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Preface

Natural biometabolites have been the mainstay of cancer chemotherapy, being a rich
reservoir of candidate compounds for drug discovery. Recent efforts into the
research and development of anticancer drugs derived from natural products have
led to the identification of a variety of candidate molecules that inhibit cancer cell
proliferation and metastasis via various mechanisms. With the advent of new tech-
nologies such as combinatorial chemistry and high-throughput screening, next-
generation sequencing, and the ease of identifying abnormal genes, it is now
possible to consider that natural products would sound the death knell for cancer.
Moreover, natural products are likely to provide novel lead molecules which would
be used as templates for restructuring them for potential anticancer drug candidates
with enhanced biological properties. Moreover, nanomedicine-based natural prod-
ucts have recently shown promising therapeutic effects with better efficacy and tar-
get specificity against cancer countering drug resistance as well. Despite the
increasing interest in natural product research, to our knowledge, still this area
requires attention of the scientific community to explore the wide-scale mechanisms
encompassing anticancer therapeutics with natural products being the lead com-
pounds further redressing the growing problem of drug resistance against cancer. In
order to fill these gaps and what kind of therapeutic roles natural products especially
secondary metabolites play in the treatment and management of cancer, this book
titled Bioactive Natural Products for the Management of Cancer: From Bench to
Bedside has been able to successfully address the remarkable therapeutic potential
of bioactive natural products against cancer.

The book has significant contributions in the form of book chapters by renowned
authors as follows: Hala Gali-Muhtasib and his group highlighted the potential sig-
nificance of anticancer alkaloids, underlying action mechanism, and clinical mani-
festations which were further supported by Batra and Sharma, expanding their
studies to emerging alkaloids peeping into various factors and getting insight into
the mechanism of action against cancer. Banerjee and his group shed light into the
cancer etiology and therapeutic management by natural metabolites. Sharma et al.
highlighted the potential anticancer therapeutic role of flavonoids especially fla-
vones. Gajbhiye et al. emphasized the therapeutic properties of dietary polyphenols,
flavonoids, terpenoids, and saponins in cancer chemoprevention. The same group
further enlightened us with a vast immunogenic potential of natural products.
Anshika Singh and S. Krishna further lead us to look into marine flora for their
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immunomodulatory and therapeutic potential in the treatment of cancer.
Bhattacharrya and her group enlightened us by contributing a chapter on ligand-
based designing of natural products paving a way for drug discovery of novel chem-
ical entities. In another chapter, Nag and her group tried to address the mechanism
of drug resistance in cancer and the potential role of nanomedicine-based natural
products in countering the menace of drug resistance.

The book holds many unique flavors as follows:

1. Recent updates on natural metabolites and their therapeutics use against
cancer

2. Unique and distinctive pathways and mechanistic insight into the mode of
action of the metabolites

3. The use of these metabolites and nanoparticle-augmented adjuvant therapy to
counter the ever-growing problem of drug resistance

4. Ligand-based drug designing of these natural metabolites to enhance their
active potential and counter adverse side effects

Once again, my sincere thanks to all the contributing authors who worked as a
team to let me complete this book. Special thanks to Dr. Bhavik Sawhney who was
available all the time to impart his valuable inputs and assistance. Words of appre-
ciation also go to Mr. Daniel Ignatius Jagadisan, the Production Team, and the
Editor as well.

The book is dedicated to my parents and spouse who time and again kept inspir-
ing me to accomplish this task and complete the said manuscript timely.

Ambala, Haryana, India Anil K. Sharma
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Anticancer Alkaloids: Molecular
Mechanisms and Clinical Manifestations

Farah Ballout, Zeina Habli, Alissar Monzer,
Omar Nasser Rahal, Maamoun Fatfat,
and Hala Gali-Muhtasib

Abstract

Throughout history, naturally derived molecules have had countless applications
in medicine, pharmacy, and biology. This rich reservoir of natural compounds
demonstrated great potential in treating various diseases, mainly cancer.
Alkaloids, a subfamily of secondary metabolites, are derived from a large variety
of organisms including plants, animals, and marine organisms. This group of
compounds has exhibited promising anticancer and chemopreventive effects and
has been found to chemo-sensitize tumor cells that are resistant to conventional
chemotherapy. The remarkable structural diversity of anticancer alkaloids has
allowed their use as lead compounds in the treatment of cancer. Chemical
derivatization and modifications of alkaloid structures led to the improvement of
their therapeutic potential. Many of these second-generation alkaloids are cur-
rently commercially available or are in advanced clinical trials, and a major
group is still being tested preclinically. Here we provide an overview of alkaloids
that are in clinical trials and which are FDA approved. We have classified anti-
cancer alkaloids according to their biological origin and presented an extensive
discussion of their mechanism of action and clinical toxicity. The understanding
of the mechanism of action and clinical manifestations of anticancer alkaloids is
essential for advancing their use and enhancing their efficacy in the clinic.

Authors Farah Ballout and Zeina Habli have equally contributed to this chapter.
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1.1 Introduction

For millennia, cancer has been a poorly understood disease that is usually fatal.
Defined as a relentless growth of cells that are capable of invading surrounding tis-
sues and organs, cancer is an adverse disease with tremendous negative impact on
individuals and society. It is one of the most common causes of mortality in devel-
oping countries and the second leading cause of death in the United States exceeded
only by heart disease (Khazir et al. 2014). The World Health Organization (WHO)
projects that the global number of cancer deaths will increase by nearly 80% by
2030 and predicts a rise in the number of cancer patients by 70% in the next two
decades. The American Cancer Society expects more than 1.5 million new cancer
cases to be diagnosed and more than 600,000 cancer deaths to occur in the United
States alone in 2017.

With better understanding of the pathophysiology and natural history of cancer,
the field of anticancer therapeutics has gained large popularity among scientist all
over the world. At the beginning of the twentieth century, surgery and radiotherapy
were solely used to treat malignancies with recovery rates not exceeding 33%
(Mukherjee et al. 2001). A major breakthrough in the treatment of cancer occurred in
the 1960s when chemotherapy became an adopted approach for treating this deadly
disease. The use of chemotherapeutics in conjunction with the aforementioned ortho-
dox treatment approaches opened new opportunities for cancer therapy, and since
then chemotherapy became the standard clinical practice (DeVita and Chu 2008).

More than 60% of the currently used cancer chemotherapeutic and chemopre-
ventive drugs are either natural compounds extracted from plants or animals or syn-
thetic compounds derived from natural prototype structures (Amin et al. 2009;
Khazir et al. 2014; Newman and Cragg 2016). It all started in 1955 when the
National Cancer Institute (NCI) initiated a large-sale preclinical screening mission
in the hope of finding promising anticancer compounds and molecules of various
origins from plants, marine organisms, microbes, and animals (Nobili et al. 2009).
Out of the selected 400,000 molecules, more than 114,000 compounds originating
from plant species have been screened and tested (Holton et al. 1994). With this
high-throughput screening and combinatorial synthesis, the quest for “safe” and
selective anticancer agents was affordable and led to the discovery of compounds
having growth inhibitory effects and apoptotic activities against human cancer cells
with minimal toxicity to normal ones (Gordaliza 2007). Yet, the search for new
improved cytotoxic agents continues to be an important approach to overcome the
alarming emergence of chemotherapy resistance along with the annual increasing
cancer death rates.
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Nature has provided mankind with a wealth of effective agents that have immedi-
ate applications in medicine (Gordaliza 2007). Such compounds belong to several
structural classes referred to as secondary metabolites (Seca and Pinto 2018).
Alkaloids, the largest group of secondary metabolites, are a highly diverse collec-
tion of compounds of low molecular weight containing a heterocyclic ring structure
and a nitrogen atom. About 17,000 alkaloids have displayed pronounced biological
and pharmacological activities with relatively low toxicity and well-documented
stability (reviewed in Habli et al. 2017). Alkaloids can be classified according to
their structure and other chemical features, biological origin, as well as biogenetic
origin. They can be found in a large variety of organisms including plants, espe-
cially higher plants, animals, bacteria, and fungi. They have been shown to exhibit
a wide range of pharmacological properties including antimalarial, antiasthmatic,
anticancer, vasodilatory, antiarrhythmic, analgesic, antibacterial, and antihypergly-
cemic activities (Lu et al. 2012; Igbal et al. 2017). Currently, numerous alkaloids are
being tested for their cytotoxicity or are undergoing clinical evaluation, and some
have received FDA approval for cancer treatment. Their antitumor activity stems
from their ability to induce DNA cleavage which is mediated by topoisomerase I
and II inhibition, in addition to causing mitotic arrest, mitochondrial permeabiliza-
tion, and inhibiting key enzymes involved in cell signaling and metabolism (Demain
and Vaishnav 2011). In fact, the first series of chemically administered chemothera-
peutics included the vinca alkaloid, vincristine, a revolution that increased the cur-
ability of children with leukemia and Hodgkin’s diseases (DeVitaand DeVita-Raeburn
2015). In this chapter, we focus on the various plant- and marine-derived alkaloids
that are in clinical trials or that have been FDA approved for the treatment of cancer
and discuss their clinical manifestations and adapted strategies to enhance their
therapeutic potential.

