent reviews [54]. We have provided a more detailed summary of the main tools that
could be useful in analysing plant and microbial genomic data for metabolism prediction in
Table 2. Some of the tools are designed for the detection and analysis of specialised metabo-
lism in microbes (e.g. antiSMASH, CompGen, GNP, PRISM and WebAUGUSTUS). Others are
specially designed for plant metabolism prediction or may only include data for some specific
organisms (e.g. AraNet, MADIBA, miP3v2, PlantClusterFinder, SAVI and WikiPathways for
plants), while others are more general tools, useful for both microbial and plant metabolism
prediction and BGC analysis (e.g. E-zyme, KEGG, PathPred and PathComp) and others are
more useful for developers (e.g. Geneious, OptFlux, PathVisio and Pathway GeneSWAPPER),
Figure 1B. We could also classify the tools according to their respective tasks; prediction and
analysis of BGCs (e.g. antiSMASH, MADIBA, Pathway GeneSWAPPER, WebAUGUSTUS),
searching, visualisation and prediction of biosynthetic pathways and reaction paths (e.g.
BioCyc, CycSim, FMM, GNP, KEGG, MetaCyc, PathComp, PathPred, PathSearch, PathVisio,
Pathway GeneSWAPPER, PlantClusterFinder, SAVI, WikiPathways for plants), prediction of
SMs (PRISM), metabolic engineering (OptFlux), other functions (miP3v2). Among the tools
for specialised metabolism in plants, AraNet is a probabilistic functional gene network (with
currently a total of 27,029 protein-encoding genes) of A. thaliana. It is based on a modified
Bayesian integration of data from multiple organisms, each data type being weighted based
on how well it links genes that are known to function together in A. thaliana. Each interac-
tion is associated with a log-likelihood score (LLS), which is a measure of the probability of
an interaction representing a true functional linkage between two genes [56]. On the other
hand, MADIBA facilitates the interpretation of Plasmodium and plant (data currently avail-
able for Oryza sativa and A. thaliana) gene clusters [64]. This tool eases the task by automating
the post-processing stage during the assignment of biological meaning to gene expression
clusters. MADIBA is designed as a relational database and has stored data from gene to path-
way for the aforementioned species. Tools within the GUI allow the rapid analyses of each
cluster with the view of identifying the Gene Ontology terms, as well as visualising the meta-
bolic pathways where the genes are implicated, their genomic localisations, putative common
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transcriptional regulatory elements in the upstream sequences, and an analysis specific to the
organism being studied.

PlantClusterFinder, SAVI and WikiPathways for plants are all purpose tools designed to assist
in the prediction of metabolic gene cluster from plant genomes, although WikiPathways for
plants has currently included mostly data for rice and Arabidopsis sp. SAVI has the added
advantage of offering the user the possibility of including pathway metadata (e.g. taxonomic
distribution, key reactions, etc.) and offering the possibility to decide which pathway(s) to
keep and which to remove or validate manually.

5. Some computational methods for efficient production and the de novo
engineering of natural products

Two main areas for computational tools can be distinguished: on the one hand the rational
modification of genomes for the production of molecules by host organisms, and on the other
hand the modification or the de novo design of gene clusters for the biosynthesis of novel NPs.
For both genetic engineering approaches, the already known genomes of bacteria, fungi and
more and more plants provide the basic datasets. A very important computational approach
for a rational modification of NP-producing host organisms is the genome-scale metabolic
modelling [77, 78].

Automatic assignments of functional annotations of all genes in a genome are ideally proven
by manual curation and enriched by current knowledge about the metabolic network of sub-
jected organisms. The curated genomes are then applied to a complete automatic reconstruc-
tion of the metabolic pathways of the cell. These metabolic models are normally encoded in
the Systems Biology Markup Language (SBML) and are compatible with various software
tools, for example, Cytoscape [79], which can be applied for static network analyses. For
instance, missing enzymes (gaps) within the network become apparent by substrates that are
not taken up or have not been produced by the cell, as well as products that are not consumed
by other reactions and are not secreted from cell. The RAST annotation pipeline provides
a full automatic server for predicting all gene functions and discovering new pathways in
microbial genomes of bacteria [80]. Such models can then be used to predict the turnover rate
of each reaction in a Flux Balance Analysis (FBA) [81]. Several tools have been built, which
apply FBA to identify enzymes that should be either introduced or knocked-out in the organ-
ism to increase production rate in the host organisms. A widely used FBA package is the
MATLAB-based COBRA Toolbox [82]. With CycSim [58], BioMet [83] and FAME [84] power-
ful web-based FBA applications were published that do not require any software installation.

Within the last 10 years, FBA was applied to support numerous genetic engineering approaches,
for example, for the determination of minimal media in Helicobacter pylori [85], for growth
rate predictions in Bacillus subtilis [86] or for the development of metabolic engineering
strategies in Pseudomonas putida [87]. Based on FBA, it was possible to increase vanillin
production in baker’s yeast by twofold and enhance sesquiterpene production in the same
species [88, 89].
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The rational modification of a given genome to design novel molecules needs a detailed
understanding of the producing gene clusters. Well-studied gene clusters such as polyketide
synthases consist of specific domain types that can be identified by trained hidden Markov
models that are stored in related databases, for example, PFAM [90]. Gene cluster analysis
tools such as antiSMASH [55, 91] or PRISM [71] analyse a given gene cluster to predict
the specific domains and to describe the architecture of a gene cluster. However, the pre-
diction of the structure of the resulting natural products is a difficult task because sub-
strate recognition of active sites and the correct ordering of enzymatic reactions has to
be predicted. If subjected enzymes are catalysing multiple substrates, the availability of
each substrate has to be predicted. Most frequently, the automatic analysis of a cluster
is based on the deduction of information from gene clusters similar to the queried one.
If well-annotated similar gene clusters do not exist, the prediction of the structure of the
biosynthesised NP is challenging. With more and more knowledge about the structure of
natural products and the encoding sequences, the relation between the composition of the
active sites and substrate binding will be better understood. Existing algorithms are often
based on machine-learning approaches and predict the correct substrates for a selected set
of enzyme families [92]. For the prediction of NPs synthesised by non-ribosomal peptide
synthetases, such a sequence-based prediction method is integrated in the related web-
server NRPSpredictor2 [93]. Rational substitution of residues to generate novel molecules
still requires a detailed manual analysis of the encoding gene cluster, and new software
tools that propose mutations leading to novel molecules might accelerate this approach
considerably in future.