1.2 Plant-Derived Alkaloids

Plants have played a major role in human life since ancient history. Plants are used
for basic needs such as food, shelter, and clothing in addition to being used as dart
poisons for hunting purposes and hallucinogens for ritualistic purposes. Plants have
also been the basis of traditional medicine in various countries including China and
India. Historically, the efficacy of plants was attributed to their color, name, or phys-
iological appearance before the realization and identification of the active com-
pounds mediating these effects (Salim et al. 2008). For example, red-colored herbs
were used to treat blood diseases, liverworts were used for liver diseases, and tooth-
worts for toothache (Sneader 2005). Morphine was the first pharmacologically
active compound to be isolated from plants. The nineteenth century witnessed the
extraction of various alkaloids used as drugs for the treatment of several disease
conditions. These are atropine (anticholinergic), codeine (cough suppressant), col-
chicine (antigout), ephedrine (bronchodilator), morphine (analgesic), physostig-
mine (cholinesterase inhibitor), and quinine (fever-reducing, antimalarial, analgesic,
and anti-inflammatory properties) (Igbal et al. 2017). The last 200 years have
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witnessed the discovery of plant-derived substances (Fridlender et al. 2015). As a
result of this undertaking, various plant-isolated alkaloids with anticancer activity
have been characterized (Table 1.1). This section focuses on the historical discovery
and clinical use of plant-derived anticancer alkaloids that have been FDA approved
or that are undergoing clinical trials, their cytotoxicity and mechanism of anticancer
activity.

1.2.1 Vinca Alkaloids

Vinca alkaloids were first discovered in the 1950s by the Canadian scientists, Robert
Noble and Charles Beer. Vinca alkaloids, namely, vinblastine (VBL) and vincristine
(VCR), were the first plant-derived products to be used in clinical oncology. Vinca
alkaloids are a versatile group of phytochemicals isolated from Catharanthus roseus
(Apocynaceae) and are the second-most used class of cancer drugs (Verma and Singh
2010; (Moudi et al. 2013). C. roseus is the source of more than 130 different terpe-
noid indole alkaloids, some of which exhibit pharmacological activities (Mohammad
Abu Taher and Ahammed 2017). The anticancer effect of these compounds was dis-
covered by chance during an investigation for hypoglycemic agents. The plant
extracts showed minimal effect on glycemia; however, it was noted that they signifi-
cantly reduced white blood cell counts, caused bone marrow depression in rats, and
prolonged the life of mice bearing a transplantable lymphocytic leukemia (Prakash
et al. 2013). There are four major vinca alkaloids in clinical use: vinblastine, vinorel-
bine, vincristine, and vindesine. These alkaloids are used for the treatment of several
types of cancer including breast, lung, liver, testes, and leukemia (Table 1.1). Vinca
alkaloids mediate their effect by altering microtubule dynamics during mitosis, pre-
venting the formation of the mitotic spindle, and resulting in metaphase arrest and
apoptosis (Jordan et al. 1991). Vinblastine and vincristine are naturally occurring
active compounds that are present in low amounts in C. roseus plants. A series of
semisynthetic analogues of vinblastine and vincristine with improved pharmacologi-
cal properties have been developed. The first semisynthetic vinca alkaloid to enter
human clinical trials was vindesine in which the C(23) acetyl group in vinblastine
was changed to an amido group (Fig. 1.1) (Jordan and Wilson 2004). Vindesine is
used in countries such as Britain, South Africa, and several European countries, but
it is not FDA approved (Khazir et al. 2014). Vinorelbine is an FDA-approved semi-
synthetic derivative of vinblastine in which the bridge linking the indole ring to the
piperidine nitrogen has been shortened by one carbon and water has been eliminated
from the piperidine ring (Fig. 1.1). This derivative showed lower neurotoxicity when
compared to its precursor and has been used in combination with various drugs for
the treatment of several types of cancer (Almagro et al. 2015). Vinflunine, a dihydro-
fluoro derivative of vinorelbine, is the first fluorinated microtubule inhibitor. Unlike
other vinca alkaloids, vinflunine binds weakly to tubulin, thus showing lower neuro-
toxicity and enhanced tolerance. It has not been FDA approved; however, it is being
actively studied in patient clinical trials for the treatment of various solid tumors
(Almagro et al. 2015; (Khazir et al. 2014). Many other vinca alkaloid derivatives are
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Fig. 1.1 Chemical structures of clinically used vinca alkaloids

being studied for potential use as anticancer drugs including anhydrovinblastine that
has been modified from vinblastine by a 3’4" double bond in the catharanthine moi-
ety (Butler 2008) and is currently in phase I clinical trials. Vinblastine has also been
modified by adding amino acid derivatives to facilitate its transport into cells.
Vinglycinate and vintripol are examples of such derivatives that showed interesting
pharmacological properties; however, they showed toxicity and no marked benefits
in clinical evaluation (Khazir et al. 2014). In addition to designing various deriva-
tives, the possibility of vinca alkaloid nanoparticle encapsulation was also tested. In
2012, the FDA approved the use of liposomal formulation of vincristine for the treat-
ment of adult acute lymphocytic leukemia (Douer 2016). This formulation enhances
the efficacy and reduces toxicity of vincristine by enabling it to circulate longer in the
blood, accumulate in the tumor, and be released over an extended period of time at
the tumor site (Shah et al. 2013).

1.2.2 Taxanes

The discovery of paclitaxel was the result of collaboration between the NCI and the
US Department of Agriculture on a plant-screening program to identify naturally
occurring compounds with anticancer activity. In 1967, Mansukh Wani and Monroe
Wall isolated and identified the active ingredient from the bark of the Western yew
tree Taxus brevifolia, named it taxol, and published its structure in 1971 (Weaver
2014). The pharmaceutical company, Bristol-Myers Squibb, then changed the name
to paclitaxel. Paclitaxel entered clinical trials 22 years after its discovery in 1984.
Several clinical trials were delayed due to the shortage of taxol. Paclitaxel is present
in small amounts in the slow-growing 7. brevifolia, and its extraction is a



8 F.Ballout et al.

Cabazitaxel DHA-paclitaxel

Fig. 1.2 Chemical structures of clinically used taxanes

complicated and expensive process. In addition, bark collection was restricted
because the Western yew was an endangered species. Therefore, this method was
not feasible to provide sufficient amounts of paclitaxel to meet the market demand.
Total synthesis of the compound was established; however, it was inefficient for
providing large quantities of paclitaxel (Salim et al. 2008). As the demand for pacli-
taxel increased, efforts were made by the government and pharmaceutical compa-
nies to increase the availability and find alternative sources of production. This led
to the production of paclitaxel mimics (Fig. 1.2) including docetaxel, a semisyn-
thetic form of paclitaxel, synthesized from 10-deacetylbaccatin III, which is iso-
lated in large amounts from the needles of the renewable yew tree Taxus baccata
(Salim et al. 2008; Fridlender et al. 2015). Docetaxel exhibits longer half-life, lon-
ger intracellular retention, and more rapid cellular uptake than paclitaxel (Seca and
Pinto 2018). Cabazitaxel is another semisynthetic taxane with higher lipophilicity
in comparison to doctaxel, which increases its intracellular accumulation, thus
enhancing its cytotoxicity and effectiveness in paclitaxel-resistant patients (Seca
and Pinto 2018). Bristol-Myers Squibb has also synthesized paclitaxel using plant
cell cultures (Amin et al. 2009; Fridlender et al. 2015). Paclitaxel, docetaxel, and
cabazitaxel are FDA approved for the treatment of various cancer types (Table 1.1).