6. Selected natural products with promising anticancer properties from
African sources

Recent reviews on the anticancer potential of African flora have discussed the anticancer,
cytotoxic, antiproferative and antitumour activities of about 500 NPs [9-12]. In this section,
we focus on the most promising (recent) results for anticancer SMs from African flora
(Table 3, Figure 2), published after the last reviews. The isolation of two new lignans;
3a-O-(3-D-glucopyranosyl) desoxypodophyllotoxin (1) and 4-O-(B-D-glucopyranosyl)
dehydropodophyllotoxin (2), alongside other known lignans (3 and 4), have been reported
from the species, Cleistanthus boivinianus (Phyllanthaceae), collected in Madagascar
(coordinates 13°06'37"S 049°09'39"E) [94]. These compounds showed potent to moderate
antiproliferative activities against the A2780 ovarian cancer cell line, with compound 1
showing potent antiproliferative activity against the HCT-116 human colon carcinoma
cell line (IC,, = 0.03 uM). The known compounds with promising activities from this
species included the lignans; (+)-fB-apopicropodophyllin (3, PubChem CID: 6452099),
(-)-desoxypodophyllotoxin (4, PubChem CID: 345501). The same authors also isolated a new
butanolide, macrocarpolide A (5, PubChem CID: 122372160) and two new secobutanolides;
macrocarpolides B (6, PubChem CID: 122372161) and C (7, PubChem CID: 122372162),
together with otherknown compoundsfrom theethanol extractof theroots of theMadagascan
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Figure 2. Chemical structures of selected anticancer SMs from African flora.

species Ocotea macrocarpa (Lauraceae), which showed antiproliferative activities against
the A2780 ovarian cell line [95]. The known isolates included the butanolides; linderano-
lide B (8, PubChem CID: 53308122) and isolinderanolide (9, PubChem CID: 44576054). The
anticancer activities showed IC,  values of 2.57 (5), 1.98 (6), 1.67 (7), 2.43 (8) and 1.65 uM
(9) against A2780 ovarian cancer cell lines. Additionally, the leaves of Cleistochlamys kirkii
(Annonaceae) from Tanzania have been recently shown to be a rich source of polyoxygen-
ated cyclohexene derivatives with antiplasmodial activities, along with very potent activi-
ties against MDA-MB-231 triple-negative human breast cancer cell line [96]. The isolates;
cleistodienediol (10), cleistodienol A (11), cleistodienol B (12), cleistenechlorohydrin A (13),
cleistenechlorohydrin B (14), cleistenediol F (15), cleistophenolide (16), ent-subglain C (17)
and melodorinol (18, PubChem CID: 6438687) showed some activities aslow as IC_ =0.09 uM
against the aforementioned cancer cell lines. To the best of our knowledge, mode of action
studies have not yet been conducted for the SMs 1 to 18 and in vivo activity data is currently
unavailable.
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7. Case studies

In this section, we shall discuss specific examples of the investigation of biosynthesis of anti-
cancer plant-based SMs by (computational) analysis of genomic data.

7.1. Biogenesis of several anticancer metabolites by Ocimum tenuiflorum (Lamiaceae)

Species from the genus Ocimum are well known for their high medicinal values and are there-
fore used to cure a variety of ailments in Ayurveda, an Indian system of medicine [97, 98].
About 30 SMs have been reported from the genus Ocimum, with a variety of biological proper-
ties [99]. Only 14 of these SMs belong to the five basic groups of compounds having a complete
biosynthetic pathway information in the PMN database [49, 50], thereby leaving us with ~15
medicinally relevant metabolites from Ocimum sp. with unknown pathways. This has prompted
further investigation on SMs with uncharted biosynthetic pathways. Several bioactive SMs,
including the anticancer compounds; apigenin (19, PubChem CID: 5280443), rosmarinic acid
(20, PubChem CID: 5281792), taxol (21, PubChem CID: 36314), ursolic acid (22, PubChem CID:
64945), oleanolic acid (23, PubChem CID: 10494) and the plant steroid sitosterol (24, PubChem
CID: 222284) have been identified from the herb Krishna Tulsi (O. tenuiflorum, Lamiaceae), with
the mature leaves retaining the medicinally relevant metabolites [100]. Upadhyay et al. carried
out a draft genome analysis of the species and generated paired-end and mate-pair sequence
libraries for the whole sequenced genome, together with transcriptomic analysis (RNA-Seq) of
two subtypes of O. tenuiflorum (Krishna and Rama Tulsi) and reporting the relative expression
of genes in the both varieties. The authors further investigated the pathways, which lead to the
biosynthesis of the identified SMs, with respect to similar pathways in A. thaliana and other
model plants (e.g. Oryza sativa japonica). Six important genes (including QSRWT0 and F1T282)
were expressed and identified from analysis of genome data. These were validated by q-RT-PCR
on the different studied tissues (e.g. roots, mature leaves, etc.) of five closely related species (e.g.
O. gratissimum, O. sacharicum, O. kilmund, Solanum lycopersicum and Vitis vinifera), which showed
a high extent of urosolic acid-producing genes in young leaves. The other identified anticancer
metabolites included eugenol and ursolic acid. As an example, the authors employed sequence
search algorithms to search for the three enzymes of the three-step synthetic pathway of ursolic
acid from squalene in the Tulsi genome. Each of these enzymes in Tulsi (squalene epoxidase,
a-amyrin synthase and a-amyrin 2,8 monoxygenase) were queried from the PlantCyc database,
starting from their protein sequences. The search for analogous enzymes in the model plants
O. sativa japonica and A. thaliana, showed sequence identity covering from 50 to 80% of the query
length. The whole genome and sequence analysis of O. tenuiflorum suggested that small amino
acid changes at the functional sites of genes involved in metabolite synthesis pathways could
confer special medicinal (particularly anticancer) properties to this herb.