Paclitaxel and docetaxel share the same mechanism of action; however, docetaxel
has been shown to be more potent in terms of potential patient toxicity possibly due
to its more rapid intracellular uptake and is co-administered with dexamethasone to
prevent progressive, often disabling, fluid retention in the peripheries, lungs, and
abdomen. Unlike vinca alkaloids, taxanes promote the assembly of microtubules
and inhibit their depolymerization by binding specifically to the N-terminal 31
amino acids of the beta-tubulin subunit in microtubules rather than to tubulin dimers
resulting in cell cycle arrest at the G2/M-phase and apoptosis (Zhang et al. 2014;
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Kampan et al. 2015). Paclitaxel has been also shown to mediate its effect by induc-
ing reactive oxygen species and activating multiple signal-transduction pathways
associated with pro-apoptotic signaling including c-Jun N-terminal kinase (JNK),
p38 mitogen-activated protein kinase, nuclear factor kappa B (NF-KB), and Janus
kinase-(JAK-)signal transducer and activator of transcription factor (STAT) path-
way. The induction of mitogen-activated protein kinase (MAPK) pathway, for
example, results in dephosphorylation of the pro-apoptotic proteins Bad and Bax,
phosphorylation of Bcl2, and induction of apoptosis (Kampan et al. 2015; Fridlender
et al. 2015). The therapeutic efficacy of paclitaxel is starting to be limited due to the
development of multidrug resistance (MDR), the mechanism of which is not fully
understood and has been attributed to upregulation of P-glycoprotein (P-gp), altera-
tion in tubulin dynamics, mutations in tubulin gene, changes in signaling pathways,
and reduced function of significant apoptotic proteins (such as Bcl-2 and p53)
(Barbuti and Chen 2015; Kampan et al. 2015). Paclitaxel is hydrophobic and had to
be administrated to patients in a solution containing ethanol and polyethoxylated
castor oil (Cremophor EL, CrEL) to enhance its delivery (Seca and Pinto 2018).
However, the use of CrEL as drug vehicle has been associated with hypersensitivity
reactions and neurotoxicity in patients (Barbuti and Chen 2015). Another issue is
the rapid and extensive binding of paclitaxel to plasma proteins and its limited abil-
ity to diffuse across the blood brain barrier (Khazir et al. 2014; Kampan et al. 2015).
In order to decrease the toxicity, enhance delivery and distribution, and improve
efficacy and ease of administration, new paclitaxel formulations have been explored.
Abraxane®, also named nab-paclitaxel, is an FDA-approved albumin-bound
nanoparticle formulation of paclitaxel. It is soluble in saline, thus eliminating the
need for the solubilizing agent Cremophor EL responsible for the hypersensitivity
reactions. This formulation allows for higher intratumoral drug concentration driven
by the ability of albumin to bind to its receptor, glycoprotein gp60 receptor, thus
activating caveolin-1 and inducing caveolin formation, which allows nab-paclitaxel
to migrate across the endothelial cell membrane into the interstitial space. In addi-
tion, Abraxane® can be administered at higher doses than paclitaxel allowing for
improved efficacy (Barbuti and Chen 2015; Kampan et al. 2015). Paclitaxel poliglu-
mex (PPX), also known as Xyotax, is a conjugate of paclitaxel and poly-L-glutamic
acid developed to enhance the therapeutic index of paclitaxel (Yared and Tkaczuk
2012; Shah et al. 2013). Paclitaxel poliglumex takes advantage of the enhanced
permeability of tumor vasculature and lack of lymphatic drainage to accumulate
within tumor tissue, thus allowing for direct delivery to the intratumoral microenvi-
ronment and prolonged exposure to the active drug while minimizing systemic tox-
icities (Shah et al. 2013; Kampan et al. 2015). DHA-paclitaxel, also known as
Taxoprexin, is another taxol analogue made by linking paclitaxel to the naturally
occurring omega-3 fatty acid, docosahexaenoic acid (DHA). DHA is easily taken up
by tumor cells, hence increasing intratumoral concentration of paclitaxel (Shah
et al. 2013; Khazir et al. 2014). In addition to the abovementioned formulations,
several analogues of paclitaxel and taxane derivatives are currently undergoing clin-
ical trials including larotaxel, milataxel, ortataxel, albumin-bound docetaxel, and
paclitaxel microspheres (Igbal et al. 2017).
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1.2.3 Camptothecin

Camptothecin is a quinoline alkaloid isolated from the Chinese ornamental tree,
Camptotheca acuminata. Camptothecin is a type I DNA topoisomerase inhibitor, a
critical enzyme in DNA replication and transcription (Khazir et al. 2014; Igbal et al.
2017). Camptothecin entered clinical trials in the 1970s and was then withdrawn
because of its low aqueous solubility and reports of severe bladder toxicity (Prakash
et al. 2013). To overcome these limitations, several camptothecin analogues (Fig. 1.3)
were synthesized and approved for clinical use including the water-soluble derivatives
topotecan and irinotecan (Table 1.1). In addition to these, several analogues are in
early stages of clinical trials for the treatment of various types of cancer. These include
karenitecin, diflomotecan, gimatecan, elomotecan, and rubitecan. Conjugated camp-
tothecin analogues have also been developed to enhance delivery and increase the
exposure of tumor cells to camptothecin while minimizing side effects. One example
is linking camptothecin to copolymers such as XMT-1001 in which camptothecin is
attached to poly(1-hydroxy methyl ethylene hydroxy methyl formyl) and CRLX-
101 in which camptothecin is conjugated to a linear, cyclodextrin-based polymer.
These conjugated analogues are in phase I/II clinical trials for the treatment of lung
cancer and solid tumors. Nanoparticle encapsulation is also being investigated to opti-
mize delivery and improve safety of camptothecin (Khazir et al. 2014; Igbal et al.
2017). Irinotecan has been encapsulated in a liposome formulation and is currently in
phase I clinical trials for treatment of advanced cancers (https://clinicaltrials.gov/ct2/
results?cond=Cancer&term=CPT1 1+and+liposome&cntry=&state=&city=&dist=).