7.2. Biosynthesis of the anticancer alkaloid noscapine by Papaver somniferum
(Papaveraceae)

Noscapine (25, PubChem CID: 275196) is an antitumour phthalideisoquinoline alkaloid
from opium poppy (Papaver somniferum, Papaveraceae). Compound 25 is known to bind
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stoichiometrically to tubulin, alters its conformation, affects microtubule assembly (promotes
microtubule polymerisation), hence arresting metaphase and inducing apoptosis in many
cell types [101]. It has been demonstrated that the compound has potent antitumour activ-
ity against solid murine lymphoid tumours (even when the drug was administered orally).
This drug has also shown potency against human breast, ovarian and bladder tumours
implanted in nude mice and in dividing human cells [102, 103]. Although the compound
is water-soluble and absorbed after oral administration, its chemotherapeutic potential in
human cancer could not be fully exploited for drug discovery projects because, like most
SMs, this has been limited by the typically small amounts produced in the slow-growing
plant species [104]. The quest to improve production levels of the NP is essential for drug dis-
covery. However, such would require a proper understanding biological processes under-
lying the biosynthesis of this SM, known from isotope-labelling experiments to be derived
from scoulerine since the 1960s [105]. Winzer et al. have carried out a transcriptomic analysis,
with the aim of elucidating the biosynthetic pathway of this important metabolite for the
improvement of its commercial production in both poppy and other systems [106]. The anal-
ysis of a high noscapine-producing poppy variety, HN1, showed the exclusive expression
of 10 genes encoding five distinct enzyme classes, whereas five functionally characterised
genes (BBE, TNMT, SaIR, SalAT and T60DM) were present in all three of the studied poppy
varieties, respectively, rich in morphine, thebaine and noscapine (HM1, HN1 and HT1).
The authors analysed the expressed sequence tag (EST) abundance and discovered some
previously uncharacterised genes expressed in HN1, which were completely absent from
the other (HM1 and HT1) EST libraries. This led to the identification of the corresponding
enzymes as three O-methyltransferases (PSMT1, PSMT2, PSMT3), four cytochrome P450s
(CYP82X1, CYP82X2, CYP82Y1 and CYP719A21), an acetyltransferase (°PSAT1), a carboxyles-
terase (PSCXE1) and a short-chain dehydrogenase/reductase (PSSDR1). Further analysis of
an F2 mapping population, using HN1 and HM1 as parents, indicated that these genes are
tightly linked in HN1. Moreover, bacterial artificial chromosome sequencing confirmed the
existence of a complex BGC for plant alkaloids. Based on the knowledge derived from the
investigation, the authors could make suggestions for the improved production of noscapine
and related bioactive molecules by the molecular breeding of commercial poppy varieties or
engineering of new production systems, for example, by virus-induced gene silencing, which
resulted in the accumulation of pathway intermediates, thus allowing gene function to be
linked to noscapine synthesis [104, 106].

7.3. Biosynthesis of vinblastine and vincristine by Catharanthus roseus (Apocynaceae)

Vinblastine (26, PubChem CID: 13342) and vincristine (27, PubChem CID: 5978) are chemo-
therapy drugs used to treat a number of cancer types. These are among the >120 known ter-
penoid indole alkaloids from the medicinal plant C. roseus, also known as the Madagascar
periwinkle [107]. Since these two very important anticancer compounds have only been
produced in very low amounts in C. roseus, as opposed to the fairly high levels of several
monomeric alkaloids (e.g. ajmalicine and serpentine) [108], attempts to improve the yields of
compounds 26 and 27 have led to the genome-wide transcript profiling of elicited C. roseus
cell cultures, by cDNA-amplified fragment-length polymorphism combined with metabolic
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profiling [107]. This resulted in the identification of several gene-to-gene and gene-to-metabo-
lite networks obtained by an attempt to establish correlations between the expression profiles
of 417 gene tags and the accumulation profiles of 178 metabolite peaks. The results proved
that different branches of terpenoid indole alkaloid biosynthesis and various other metabolic
pathways are affected by differences in hormonal regulation. Thus, the investigations of
Rischer et al. provided the foundations for a proper understanding of secondary metabolism
in C. roseus, thereby enhancing the applicability of metabolic engineering of Madagascar peri-
winkle. This study provided the possibility of exploring a select number of genes (e.g. STR,
10HGO, T16H and DAT) involved in biosynthesis of terpenoid indole alkaloids [107].

8. The way forward

The case studies show that the detailed computational analysis of the transcriptomic and
metabolomic data of a plant species could reveal its metabolic capacity and hence help
identify candidate genes involved in the biosynthesis of the important SMs it contains.
Thus, modifying the plant genes could represent a premise for improving metabolite
yield. It should be mentioned that other compounds from some of the aforementioned
compound classes (Table 3), from both floral and microbial sources, have shown promis-
ing anticancer activities [109-113], e.g. isolinderanolide B (28, PubChem CID: 53308122)
(Figure 3), a butanolide from the stems of Cinnamomum subavenium (Lauraceae) had shown
antiproliferative activity in T24 human bladder cancer cells by blocking cell cycle pro-
gression and inducing apoptosis [112]. In addition, subamolide B (29, PubChem CID:
16104907), another butanolide from this same species, is known to induce cytotoxicity in
human cutaneous squamous cell carcinoma through mitochondrial and CHOP-dependent
cell death pathways [113]. Meanwhile, obtusilactone B (30, PubChem CID: 101286261),
from Machilus thunbergii (Lauraceae), is known to target barrier-to-autointegration factor
to treat cancer [111].

From the African flora, apart from the Lauraceae, Phyllanthaceae and Annonaceae, known
to be rich in anticancer metabolites, the genus Tacca of the yam family (Dioscoreaceae) is
known for the abundant presence of taccalonolides, which are microtubule stabilisers with
clinical potential for cancer treatment [114]. Additionally, the genus Tamarix (e.g. T. aphylla

isolinderanolide B (28) subamolide B (29) obtusilactone B (30)

Figure 3. Chemical structures of selected anticancer butanolides from Lauraceae.
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and T. nilotica from Northern Africa), together with the genus Reaumuria (Tamaricaceae) are
known for the abundant presence of tannins (gallo-ellagitannin, gallotannins) with remark-
able cytotoxic effects. The high salt content of the leaves of Tamarix species, rendering them
useful locally as a fire barrier, and their adaptability to drought and high salinity are of equal
interest. It therefore becomes urgent to investigate the genomics of some of the aforemen-
tioned plant species, particularly those from the Cinnamomum sp., Ocotea sp. and Machilus
sp. (Lauraceae), Tacca sp. (Dioscoreaceae), Cleistanthus sp. (Phyllanthaceae), Cleistochlamys sp.
(Annonaceae), Tamarix sp. (Tamaricaceae) and so on, and hence further investigate the genes
or BGCs responsible for secondary metabolism with the view of understanding and better
exploring the biosynthetic pathways of the anticancer SMs.