Irinotecan

OH
HO

OH 0]

Omacetaxine mepesuccinate Flavopiridol

Fig. 1.3 Chemical structures of representative plant-derived alkaloids belonging to the (a) camp-
tothecins, (b) homoharringtonine, and (c) rohitukine
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1.2.4 Cephalotaxus

Cephalotaxus alkaloids are a group of phytochemicals originally isolated from the
Chinese tree Cephalotaxus harringtonia (Cephalotaxaceae) (Prakash et al. 2013).
Cephalotaxine itself does not display any biological activity; however, the fraction-
ation of Cephalotaxus extracts resulted in the isolation of a series of esters of cepha-
lotaxine with anticancer activity including harringtonine, isoharringtonine,
homoharringtonine (HHT), and doxyharringtonine (Quintas-Cardama et al. 2009).
They function by inhibiting protein synthesis through targeting initiation of protein
synthesis, allowing release of nascent peptide, and polyribosome degradation (Igbal
et al. 2017). Homoharringtonine was considered one of the most effective treat-
ments for chronic myeloid leukemia after failure of interferon-alpha therapy; how-
ever, the introduction of the tyrosine kinase inhibitor imatinib mesylate halted its
clinical development. In addition, difficult production, toxicity profile of the origi-
nal dose schedules, and the requirement of large quantities of bulk of cephalotaxus
trees for production hampered HHT development (Kantarjian et al. 2013).
Omacetaxine mepesuccinate (Fig. 1.3) is a semisynthetic purified HHT compound
with 99.7% purity. It is synthesized by direct esterification of cephalotaxine
extracted from dry leaves of Cephalotaxus, and not from the bark, which reduces
the amount of Cephalotaxus required for extraction. Omacetaxine inhibits protein
translation by preventing the initial elongation step of protein synthesis where it
interacts with the ribosomal A-site and prevents the correct positioning of amino
acid side chains of incoming aminoacyl-tRNAs. Omacetaxine mepesuccinate
showed positive results in patients who have failed imatinib therapy, which estab-
lished HHT for the second time as a valuable option in the management of
CML. Omacetaxine mepesuccinate was approved by FDA in 2012 for the treatment
of adult patients with chronic or accelerated phase CML after failure of two or more
tyrosine kinase inhibitors. Homoharringtonine-omacetaxine probably holds the
record for the longest time of development of an anticancer agent until FDA
approval, almost 40 years (Quintas-Cardama et al. 2009; Kantarjian et al. 2013;
Khazir et al. 2014; Igbal et al. 2017).

1.3 Marine-Derived Alkaloids

Covering more than 70% of the earth’s surface, the ocean offers a biologically rich
ecosystem conferring the largest reservoir of taxonomic variety and wide chemical
diversity of secondary metabolites (Huawei Zhang et al. 2017). This massive diver-
sity of secondary metabolites helps marine organisms to withstand extreme condi-
tions of temperature and pressure and consequently offers abundant sources of
drugs that could be potential candidates for the treatment of various diseases
(Romano et al. 2017). In fact, screening for marine biochemical biodiversity has just
began; it is estimated that only 18% of the marine natural products have been dis-
covered so far compared to products of terrestrial origin (Ruiz-Torres et al. 2017);
thus, marine organisms represent a promising source of bioactive molecules.
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However, in the history of medicine, reference to marine-based drugs is scarce, and
a couple of ointments, concoctions, and cataplasms of algae and marine muds have
been used for treating endless diseases, especially those involved in traditional
Chinese and Japanese medicine (Hayasaka et al. 2012). For example, kainic acid
was the first product of marine origin to be commercialized and used as an insecti-
cide and anthelmintic; it was obtained from extracts of the seaweed Digenea sim-
plex in 1900 (Colazingari 2013). Marine pharmacology was a new discipline that
emerged in the 1950s that aimed to explore drugs and potential pharmaceuticals
from sponges and marine microorganisms (Villa and Gerwick 2010). To date, only
eight drugs isolated from marine organisms have been FDA approved for the treat-
ment of various diseases. Only three of these eight compounds belong to the alka-
loids family and have been approved for use as pharmaceutical drugs in cancer
treatment (Table 1.1); on the other hand, two marine-derived alkaloids are in clinical
trials (Table 1.2). This section focuses on the historical discovery and clinical use of
marine-derived anticancer alkaloids that are undergoing clinical trials or are FDA
approved, their cytotoxicity and mechanism of action.

1.3.1 Trabectedin (ET-743)

Trabectedin, ET-743, is a semisynthetic tetrahydroisoquinoline alkaloid that was
initially extracted from the Caribbean tunicate Ecteinascidia turbinata and was cur-
rently prepared by chemical synthesis (Ruiz-Torres et al. 2017). It is the first marine-
derived antineoplastic agent approved in Europe for the treatment of patients with
advanced soft sarcoma and in combination with pegylated liposomal doxorubicin
for the treatment of patients with relapsed platinum-sensitive ovarian cancer
(D’Incalci et al. 2014). Its clinical activity is currently being evaluated in phase 11/
IIT on patients with advanced breast and hormone refractory prostate cancers.
PharmaMar, a Spanish company, was first licensed to develop ET-743 for a large-
scale production to provide enough materials for clinical trials. Their chemists per-
formed an extremely elegant semisynthesis reaction by fermenting a marine-derived
Pseudomonas fluorescens metabolite, safracin B, which led to a cGMP grade
ET-743 from a 21-step synthetic process. Ultimately, the production scheme of
ET-743 was licensed to Johnson and Johnson in 2001 under the brand name
Yondelis, with the generic name of trabectedin (Newman and Cragg 2004).
Trabectedin or ET-743 is a novel antitumor agent that has a broad spectrum of activ-
ity at pico- and nanomolar concentrations; the mechanism by which it exerts its
activity has not been completely elucidated (Zelek et al. 2006). What is known so
far is that ET-743 is composed of three tetrahydroisoquinoline rings containing a
central carbinolamine moiety (Fig. 1.4) (Le et al. 2015). In contrast to traditional
alkylated agents that bind to guanine at N7 or O6 positions, the carbinolamine moi-
ety enables ET-743 to covalently bind to the N2 amino group of guanines in the
minor groove of DNA, and through van der Waals interactions, it results in bending
of the DNA toward the major groove. This allows the DNA strands to cross-link in
a way that seems unique for this molecule, thus creating DNA double-strand breaks
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Trabectedin (ET-743)

Eribulin mesylate (E7389) Cytarabine

Fig. 1.4 Chemical structures of clinically used marine-derived anticancer alkaloids

(D’Incalci and Galmarini 2010). Furthermore, ET-743 interferes with DNA-binding
agents such as transcription factors and DNA repair proteins altering their normal
functionality and eventually leading to DNA damage, cell arrest, and cell death
(Fayette et al. 2006). At the cellular level, ET-743 effectively blocks the transcrip-
tion of genes that have been already activated such as HSP-70 and MDRI. It also
affects promoters regulated by transcription factors that bind to the major groove
such as Spl. Of interest, ET-743 induces rapid degradation of transcribing RNA
polymerase II in cells with normal transcription-coupled nucleotide excision repair,
thus modulating transcription regulators (Fayette et al. 20006). It is worth mentioning
that at low concentrations in vitro, ET-743 modulates cytokines and chemokines at
the transcriptional level. Exceptionally, not only does it regulate tumor growth by
affecting the cells directly, but it also plays a role at the tumor microenvironment
level where it inhibits the production of pro-inflammatory mediators CCI2 (mono-
cyte recruiter at tumor sites) and interleukin-6 (growth factor for several tumors) by
monocytes and macrophages, thus inhibiting tumor growth and progression
(D’Incalci and Galmarini 2010). The unique structure of this compound makes it a
useful candidate for elucidating the complex mechanisms related to gene transcrip-
tion regulation and DNA repair.

1.3.2 Lurbinectedin (PM01183)

PMO1183 is a synthetic alkaloid structurally related to ecteinascidins that is in phase
I clinical development for the treatment of solid tumors (Vidal et al. 2012). Like
ET-743, PMO01183 has a pentacyclic skeleton composed of two fused tetrahydroiso-
quinoline rings (subunits A and B) that recognize DNA and bind to it. An additional
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third ring (subunit C) in PMO1183 makes it a tetrahydro-f-carboline rather than a
traditional tetrahydroisoquinoline (Fig. 1.4) (Leal et al. 2010) When it binds to DNA,
ring C protrudes from the DNA minor groove, thus causing DNA double-strand
breaks and interfering with normal protein machinery at the mRNA level. The accu-
mulated DNA damage delays cell cycle progression at the S-phase and ultimately
triggers apoptotic cell death (Casado et al. 2008). Preclinical studies have demon-
strated that PMO1183 has potent antitumor activities against a wide array of solid and
liquid tumors in vitro and in vivo with manageable toxicology profile (Vidal et al.
2012). This has accelerated the clinical trial transition to determine the minimum
tolerable doses using various administration methods. Up until 2017, 19 clinical tri-
als with PM01183 have been conducted in patients with various solid and hemato-
logical malignancies either alone or in combination with other drugs. Monotreatment
and combinations have shown predictable and manageable safety profiles with
acceptable tolerance among patients having ovarian, small cell lung metastatic
breast, or endometrial cancers. Currently, plans to incorporate PM01183 in pediatric
cancers like Ewing sarcoma and neuroblastoma are being designed for future appli-
cation  (https://www.fda.gov/downloads/advisorycommittees/committeesmeeting-
materials/drugs/oncolo gicdrugsadvisorycommittee/ucm563559.pdf).

1.3.3 Zalypsis (PM00104)

PMO00104 (Zalypsis) is a synthetic tetrahydroisoquinoline alkaloid that mimics nat-
ural compounds derived from mollusks. The drug is a novel chemical entity related
to jorumycin (isolated from the mantle and mucus of the Pacific nudibranch mollusk
Jorunna funebris) and ecteinascidins (isolated from the Caribbean tunicate
Ecteinascidia turbinata) (Fontana et al. 2000; (Ciavatta et al. 2017). The high potent
cytotoxic activity of jorumycin at nanomolar concentrations with the clinical suc-
cess of ET-743 led to intensive chemical modifications of jorumycin’s structure and
eventually resulted in the development of PM00104. Similar to ET-743, PM00104
has the same cyclic structure (Fig. 1.4) and binds to DNA minor grooves via using
its reactive carbinolamine group. However, unlike ET-743, PM00104 covalently
binds to guanine residues with preferential affinity to G-rich codons (Leal et al.
2009). In fact, PM00104 differs slightly in one of its rings, and this alteration in
structure has conferred its DNA-binding properties and nucleotide excision repair
dependencies. Yet, the cytotoxic mechanism of action is similar for both drugs
(Guirouilh-Barbat et al. 2009). The interaction between PM00104 and DNA leads
to creation of DNA adducts which in turn inhibit early phases of transcription,
causes DNA double-strand breaks, and arrests the cell cycle at the S-phase, thus
driving the cell toward apoptosis. PM00104 has shown versatile anticancer potential
activity in vitro and in vivo in a wide variety of solid and hematological tumors.
This has led to moving PM00104 into clinical trial testing. Currently, PM00104 is
in phase II clinical trials to treat Ewing sarcoma, urothelial carcinoma, multiple
myeloma, and endometrial and cervical cancer (Petek and Jones, 2014).


https://www.fda.gov/downloads/advisorycommittees/committeesmeetingmaterials/drugs/oncolo gicdrugsadvisorycommittee/ucm563559.pdf
https://www.fda.gov/downloads/advisorycommittees/committeesmeetingmaterials/drugs/oncolo gicdrugsadvisorycommittee/ucm563559.pdf
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1.3.4 Eribulin Mesylate (E7389)

Eribulin mesylate (E7389) is a synthetic macrocyclic ketone analogue of halichon-
drin B that acts as a non-taxane microtubule dynamics inhibitor (Dydal-Hargreaves
et al. 2015). The history of this eribulin began when halichondrin B, a marine-
derived alkaloid, got extracted from the marine sponge Halichondria okadai in
1986 (Hirata and Uemura 1986). Halichondrin B was found to have extraordinary
cytotoxic activities in vitro and in murine models of solid tumors and leukemia
in vivo (Dydal-Hargreaves et al. 2015). It acted through binding to a region of tubu-
lin referred to as the “vinca domain,” thus inhibiting tubulin polymerization and
tubulin-dependent guanosine triphosphate (GTP) hydrolysis (Luduena et al. 1993;
Dydal-Hargreaves et al. 2015). The structural complexity made halichondrin B a
mechanistically interesting molecule, but its low yield from natural resources lim-
ited its potential for clinical development. A breakthrough occurred in 1992 when
chemists at Kishi laboratory (Cambridge, Massachusetts) succeeded in synthesizing
over 180 analogues of this compound, one of which, eribulin, was produced with a
63-step chemical synthesis process (Yu et al. 2013). Preclinical studies showed that
eribulin possessed both in vivo and in vitro antitumor activities against a wide array
of solid malignancies, particularly breast and ovarian cancer. Sub- to low-nanomolar
levels of eribulin inhibited cancer cell proliferation by disrupting mitotic spindles,
blocking cell cycle at the G2/M-phase, and initiating apoptosis (Dydal-Hargreaves
et al. 2015). In-depth studies have confirmed that eribulin inhibits microtubule
dynamics through a novel mechanism that is distinct from all other tubulin-binding
agents. It binds irreversibly to a unique site on tubulin resulting in the repression of
microtubule polymerization without affecting the depolymerization process and
thus sequestering tubulin into a nonfunctional aggregate (Dydal-Hargreaves et al.
2015). More so, mechanistic studies revealed that eribulin decreased the expression
of genes associated with angiogenesis, including genes involved in Wnt, Notch,
ephrin, and VEGF signaling pathways (Funahashi et al. 2014). It also triggered the
reversal of epithelial-to-mesenchymal transition (EMT) in triple-negative breast
cancer cell lines (Yoshida et al. 2014). In fact, drugs with the ability to inhibit or
reverse EMT are highly desired as they inhibit the progression of tumors and their
metastasis. In 2010 in the United States and in 2011 in Europe and Japan, the anti-
mitotic agent eribulin received FDA approval as a third-line therapy for the treat-
ment of liposarcoma and metastatic breast cancer patients who have been pretreated
with a taxane or an anthracycline (Donoghue et al. 2012). Phase III clinical trials
have demonstrated that eribulin is also effective in women with human epidermal
growth factor 2 (HER2)-negative and triple-negative breast cancer (Dydal-
Hargreaves et al. 2015). In addition, the California Cancer Consortium completed a
phase I trial of eribulin to determine its pharmacodynamics and pharmacokinetics
when administered by bolus injection. So far, results included partial responses of
eribulin to several tumors with manageable toxicities, it induced morphological
changes in the microtubules of peripheral blood monocytes, and its levels were
maintained above the levels required for activity in the plasma for 72 h; however,
when administered intravenously, it exhibited a tri-exponential elimination from
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plasma of patients (Morgan et al. 2015). Recently phase I clinical trials in which
eribulin and gemcitabine were combined showed manageable toxicity in patients
diagnosed with advanced tumors (Lheureux et al. 2015). In addition, another phase
I clinical trial of combining eribulin with cisplatin against advanced tumors resulted
in well-tolerated doses with preliminary anticancer activity (Koczywas et al. 2014).
Collectively, considering all the parameters, eribulin is a distinct microtubule inhib-
itor agent with great potential against cancer, and thus large numbers of clinical
trials are still being conducted to decipher its antitumoral potential (https://clinical-
trials.gov/ct2/results?cond=cancer&term=eribulin&cntry=&state=&city=&dist=).