9. Conclusions

It has been our intention in this chapter to provide a detailed overview of the important com-
putational tools and resources for the analysis of plant genomic data and for the prediction
of biosynthetic pathways in plants. We have taken a few case studies of anticancer SMs to
illustrate this. Even though it is unclear how widespread plant genes are clusters, genes that
encode the biosynthesis of several small plant SMs are well known, including the vital genes
for the production of some highly potent anticancer drugs. With the use of the tools and data-
bases described, along with the drop in the cost of whole genome sequencing in plant species,
the future for the discovery of new plant-based anticancer metabolites would involve the iden-
tification of one or more genes or BGCs encoding the enzymes in the biosynthetic pathway for
the target compoundy(s), followed by the co-expression analysis, also exploiting the knowledge
of the chemical structure of the target compound, for the identification of other enzymes that
might be involved in this pathway. As an example, the exploration of the pathway for podo-
phyllotoxin biosynthesis by the use transcriptome mining in Podophyllum hexandrum led to the
identification biosynthetic genes, 29 of which were combinatorially expressed in the tobacco
plant (Nicotiana benthamiana), leading to the identification of six pathway enzymes, among
which is oxoglutarate-dependent dioxygenase responsible for closing the core cyclohexane
ring of the aryltetralin scaffold [115]. An alternative approach could be, if the metabolic path-
way and nature of SMs are unknown, then the identified co-expressed genes encoding the
enzymes for secondary metabolism could be subjected to untargeted metabolomics for the
elucidation of unknown pathways and chemical structures. As an example, a single patho-
gen-induced P450 enzyme, CYP82C2, with a combination of untargeted metabolomics and
co-expression analysis was used to uncover the complete biosynthetic pathway, which leads
to the metabolite 4-hydroxyindole-3-carbonyl nitrile, previously unknown to Arabidopsis
sp. This rare and hitherto unprecedented plant metabolite, with a cyanogenic functionality
revealed a hidden capacity of Arabidopsis sp. for cyanogenic glucoside biosynthesis. This was
confirmed by expressing 4-OH-ICN engineering biosynthetic enzymes in Saccharomyces cere-
visiae and Nicotiana benthamiana, to reconstitute the complete pathway in vitro and in vivo, thus
validating the functions of the enzymes involved in the pathway [116].
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Abbreviations

AfroCancer African Anticancer Natural Products Database

BGC Biosynthetic gene clusters

EC,, Half maximal effective concentration, that is, the concentration of a drug,
antibody or toxicant, which induces a response halfway between the baseline
and maximum after a specified exposure time

ED,, The median effective dose, a dose that produces the desired effect in 50% of a
population

FBA Flux Balance Analysis

GI,, The growth inhibition of 50%, drug concentration resulting in a 50% reduction
in the net protein increase.

IC,, The drug concentration causing 50% inhibition of the desired activity

IMG-ABC The Integrated Microbial Genomes Atlas of Biosynthetic gene Clusters

NANPDB Northern African Natural Products Database

NP Natural product

NPACT Naturally Occurring Plant-based Anti-cancer Compound Activity-Target
Database

NRP Nonribosomal peptide

NRPS Nonribosomal peptide synthase

PK Polyketide

PKS Polyketides synthase

PMN Plant Metabolic Network

PRISM PRediction Informatics for Secondary Metabolomes

SM Secondary metabolite
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Abstract

The pharmaceutically important anticancer drugs etoposide and teniposide are derived from
podophyllotoxin, a natural product isolated from roots of Podophyllum hexandrum growing
in the wild. The overexploitation of this endangered plant has led to the search for alterna-
tive sources. Metabolic engineering aimed at constructing the pathway in another host cell
is very appealing, but for that approach, an in-depth knowledge of the pathway toward
podophyllotoxin is necessary. In this chapter, we give an overview of the lignan pathway
leading to podophyllotoxin. Subsequently, we will discuss the engineering possibilities to
produce podophyllotoxin in a heterologous host. This will require detailed knowledge on
the cellular localization of the enzymes of the lignan biosynthesis pathway. Due to the high
number of enzymes involved and the scarce information on compartmentalization, the
heterologous production of podophyllotoxin still remains a tremendous challenge. At the
moment, research is focusing on the last step(s) in the conversion of deoxypodophyllotoxin
to (epi)podophyllotoxin and 4'-demethyldesoxypodophyllotoxin by plant cytochromes.

Keywords: etoposide, podophyllotoxin, Podophyllum hexandrum, Anthriscus sylvestris,
metabolic engineering

1. Introduction

The high demand of podophyllotoxin derivatives for chemotherapy gives a severe pres-
sure on the natural sources, such as Podophyllum hexandrum and Podophyllum peltatum [1].
The highest concentration of podophyllotoxin is found in P. hexandrum roots, with reported
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yields up to 6.6% dry weight (d.w.) [2]. The excessive harvesting has resulted in inclusion of
P. hexandrum in the Convention on International Trade in Endangered Species (CITES) [3].
Chemical synthesis of podophyllotoxin is difficult due to the presence of four contiguous chi-
ral centers and the presence of a base sensitive trans-lactone moiety [4]. The shortest synthesis
described contains five steps from the commercially available 6-bromopiperonal into (epi)
podophyllotoxin [5]. As an alternative, cell suspension cultures have been explored, but these
produce only low amounts (max. 0.65% d.w.) of podophyllotoxin [6, 7]. As neither chemical
synthesis nor in vitro production of podophyllotoxin is economically competitive with the
extraction of podophyllotoxin from P. hexandrum roots, other alternatives are being searched
for. Metabolic engineering aimed at constructing the pathway in a heterologous host is very
appealing, but for that approach, an in-depth knowledge of the biosynthetic pathway toward
podophyllotoxin is necessary.