1.3.5 Cytarabine

The synthetic analogue of a C-nucleoside pyrimidine nucleoside cytarabine (arabi-
nosyl cytosine or cytosine arabinoside, Ara-C) was developed from spongothymi-
dine, a nucleoside originally isolated from the Caribbean sponge Tectitethya crypta
(Mayer et al. 2010). Cytarabine is taken up by cells via nucleoside transporters,
mainly the human equilibrative nucleoside transporter 1 (hENT1), and its primary
activity stems from its intracellular conversion into cytosine arabinoside triphos-
phate by several deoxycytidine kinases (Li et al. 2017). Once converted, cytarabine
becomes a cytotoxic compound that inhibits DNA polymerases and DNA synthesis
via competition with deoxycytidine triphosphate to get incorporated into the
DNA. Consequently, it causes cell death by interfering with DNA and RNA synthe-
sis. It is also an S-phase-specific antimetabolite cytotoxic agent and may block the
progression of cells from the G1-phase to the S-phase (Galmarini et al. 2002; Wang
et al. 2018). Notably, cytarabine was among the first marine-derived compounds to
receive FDA approval in 1969 and is still in use today to treat certain classes of
leukemia affecting white blood cells mainly acute lymphocytic leukemia, acute
myeloid leukemia (AML), and blast crisis phase of chronic myelogenous leukemia
and meningeal leukemia (Krug et al. 2011). It is currently commercialized as either
the conventional cytarabine under the trade name Cytosar-U1 or as its liposomal
formulations under the trade name Depocytl. Depocytl is basically a cytarabine
encapsulated into multivesicular nonconcentric lipid-based vesicles that allow the
sustainable release of cytarabine. It maintains cytarabine therapeutic drug concen-
trations in the cerebrospinal fluid for prolonged periods, and thus it has more potent
potential to kill tumor cells in the meningeal leukemia (Glantz et al. 1999; (Chhikara
and Parang 2010). Depocytl is prescribed intrathecally for the treatment of lympho-
matous meningitis, whereas commercial presentation of cytarabine is designed to
be administered intravenously or subcutaneously. Cytosar-Ul and Depocytl are
marketed by Bedford Laboratories (http://www.bedfordlabs.com/) and Enzon P
Pharmaceuticals (http://www.enzon.com/), respectively. Multiple clinical trials
showed that patients with AML demonstrated complete remission rates of 50-60%
and overall enhanced survival rates of 30-40% after the administration of cytara-
bine (Hagop 2016). A novel liposomal formulation of cytarabine in combination
with daunorubicin (packed ratio 5:1 molar) is now in phase II clinical trials. It is


https://clinicaltrials.gov/ct2/results?cond=cancer&term=eribulin&cntry=&state=&city=&dist=
https://clinicaltrials.gov/ct2/results?cond=cancer&term=eribulin&cntry=&state=&city=&dist=
http://www.bedfordlabs.com/
http://www.enzon.com/
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known as CPX-351, and it has shown synergistic efficacy when compared with the
conventional 7+3 treatment of AML (100 mg/m? cytarabine and 60 mg/m? dauno-
rubicin) (Saygin and Carraway 2017). In fact, high doses of cytarabine had the high-
est antileukemic efficacy among all used therapies against AML, but the mechanism
of high dose of cytarabine therapy remains uncertain and needs further investiga-
tion. Although it has been the standard chemotherapy for hematological malignan-
cies, cytarabine resistance has been emerging rapidly especially in patients with
reduced expression of hENT1. Therefore, elacytarabine (CP-4055), a lipophilic
5”-elaidic acid ester of cytarabine, has been considered lately for clinical trials.
Elacytarabine enters cells independently of hENT1 and has the same mechanism of
action as cytarabine. Phase I clinical trials showed that elacytarabine had manage-
able and transient toxicities in patients with refractory AML and a pharmacokinetic
profile that allowed extended exposure of cytarabine and its active metabolites to
leukemic cells (O’Brien et al. 2012).

1.4  Modulators of MDR and Chemopreventive Alkaloids

Multidrug resistance (MDR) is a major obstacle in the development of chemothera-
peutic agents. Various alkaloids can overcome MDR through several mechanisms
including interaction with ABC-transporters and induction of apoptosis, thus
enhancing cytotoxicity of chemotherapeutics. Here we provide examples of alka-
loids that can serve as promising model compounds for overcoming MDR and that
have shown chemopreventive effects.

1.4.1 Cinchona Alkaloids

Cinchona alkaloids are isolated from the bark of several species of cinchona trees.
In the early seventeenth century, the antimalarial property of cinchona bark, mainly
its active compound quinine, was discovered (Ferreira Junior et al. 2012). Quinine
and cinchonine have the potential of reversing MDR in cancer patients. Phase I/II
clinical trials assessing the effect of quinine demonstrated that it could be used
safely with a combination of anticancer agents, for instance, mitoxantrone, cytara-
bine, cyclophosphamide, or paclitaxel, enhancing the treatment of clinically resis-
tant acute leukemias, breast cancer, or non-Hodgkin’s lymphomas (Solary et al.
2003; Taylor et al. 1997; Miller et al. 1998). Unfortunately, the use of quinine in
phase III clinical trials on patients with acute leukemia showed modest success
(Solary et al. 2003). Other preclinical and phase I studies have shown that cincho-
nine is a more potent and effective anti-MDR agent in comparison with quinine
(Ferreira Janior et al. 2012). Additionally, cinchonine showed MDR-reversing
activity in patients with malignant lymphoid disease in combination with cyclo-
phosphamide, doxorubicin, methylprednisolone, and vinblastine (Solary et al.
2000). Lately, dimeric quinine linked by ester bond was also shown to be active in
MDR and was capable of totally reversing the P-glycoprotein (P-gp)-mediated
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paclitaxel resistance phenotype as well as inhibiting its transport in MCF-7/DX1
cells (Pires et al. 2009).

1.4.2 Dofequidar Fumarate (MS-209)

Dofequidar (MS-209) is a novel, orally active, quinolone-derived inhibitor of MDR
and P-glycoprotein (Toshiaki Saeki et al. 2007). In preclinical studies, dofequidar
has shown a significant reversal of MDR in P-gp- and MRP-1-expressing cancer
cells in vitro. In preclinical models, MS-209 was found to enhance the antitumor
activity of various anticancer agents including adriamycin, vincristine, paclitaxel,
and docetaxel in multidrug-resistant tumor cell lines (Naito et al. 2002). For instance,
compared to adriamycin activity alone, a combination of MS-209 with adriamycin
was more effective against transplanted murine tumors, multidrug-resistant murine
tumors, and human tumors transplanted to nude mice (Naito and Tsuruo 1997).
Phase I clinical trials conducted to assess the safety and tolerability of MS-209 in
combination with docetaxel showed no significant differences in docetaxel activity
with and without MS-209, which is well-tolerated with no dose-limiting toxicities.
Dofequidar in a phase II clinical trial potentiated the anticancer effect of CAF
(cyclophosphamide, doxorubicin, and fluorouracil) therapy in patients with
advanced or recurrent breast cancer (Saeki et al. 2005).

In addition to their role in overcoming MDR, some alkaloids have chemopreven-
tive potential. A couple of tests done on capsaicin have shown that it inhibits muta-
genicity and DNA binding of some chemical carcinogens, possibly by suppressing
their metabolic activation which is accompanied with a decrease in NADH oxidase
activity. It also caused an alteration in the expression of tumor forming-related
genes by stimulating the overexpression of p53 and/or c-myc genes (Lewinska et al.
2015). Additionally, capsaicin inhibited the growth of xenograft prostate tumors in
mice. Berberine, which is isolated from the plant Rhizoma coptidis, exhibited poten-
tial chemopreventive properties against colon tumor formation. It controls colon
tumorigenesis by inhibiting the highly expressed enzyme cyclooxygenase-2 (COX2)
in colon cancer cells (Wu et al. 2012).

1.5 Clinical Toxicity of Alkaloids

The medical adverse effects and toxicities of chemotherapeutic drugs provide
insights about the unique activity of each drug and its function in the human body
system. The choice of the appropriate chemotherapeutic drug is based on several
considerations which include the type, size, and grade of the tumor in addition to the
patients’ comorbidities, age, and health status at the time of chemotherapeutic
administration.