2. Lignans and their biological activities

In 1936, Haworth was the first to describe a group of phenylpropanoid dimers (C,C,) linked
by the central carbon (C8) as lignans [8]. The Haworth’s definition of lignan has been adopted
by the IUPAC nomenclature recommendations in 2000 [9]. According to this nomenclature,
lignans can be divided into eight subgroups based on the oxygen incorporation into the skel-
eton and the cyclization pattern [10]. In the lignan pathway toward podophyllotoxin, six
subgroups of lignans can be defined in the order of occurrence: furofuran, furan, dibenzyl-
butane, dibenzylbutyrolactol, dibenzylbutyrolactone, and aryltetralin (Figure 1). The other
two subgroups are arylnaphthalene and dibenzocyclooctadiene. Dibenzylbutanes are only
linked by the 8,8" bond. An additional oxygen bridge is found in furofurans, furans, dibenz-
ylbutyrolactols, and dibenzylbutyrolactones. A second carbon-carbon link is found in arylt-
etralins, arylnaphthalenes, and dibenzocyclooctadienes [10, 11]. The majority of the lignans
has oxygen at the C9 (C9') carbon; however, some lignans in the dibenzylbutanes, furans,
and dibenzocyclooctadiene subgroups are missing this oxygen [10]. Humans metabolize the
furofurans pinoresinol and sesamin, the furan lariciresinol, the dibenzylbutane secoisolarici-
resinol, and the dibenzylbutyrolactone matairesinol. These lignans are phytoestrogens, which
can be converted into enterolactone or enterodiol by intestinal bacteria [12, 13]. Enterolactone
and enterodiol have antioxidant, estrogenic, and anti-estrogenic activities in humans; fur-
thermore, they may protect against certain chronic diseases [14]. Several lignans have been
described to have antiviral properties; however, therapeutic applications are limited due to
the toxicity [15]. The extract, podophyllin, of Podophyllum roots and rhizome was included in
the U.S. Pharmacopeia in 1820. In 1942, it was removed, because of its severe gastrointestinal
toxicity [16]. However, Kaplan described in 1944, the successful treatment of venereal warts
(Condylomata acuminata) in 200 members of the military by topically applied podophyllin [17].
The aryltetralin podophyllotoxin is the active ingredient in podophyllin, which has been com-
mercialized as a treatment for warts caused by the human papilloma virus [18]. Semisynthetic
derivatives of podophyllotoxin were designed as chemotherapy compounds for oral adminis-
tration or for intravenous treatment [19, 20].



Towards Metabolic Engineering of Podophyllotoxin Production
http://dx.doi.org/10.5772/67615

= Lignins

(+)-lariciresinol

Figure 1. Lignan pathway in Podophyllum hexandrum and Anthriscus sylvestris. (A) Coniferyl alcohol toward matairesinol
(brown box), (B) matairesinol toward deoxypodophyllotoxin (purple box), and (C) deoxypodophyllotoxin toward
podophyllotoxin and demethyldesoxypodophyllotoxin (green box). Lignan subgroups are shown by various colors:
yellow = furofuran, orange = furan, red = dibenzylbutane, blue = dibenzylbutyrolactol, purple = dibenzylbutyrolactone,
and green = aryltetralin.

3. Importance of podophyllotoxin and derivatives for chemotherapy

Podophyllotoxin is a tubulin-interacting agent that inhibits mitotic spindle formation [21].
As podophyllotoxin is severely toxic if applied systemic, a number of less toxic derivatives
have been generated and these are now widely used in cancer chemotherapy. Interestingly,
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the derivatives currently used in the clinic, etoposide, and teniposide, have a different mode
of action than podophyllotoxin. They inhibit topoisomerase II by stabilizing its binding to
DNA, which results in double-stranded breaks in the DNA and arrest of the cell cycle in the
G2 phase [21]. Etoposide (VP-16, VePesid®) was synthesized in 1966 by Sandoz and was fur-
ther developed by Bristol-Meyers from 1978 onwards. In 1983, it was approved by the FDA for
the treatment of testicular cancer [22]. As etoposide is poorly soluble in water, the etoposide
prodrug etoposide phosphate (Etopophos®) was designed by Bristol-Meyers Squibb, which
was approved by the FDA in 1996 [23]. The prodrug is converted to etoposide within 30 min
presumably by alkaline phosphatases. Furthermore, the pharmacokinetics and toxicity of eto-
poside phosphate are equal to etoposide [24, 25]. According to the National Cancer Institute
and the Dutch government etoposide, phosphate should be used in combination therapy for
various cancers (Table 1) [26-28]. Teniposide (VM-26, Vumon®) was synthesized in 1967 by

Cancer Combination of drugs

Hodgkin lymphoma in children Vincristine sulfate, etoposide phosphate, prednisone,
doxorubicin hydrochloride

Doxorubicin hydrochloride, bleomycin, vincristine sulfate,
etoposide phosphate

Doxorubicin hydrochloride, bleomycin, vincristine sulfate,
etoposide phosphate, prednisone, cyclophosphamide

Non-hodgkin lymphoma

-All Rituximab, ifosfamide, carboplatin, etoposide phosphate
Etoposide phosphate, ifosfamide, methotrexate
Lomustine, etoposide phosphate, chlorambucil, prednisolone

- B-cell Rituximab, etoposide phosphate, prednisone, vincristine sulfate,
cyclophosphamide, doxorubicin hydrochloride

Malignant germ cell tumors

- Nonbrain Cisplatin, etoposide phosphate, bleomycin
- Ovarian/testicular Bleomycin, etoposide phosphate, cisplatin
- Advanced testicular Etoposide phosphate, ifosfamide, cisplatin

Acute myeloid leukemia

- Children Cytarabine, daunorubicin hydrochloride, etoposide phosphate
- Phase I Cytarabine and amsacrine, etoposide or mitoxantrone
High-risk retinoblastoma in children Carboplatin, etoposide phosphate, vincristine sulfate

Small cell lung cancer Etoposide with cisplatin or carboplatin

Cisplatin, cyclophosphamide, doxorubicin, vincristine,
methotrexate

Relapsed Wilms tumor Ifosfamide, carboplatin, and etoposide

Table 1. Cancer chemotherapy combination treatments with etoposide.
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Sandoz and was further developed by Bristol-Meyers from 1978 onwards [22]. It is used in
the treatment of acute myeloid leukemia and myelodysplastic syndromes in children and in
acute lymphocytic leukemia [29, 30]. Toxicity problems are still an issue with etoposide; there-
fore, novel derivatives were designed and evaluated in preclinical and clinical studies [31]. The
derivatives NK611, Gl-311, and TOP-53 were discontinued after phase I or II studies [22, 32,
33]. NK611, which is more water soluble than etoposide, shows similar toxic effects in humans
as etoposide. However, only few patients showed efficacy in phase I studies [34-36]. No data
of the phase I or II studies were found for GL-311 and TOP-53. Four newer derivatives are
tafluposide, F14512, Adva-27a, and QS-ZYX-1-61 [31, 32]. Tafluposide (F-11782), a pentafluori-
nated epipodophylloid, inhibits topoisomerase I and II activity [37, 38]. In phase I study, stable
disease was observed in 7 out of 21 patients with advanced solid tumors, such as choroid and
skin melanoma [39]. Increasing the selectivity of anticancer agents is of great interest. As the
polyamine transport system is upregulated in cancer cells, F14512 was designed to target the
transport system by linking the epipodophyllotoxin core to a spermine chain [40]. Phase I study
in adult patients with acute meloid leukemia showed clinical activity in relapsed patients, but
limited activity in refractory patients [41]. F14512 will be tested in combination with cytarabine
in a phase II study [41]. The minimal therapeutic effect of etoposide on dogs with relapsing lym-
phomas has resulted in a phase I study of F14512, which showed a strong therapeutic efficacy
[42]. The derivative adva-27a, a GEM-difluorinated C-glycoside derivate of podophyllotoxin, is
effective against multidrug resistant cancer cells [43]. Preparations are being made for a phase
I study in pancreatic and breast cancer patients in Canada [44]. The derivative QS-ZYX-1-61
induces apoptosis by inhibition of topoisomerase II in human non-small-cell lung cancer [45].
Further investigations are necessary for this compound.

4. Overview of the lignan biosynthetic pathway

Podophyllotoxin is produced in the lignan pathway, which we will discuss in more detail in
this section (Figure 1). Lignins and lignans are the major metabolic products of the phenylpro-
panoid pathway in vascular plants. Lignins are derived from coumaryl, coniferyl, and sinapyl
alcohol, whereas lignans are derived from coniferyl alcohol [46].

4.1. Coniferyl alcohol toward matairesinol

The pathway toward podophyllotoxin starts with pinoresinol, lariciresinol, secoisolariciresinol,
and matairesinol. Pinoresinol and lariciresinol are found in most vascular plants, such as
Arabidopsis thaliana. Some species follow the lignan pathway toward podophyllotoxin until the
branch point matairesinol, such as the Forsythia species. Lignans further downstream toward
podophyllotoxin are found in more specialized plants. An interesting question is whether the
capability of podophyllotoxin production is restricted to a limited number of plants, or that
other closely related plants have cryptic pathways as shown in bacteria [47]. To answer this
question, an in-depth discussion of the lignan pathway is necessary as we do below. Coniferyl
alcohol is converted into matairesinol in five steps by three enzymes: dirigent protein, pin-
oresinol-lariciresinol reductase, and secoisolariciresinol dehydrogenase (Figure 1A).
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4.1.1. Dirigent protein

In 1997, Davin and coworker showed that the dirigent protein (DIR) from Forsythia suspensa
can couple two coniferyl alcohols stereospecific to (+)-pinoresinol after their oxidation by
a nonspecific oxidase or nonenzymatic single-electron oxidant [48]. Davin and coworkers
showed that the DIR protein lacks a detectable catalytic active (oxidative) center and that the
rate of dimeric lignan formation is similar in the presence or absence of DIR protein; how-
ever, the DIR protein is necessary for enantioselectivity [48]. Both (+)- and (-)-pinoresinol-
forming proteins were found in plants. The (+)-forming DIR protein is important for the
lignan pathway in the direction of podophyllotoxin synthesis. (+)-Forming DIRs are the
ScDIR protein from Schisandra chinensis, the psd-Fil from Frullania intermedia, and PsDRR206
from Pisum sativum [49-51]. In A. thaliana, 16 DIR homologs were found of which four were
characterized as follows: two formed (-)-pinoresinol (AtDIR5 and AtDIR6); the other two
showed nonstereoselective coupling of coniferyl alcohols [49, 52]. On the other hand, Linum
usitatissimum has (+)-forming and (-)-forming DIR proteins [53]. Kim and coworkers solved
the crystal structure of the (+)-pinoresinol forming PSDRR206 of P. sativum to 1.95A [54].
Homology modeling of the (-)-pinoresinol forming AtDIR6 in the PSDRR206 crystal struc-
ture showed six additional residues in the longest loop of the (+)-forming DIR, which are
present in all (+)-forming DIRs. Site-directed mutagenesis could be used to confirm whether
one or more of these residues are responsible for the enantioselectivity of the DIR [54].

4.1.2. Pinoresinol-lariciresinol reductase

In 1996, Dinkova-Kostova and coworkers found the pinoresinol-lariciresinol reductase (PLR)
in F. intermedia, which could reduce (+)-pinoresinol to (+)-lariciresinol and sequentially to
(-)-secoisolariciresinol [55]. The (-)-secoisolariciresinol-forming PLRs are important for podo-
phyllotoxin synthesis. These PLRs were found in F. intermedia (PLR-Fil), Linum album (PLR-Lal),
L. usitatissimum (PLR-Lu2) and Linum corymbulosum (PLR-Lcl) [56-59]. A PLR with opposite
enantioselectivity was found in L. usitatissimum (PLR-Lul) [57, 58]. PLR can have selectivity or
preference toward one of the enantiomers. The Thuja plicata PLRs accept both enantiomers of
pinoresinol; however, they were selective for the lariciresinol substrate, as PLR-TP1 accepts only
(-)-lariciresinol and PLR-TP2 only (+)-lariciresinol [60]. In Linum perenne, it was found that PLR _
Lp1 can convert (+)-pinoresinol to (+)-lariciresinol and (+)-secoisolariciresinol, with a preference
for (+)-pinoresinol and (-)-lariciresinol [61]. The F. intermedia (PLR-Fil) and L. usitatissimum
(PLR-Lul) PLRs were found to convert (+)-lariciresinol to (-)-secoisolariciresinol before deple-
tion of (-)-pinoresinol [56, 57]. On the other hand, L. album (PLR-Lal) and L. perenne (PLR-LP1)
PLREs first seem to convert all (+)-pinoresinol to (+)-lariciresinol before converting (+)-lariciresinol
further to (-)-secoisolariciresinol [57, 61]. For A. thaliana proteins with strict substrate, specific-
ity toward pinoresinol was found as weak or no activity toward lariciresinol was observed [62].
Therefore, these proteins are annotated as pinoresinol reductases (AtPrRs). AtPrR1 reduces both
enantiomers, and AtPrR2 only reduces (-)-pinoresinol [62]. The crystal structures of PLR-Tp1 of
T. plicata were resolved to 2.5 A, and a homology model of PLR-Tp2 with opposite enantioselec-
tivity was deduced from the PLR-Tp1 structure [63]. Three residues in the substrate binding site
were different, which could explain the enantioselectivity [63].
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4.1.3. Secoisolariciresinol dehydrogenase

Secoisolariciresinol dehydrogenase (SDH) from F. intermedia and P. peltatum convert (-)-secoiso-
lariciresinol into (—)-matairesinol, through the intermediary (-)-lactol. Neither of them was able
to convert the opposite enantiomer [64]. Crystallization of P. peltatum SDH (1.6 A) showed
that it is a tetramer. The ternary complex was obtained by the addition of cofactors and
(-)-matairesinol. Based on the position of (-)-matairesinol, also (—)-secoisolariciresinol could
be modeled into the crystal structure. Using the same constrains, (+)-secoisolariciresinol could
not be modeled into the crystal structure, which could explain the enantioselectivity [64, 65].