The different drugs within the vinca alkaloid family have a variable toxicity pro-
file. Vinflunine is the latest member of the vinca alkaloid, which is evaluated in
multiple trials for the treatment of metastatic and advanced urothelial cancer. A



1 Anticancer Alkaloids: Molecular Mechanisms and Clinical Manifestations 21

systematic review and meta-analysis to examine the toxicity profile of vinflunine
showed that fatigue (40.1%), nausea (33.9%), constipation (34.1%), and alopecia
(26.0%) are the most prevalent non-hematological adverse effects, whereas anemia
(56.6%), neutropenia (46.0%), and thrombocytopenia (25.5%) are the most com-
mon hematological adverse effects (Brousell et al. 2018). Neurotoxicity and axonal
neuropathy are most notable with vincristine treatment, a dose-dependent toxicity
that is caused by interrupting microtubules within axons (Quant 2014). However,
neurotoxicity is usually reversible requiring few months for recovery (Quant 2014).
Nearly all patients have neurotoxicity following vincristine treatment which is man-
ifested as paresthesia in the feet and fingertips, cramps, and weakness often occur-
ring weeks post treatment (Quant 2014). Vincristine-induced autonomic neuropathy
is commonly displayed as abdominal pain, constipation, and paralytic ileus (Quant
2014). Vinblastine, another vinca alkaloid, is associated with less neurotoxicity but
results in a dose-dependent hematological toxicity; in the same token, vinorelbine
has less neurotoxicity that is reversible post treatment (Quant 2014).

Paclitaxel showed many adverse effects that were manifested during clinical tri-
als. These include myelosuppression, neurotoxicity, musculoskeletal, and dermato-
logical adverse effects (Walker 1993). Myelosuppression, neutropenia, and/or
leukopenia was considered a major dose-limiting toxicity. In fact, results from
phase I and II clinical trials showed that the administration of a recommended drug
dose intravenously for 24 h every 3 weeks caused neutropenia and leukopenia in
68% and 26% of patients, respectively (Walker 1993). Thrombocytopenia was not
significant when compared to leukopenia and neutropenia in paclitaxel-induced
myelosuppression. Paclitaxel-induced severe neurological toxicity occurred at
higher doses. Initial signs of neurotoxicity are paresthesia manifested as a burning
sensation in the feet tailed by a sensation loss in a stocking-and-glove distribution
followed by loss of pain sensation, vibration, temperature, and reflexes (Walker
1993). Arthralgias and myalgias are dose-dependent effects that are displayed at
high paclitaxel doses causing bone and joint pain (Walker 1993). Alopecia was
abrupt involving facial and body hair loss and occurred in almost all patients
2 weeks post treatment (Walker 1993).

Docetaxel can cause both acute and chronic adverse effects. Myelosuppression,
cardiovascular toxicity, gastrointestinal, and dermatological side effects are some of
the acute toxicities of docetaxel. On the other hand, neurotoxicity is one of the
chronic side effects that can persist after the completion of the drug regimen (Ho
and Mackey 2014). Unlike other chemotherapeutic regiments, febrile neutropenia
could develop in patients receiving chemotherapeutic regimen containing docetaxel
(Ho and Mackey 2014). Febrile neutropenia usually requires hospitalization and is
associated with increased risk of developing serious infections in addition to high
morbidity and mortality (Ho and Mackey 2014). In terms of the cardiovascular sys-
tem, patients taking docetaxel experience fluid retention manifested as swelling in
their extremities, ascites, and pericardial and pleural effusions, likely due to
docetaxel-induced increase of capillary permeability and fluid leakage into the tis-
sues (Ho and Mackey 2014). Fluid retention is a dose-dependent side effect and can
be decreased by co-administration of steroids or symptomatically treated by
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diuretics (Ho and Mackey, 2014). Docetaxel-induced nail toxicity consists of hyper-
keratosis, subungual and splinter hemorrhages, nail growth cessation, and separa-
tion of the nail from the nail bed (Ho and Mackey 2014). Nail toxicity can be slowed
down using frozen gloves and socks and can be resolved 6—12 months post treat-
ment (Ho and Mackey 2014). Long-term neurotoxicity induced by docetaxel
includes motor and sensory peripheral neuropathy, which is however less severe
than paclitaxel and can be manifested as tingling, numbness, and loss of reflexes
(Ho and Mackey 2014).

Irinotecan and topotecan are two camptothecin analogues that show variability in
their profile toxicity. Irinotecan is used in the management of gastrointestinal tumors
and therefore has mainly gastrointestinal adverse effects. On the other hand, topote-
can has predominantly hematological profile toxicity (Seiter 2005). Seiter com-
pared the toxic effects of the two drugs showing that irinotecan caused diarrhea in
20-40% of patients, while neutropenia occurred in 20-40% and 70-80% in irinote-
can and topotecan, respectively (Seiter 2005). Anemia and thrombocytopenia are
the other hematological toxicities occurring in patients receiving topotecan in 2040
and 2-30%, respectively (Seiter 2005).

Omacetaxine mepesuccinate is a semisynthetic homoharringtonine approved by
FDA in 2012. Clinical trials that included patients with chronic myeloid leukemia
showed that hematological toxicity was the most common adverse effect of omacetax-
ine including thrombocytopenia, anemia, and neutropenia, in addition to other toxici-
ties such as nausea, diarrhea, fatigue, and fever (Damlaj et al. 2016). Hematological
toxicities were predictable and manageable where the highest toxicity occurred in the
initial three cycles following improvement during the maintenance phase (Damlaj
et al. 2016). Of note, it was impossible to conclude that the adverse effects were com-
pletely related to the omacetaxine drug versus the underlying chronic myeloid leuke-
mia disease due to the lack of a control arm (Damlaj et al. 2016).

Trabectedin’s predominant dose-dependent toxicity is neutropenia and abnormal
liver function, namely, an increase in alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) as well as bilirubin and alkaline phosphatase probably
because trabectedin is cleared by hepatic metabolism (Jordan et al. 2015).
Importantly, liver biopsies post phase I trial treatment did not show serious liver
damage, and thus many studies showed that liver enzyme abnormality was revers-
ible and was not associated with significant liver dysfunction (Jordan et al. 2015).
Furthermore, neutropenia was the predominant manifestation of trabectedin-
induced myelosuppression during clinical studies ranging between 24% and 100%
(Jordan et al. 2015). Moreover, nausea and vomiting have been reported in trials,
and thus trabectedin can be best described as a moderately emetogenic agent (Jordan
et al. 2015). Interestingly, rhabdomyolysis, muscle breakdown, has been described
as an uncommon toxicity of trabectedin treatment with no clear mechanism of this
adverse effect (Jordan et al. 2015). In contrast to other cytotoxic chemotherapeutic
agents, dermal toxicity, alopecia, and diarrhea are uncommon (Jordan et al. 2015).

Eribulin is a halichondrin analogue that was approved by the FDA in 2010 for
cancer treatment. Multiple studies assessed the safety profile of eribulin as a single
agent, and the most common dose-limiting drug toxicity was fatigue, anorexia, and
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febrile neutropenia, in addition to other toxicities such alopecia, hypophosphatemia,
and hypoglycemia (Preston and Trivedi 2012). Patients with underlying renal
impairment experienced liver function test abnormalities and sensory neuropathy
(Preston and Trivedi 2012).

Cytarabine, a pyrimidine analogue, is used to treat many types of cancer includ-
ing lymphomas, leukemias, and neoplastic meningitis when used intrathecally
(Quant 2014). Little neurotoxicity is manifested when cytarabine is used in conven-
tional doses; however, higher doses can cause acute cerebellar syndrome; the under-
lying pathogenesis of cerebellar syndrome is still unknown even though loss of
Purkinje cells in the cerebellum is known (Quant 2014). This syndrome is likely to
occur in patients who have abnormalities in their renal or liver function or if they are
above the age of 40. It is characterized by somnolence and encephalopathy post few
days of treatment followed by cerebellar signs such as ataxia (Quant 2014).
Peripheral neuropathy such as optic neuropathy, lateral rectus palsy, Guillain-Barre
syndrome, and brachial plexopathy can be occasionally caused by high doses of
cytarabine (Quant 2014).