4.2. Matairesinol toward deoxypodophyllotoxin

Plant feeding experiments performed by various groups have revealed the metabolites
intermediate between matairesinol and podophyllotoxin, such as yatein and deoxypodo-
phyllotoxin in P. hexandrum [66, 67]. This was followed by the identification of the enzymes
in P. hexandrum (Figure 1B). Marques and coworkers found that pluviatolide synthases in
P. hexandrum (CYP719A23) and P. peltatum (CYP719A24) can convert (—)-matairesinol into
(-)-pluviatolide by formation of the methylenedioxy bridge [68]. Lau and Sattely used tran-
scriptome mining in P. hex “vandrum to identify four additional biosynthetic enzymes in the
lignan pathway, which convert (-)-pluviatolide into deoxypodophyllotoxin [69]. Pluviatolide
4-O-methyltransferase (PhOMT3) converts (-)-pluviatolide into bursehernin by methylation
at C4'OH. Bursehernin 5-hydroxylase (CYP71CU1) incorporates a molecular oxygen at C5’
in bursehernin, which results in (-)-5'-desmethyl-yatein. In the following step, 5'-demethyl-
yatein O-transferase (OMT1) converts (-)-demethyl-yatein to (-)-yatein by methylation
at C5'OH. In the last step, deoxypodophyllotoxin synthase (2-ODD) converts (-)-yatein
to (-)-deoxypodophyllotoxin by ring closure between C2 and C7' [69]. Sakakibara and
coworkers suggest a different route toward deoxypodophyllotoxin for Anthriscus sylvestris
(Figure 1B) [70]. Feeding experiments showed incorporation of matairesinol, thujaplicatin,
5-methylthujaplicatin, and 4,5-dimethylthujaplicatin into yatein [70]. This was followed by
the discovery of the enzyme thujaplicatin O-methyltransferase (AsTJOMT), which methyl-
ates thujaplicatin to form 5-O-methylthujaplicatin [71]. Furthermore, they found incorpora-
tion of matairesinol and pluviatolide in bursehernin, but no further incorporation into yatein.
No literature has been reported in the presence of 5-demethylyatein in A. sylvestris. However,
feeding of 5-demethylyatein to A. sylvestris results in yatein formation [70]. In the transcrip-
tome of L. album, genes related to OMT3 and CYP71CU1 were found; however, no gene
related to CYP719A24 was found (Figure 1B) [72, 73]. The differences in the lignan pathways
in P. hexandrum, A. sylvestris, and L. album indicate the possibility that the later part of the
lignan pathway might have convergently evolved in the various species, which decreases the
probability of the presence of a cryptic pathway in other species.

4.3. Conversion of deoxypodophyllotoxin into demethyldesoxypodophyllotoxin

The P. hexandrum enzyme that converts deoxypodophyllotoxin into podophyllotoxin has not
been identified yet. Lau and Sattely, attempted to find this enzyme, presumably a cytochrome, by
mining the publicly available RNA-sequencing data set from the Medicinal Plants Consortium.
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Furthermore, they analyzed transcriptome data from P. hexandrum after upregulating the podo-
phyllotoxin biosynthesis genes by wounding the leaves. Both methods were successful in iden-
tifying podophyllotoxin biosynthesis genes as described in the previous session; however, the
enzyme converting deoxypodophyllotoxin into podophyllotoxin was not found (Figure 1C).
They found two P450 cytochromes that can convert deoxypodophyllotoxin into 4-desmethy-
lepipodophyllotoxin [69]. In the first step, CYP71BE54 converts (-)-deoxypodophyllotoxin to
(-)-4-demethyldesoxypodophyllotoxin. In the second step (-)-4'-demethyldesoxypodophyll-
toxin is converted to (-)-4'-desmethylepipodophyllotoxin by CYP82D61.

5. Engineering approaches

In this part, we will focus on genetic engineering approach’es to produce podophyllotoxin in a
heterologous system. In order to produce podophyllotoxin in Escherichia coli or Saccharomyces
cerevisiae, the pathway from the easily available glucose toward coniferyl alcohol has to be
implemented into these organisms.

5.1. Production of coniferyl alcohol in E. coli and S. cerevisiae

Coniferyl alcohol can be produced in E. coli by a co-culture system. Coumaryl alcohol is pro-
duced upon insertion of four phenylpropanoid pathway genes [74]. The production can be
increased by addition of four key shikimate pathway genes to overproduce tyrosine [75].
Addition of the genes for methyltransferase and HpaBC in another strain resulted in the
accumulation of 125 mg/L coniferyl alcohol after 24 h. Co-culturing was necessary as HpaBC
converts tyrosine to an unwanted side product [74]. The full biosynthetic pathway toward
coniferyl alcohol has not been tested for expression in S. cerevisiae yet. However, produc-
tion of +100 mg/L coumaric acid has been shown [76]. To convert coumaric acid to coniferyl
alcohol in S. cerevisiae, four or five additional genes have to be expressed; therefore, in order
to produce coniferyl alcohol levels similar to E. coli, further optimization of coumaric acid
production is necessary.

5.2. Cellular localization of enzymes from the lignan pathway

In order to engineer the lignan pathway for podophyllotoxin production in a heterologous cell,
knowledge about the localization of lignans and their corresponding enzymes is necessary.
Localization to the wrong organelle might abolish or lower production, as was shown for peni-
cillin production [77]. The monolignol coniferyl alcohol is synthesized in the cytosol and trans-
ported over the plasma membrane for incorporation into lignin or lignan by an ABC membrane
transporter, whereas the glucosylated form (coniferin) for storage could only be transported
over the vacuolar membrane possibly by another ABC membrane transporter or proton-cou-
pled antiporter [78, 79]. Analyses of transmembrane helices by the TMHMM predictor [80] indi-
cated that DIR has one transmembrane helix. Furthermore, the DIR protein is a glycoprotein
with a secretory signal peptide [50]. This indicates that the DIR protein is membrane attached,
which is consistent with the findings in F. suspense stems. Only the insoluble fraction was
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capable of stereoselective conversion of coniferyl alcohol to (+)-pinoresinol, whereas soluble
enzyme preparations only form racemic pinoresinol [81, 82]. As the DIR protein was found
primarily localized within the plant cell wall [83], it might be difficult to target DIR to its natu-
ral compartment in bacteria and yeast. However, there is strong indication that monolignol
dimerization also occurs intracellular as shown by protoplast experiments in A. thaliana and
the racemic pinoresinol formation in crude cell-free enzyme preparation of F. suspense stems
[81, 84]. The disadvantage is the absence of stereoselectivity in the coupling of the two coniferyl
alcohols. However, this should not be a problem, if the influx of coniferyl alcohol is large
enough. The following proteins lack a transmembrane helix or signal peptide according to the
TMHMM predictor and SignalP [85]: PLR, SDH, OMT3, OMT1, and 2-ODD. PLR and 2-ODD
are localized to the cytoplasm, and SDH, OMT3, and OMT1 to the chloroplast according to the
plant specific localization tool Plant-mPloc [86]. However, the specific chloroplast localization
tools ChloroP and PCLR suggest no chloroplast localization, which was confirmed by the local-
ization tools MultiLoc2-LowRes and LocTree3 [87-90]. Therefore, we think that the proteins
PLR, SDH, OMT3, OMT1, and 2-ODD are all localized in the cytoplasm. The four cytochromes
CYP719A23, CYP71CU1, CYP71BE54, and CYP82D61 contain a targeting peptide and one or
two transmembrane helixes. They are probably located in the endoplasmic reticulum (ER)
membrane (according to an analysis by Plant-mPloc and MultiLoc2) as most plant cytochromes
are anchored in the ER membrane and face the cytosolic side [91]. Our hypothesis is that deoxy-
podophyllotoxin is converted to podophyllotoxin by a cytochrome that is ER bound (Figure 2).
Production of podophyllotoxin in E. coli would be feasible assuming that PLR, SDH, OMT3,
OMT1, and 2-ODD can be actively expressed in the cytosol. As coniferyl alcohol has been pro-
duced before in this organism and cytochrome P450 enzymes with modified N-terminus have
also been expressed successfully [92], some of the major steps toward podophyllotoxin might
be performed in E. coli. The disadvantage of E. coli is the lack of NAD(P)H P450 reductase, the
redox partner of cytochromes necessary for the supply of electrons from the cofactor NAD(P)H
[92]. The establishment of a renewable supply has been proven difficult in E. coli.

5.3. Conversion of deoxypodophyllotoxin to (epi)podophyllotoxin by engineering

In 2006, Vasilev and coworkers showed that the human liver cytochrome P450 3A4 (CYP3A4)
together with human NADPH P450 reductase can convert deoxypodophyllotoxin stereoselectiv-
ity into epipodophyllotoxin [93]. The disadvantage of this system is the usage of frozen cells and
therefore the need to supply a regenerative system, such as glucose-6-phosphate dehydrogenase
and NADP. Changing the system to a resting cell assay or cell-free assay with the usage of a
cheaper cofactor and increasing the electron transfer between cytochrome and reductase would
greatly increase the usability of this system. As CYP3A4 is quite unspecific, an approach to find
a dedicated cytochrome converting deoxypodophyllotoxin into podophyllotoxin could be pro-
vided by the systematic analysis of cytochrome encoding genes found by Kumari and coworkers,
who analyzed the transcriptome of P. hexandrum cultivated at two temperatures. The expression
of DIR protein, PLR and SDH were upregulated by at least a factor two at 15°C compared to 25°C
[94], accompanied by an increase of podophyllotoxin accumulation at 15°C. Fifteen cytochrome
transcripts were upregulated by at least a factor two at 15°C compared to 25°C. These fifteen
upregulated cytochrome transcripts would be interesting candidates for future investigation.
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A cytochrome p450 system with high activity toward deoxypodophyllotoxin can form a very
interesting production platform in conjunction with a sustainable source of this lignan, as is A. syl-
vestris, a common wild plant in Europe and temperate Asia, that can be cultivated easily [95, 96].

5.4. Production of etoposide

Industrially, podophyllotoxin is chemically converted to etoposide (Figure 3). Podophyllotoxin
is converted to 4'-demethyl-epipodophyllotoxin by demethylation and epimerization in two
steps with a yield of 52% followed by the protection of the phenolic group by conversion to
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4'-O-carbobenzoxy-epipodophyllotoxin in one step with 89% yield [97]. 4'-O-carbobenzoxy-
epipodophyllotoxin is then glycosylated to the esterification of ortho-cyclopropylethynylbenzoic
acid, which is obtained in six steps from B-D-Glucose pentaacetate [98, 99]. After glycosyl-
ation, the protective groups are removed in one step with 90% yield [98]. As podophyllotoxin
production from deoxypodophyllotoxin is not yet applicable on industrial scale, the chemical
conversion of deoxypodophyllotoxin into epipodophyllotoxin is of interest, which can be per-
formed in one step with a yield of 53% [100]. Epipodophyllotoxin can be converted chemically
to etoposide in the same manner as podophyllotoxin. The chemical synthesis of etoposide from
deoxypodophyllotoxin can be shortened by production of 4'-demethyl-epipodophyllotoxin
from deoxypodophyllotoxin by CYP71BE54 and CYP82D61 from P. hexandrum (see Section
4.3). As only proof of concept has been shown, optimization is required to make this enzy-
matic conversion suitable for industrial application. Whether deoxypodophyllotoxin can be
converted chemically directly to 4'-demethyl-epipodophyllotoxin still needs to be investigated.

6. Future perspectives

Recent insights in the lignan biosynthetic pathway by Lau and Sattely [69] have progressed
the research in the lignan pathway enormously. Engineering of the lignan pathway in a heter-
ologous host will become feasible, if the localization of the enzymes in the pathway has been
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determined. Depending on this localization, either E. coli or S. cerevisiae could be a suitable
host for production of podophyllotoxin from glucose. The only missing step is the conversion
of deoxypodophyllotoxin to podophyllotoxin. Finding this enzyme or replacing this step by
the epipodophyllotoxin producing CYP82D61 (with or without CYP71BE54) will advance the
development even more. Alternatively, deoxypodophyllotoxin can be chemically converted
to etoposide. Considering the huge number of enzymes necessary for conversion of glucose
to podophyllotoxin in E. coli or S. cerevisiae, commercial production in microbial hosts still
has a long way to go. Until that time, an alternative approach can be the extraction of deoxy-
podophyllotoxin from the easy to cultivate A. sylvestris and converting this to (epi)podophyl-
lotoxin. Enzymatic conversion needs to be optimized in order to obtain a system that can be
used by the industry. Improvement should focus on engineering a cheap system, by usage
of a resting cell assay or the usage of a cheap cofactor in a cell-free system. Furthermore, the
deoxypodophyllotoxin conversion should be scaled up to industrial production.
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