1.6 Discussion

Nature has provided mankind with many invaluable benefits mainly through its
chemical products that are used as medicine to cure human diseases. The discovery
of natural bioactive molecules and assessing their biological activities has been a
basic scientific endeavor aimed at treating the countless maladies, specifically
malignancies. The most significant challenge of all times was turning these natural
products into commercialized medicines and effectively using them to eradicate
tumors. In fact, the cost of moving a new drug from bench to bedside has been the
main limiting factor for commercializing natural products. Developing a drug cur-
rently costs more than 2500 million dollars and only 11.8% of the drugs tested in
clinical trials will eventually get FDA approved according to a new study performed
by the Tufts Center for the Study of Drug Development (http://csdd.tufts.edu/news/
complete_story/pr_tufts_csdd_2014_cost_study). Another major challenge is the
lag time needed for these molecules to be discovered, then researched for usefulness
in human trials, and later marketed, a time which is estimated to be more than
10 years of thorough testing and investigation. A further complication is related to
the legislation protocols to access and utilize these natural products for human tri-
als. All these factors have hampered the pharmaceutical industry to invest in the
quest for finding natural products with anticancer potential.

Notwithstanding these obstacles and difficulties, alkaloids, being the largest sub-
unit of naturally derived secondary metabolites, have been extensively studied and
shown to carry promising antitumor potential for the treatment of cancer. Since their
discovery, alkaloids have shown a rich history of pharmacological activities (Igbal
et al., 2017), which promoted their translation to clinical trials. More than 10 alka-
loids are currently undergoing clinical evaluation (Table 1.2), and more than 14
survived clinical trial testing and received FDA approval for the treatment of various
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diseases including but not limited to cancer (Table 1.1). The majority of FDA-
approved and clinically tested alkaloids are derived from plants, with few derived
from marine organisms. Alkaloids serve diverse purposes in plants including stor-
age and transport of acids, antioxidant protection, anti-predation effects, end prod-
ucts of metabolism, waste products, and source for energy and reserve of nitrogen.
In marine organisms, the soft bodies and sedentary lifestyle of these organisms
caused the evolution of mechanisms for synthesizing or extracting toxic compounds
and releasing them into surrounding environments for protection. Once released to
the water, these compounds become diluted rapidly; thus, they must be very potent
to mediate the desired effect (Hussain 2012). The protective role of alkaloids in both
plants and marine organisms underlies to some extent their therapeutic potential.
The cytotoxicity of some of these compounds resulted in their limited use in human
trials; however, extensive structural modifications have and are still being developed
to overcome toxicity, solubility, and availability problems and enhance potency. In
fact, almost all clinically used alkaloids have been synthesized and are referred to as
hybrid molecules or semisynthetic (Kaur 2015). Another limitation is the slow
growth and endangered status of the majority of alkaloid-yielding plants, which
necessitates the adoption of alternative approaches for the supply of these mole-
cules. The workable alternatives include the application of biotechnology in plant
cell and tissue culture or fermentation technology of alkaloid-producing microbes
and metabolic engineering (Isah 2016). The generation of an adequate biomass of
marine-derived molecules is still a drawback for translating marine-based drugs into
the market.

Unlike plant-derived molecules, the structural complexity of marine molecules
limits their total chemical synthesis by economically feasible strategies. Aquaculture
of the source organisms including sponges and tunicates has succeeded in providing
a supply of drug products; however, this supply is still far short from what is required
for marine-based drugs to enter the market. In addition, these cultures are subject to
uncertainties such as destruction by ocean pollution and improper exploitation of
the undersea world. One interesting strategy for overcoming this issue is to identify
the true leading producers of these bioactive compounds. To do so, maximizing the
search for botanical and marine diversity is a must to find new sources from newer
and hitherto unexplored areas. This plan is expected to deliver a number of new or
analogous molecules with high activity and less toxicity. Development of high-
throughput isolation of components from a crude natural product extract using
highly automated separation techniques will enable chemists to speed up the isola-
tion, purification, and characterization processes. These modern techniques coupled
with high-throughput screening systems and the combination of complementary
technologies, such as genomics, proteomics, metabolomics, metagenomics, meta-
bolic and genetic engineering, and synthetic biology, are expected to yield a much
larger number of lead structures in the near future with lower investment of time and
money (Demain and Vaishnav 2011).

Unlike the long-standing historical medical uses of plants, marine organisms have
a shorter history for the treatment of human diseases. In fact, it was not until the
middle of the twentieth century that scientists began to systematically probe the
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oceans for medicines. Advancement in drug discovery research resulted in the iden-
tification of many bioactive molecules from marine organisms. Despite that, the rich
marine biodiversity has so far been explored to an extremely limited extent. This
diversity is most likely capable of delivering a great abundance of secondary metabo-
lites for research use (Hussain 2012) and might exceed those derived from plants.
The extensive research on plant-derived alkaloids has deciphered major mechanisms
of action of these molecules including topoisomerase inhibition, mitotic arrest, and
inhibition of protein synthesis. On the other hand, most marine-derived alkaloids
discovered so far have been shown to mediate their effect through inhibition of DNA
polymerase and induction of double-strand breaks (Demain and Vaishnav 2011). A
major problem with antimitotic drugs is that they only target cells in M-phase, leav-
ing G1- or S-phase tumor cells refractory to the drug’s cytotoxic effect. These cells
can then repopulate the tumor mass once the drug is cleared. In addition, the under-
estimation of the human tumor doubling time in comparison to cell lines and animal
models was a major challenge for advancing many of these agents into human test-
ing. The considerable clinical efficacy of taxane, an antimitotic agent, is explained by
the drug retention issue, where paclitaxel has been shown to linger in the tumor cells
for a week and is thus able to exert its cytotoxicity unlike other agents that have a
median half-life of approximately 13 h. In addition, paclitaxel is likely to target qui-
escent cancer cells because of the importance of microtubule dynamic trafficking in
cells not undergoing mitosis (Chan et al. 2012). The fact that very few marine-derived
alkaloids act as antimitotic agents provides an advantage for these drugs over plant-
derived alkaloids. Although creating DNA double-strand breaks is an effective and a
powerful mechanism by marine-derived alkaloids, there are three principal underly-
ing factors of their bioactivities that are still not fully understood. First, what is the
precise molecular link between the DNA repair systems, cell response to such DNA
damage, and its effects on transcription regulation? Second, what is the role of tumor
stroma interactions with the DNA-damaging alkaloids? And finally, how can we
explain the context-specific induction of DNA damage in different tumor types? For
example, in some tumors, the DNA-damaging anticancer activity of trabectedin
stems mainly from its ability to modulate the tumor microenvironment by inhibiting
tumor-associated macrophages (TAMs) that display several pro-tumoral functions
such as on/off switching of neo-angiogenesis, whereas, in other tumors, the high
activity of trabectedin can be related to its negative regulation of common cancer
hallmark genes. It has the capacity to displace the oncogenic fusion protein FUS-
CHOP (an abnormal transcription factor) from its target promoter, thus inhibiting its
trans-activating ability (D’Incalci et al. 2014). Further investigations on the mecha-
nism of action of these drugs in different tumor types could lead to a better under-
standing of the key molecules targeted by these drugs and ultimately allow the
development of personalized treatments for cancer patients.

In terms of alkaloid toxicity, research has shown that compounds belonging to
the same family have almost similar clinical manifestations probably due to struc-
tural similarity. Interestingly, both plant- and marine-derived alkaloids cause gastro-
intestinal adverse effects (Table 1.3). Abnormal liver function is a major manifestation
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in marine-derived alkaloids, most likely because these compounds are cleared by
hepatic metabolism (Jordan et al. 2015).

Despite their clinical manifestations, alkaloids are valuable lead compounds for
drug discovery. In addition to their anticancer activity, alkaloids have been shown to
act as chemopreventive agents through modulation of various pathways and gene
expression. Importantly, alkaloids have been shown to modulate MDR, which is a
major reason for cancer treatment failure by chemotherapy, by restoring drug sensi-
tivity. The combination of alkaloids with various chemotherapeutic drugs has been
shown to restore chemosensitivity through various mechanisms including suppres-
sion of ABC-transporters such as P-gp, MRP1, and ABCG2 and induction of apop-
tosis (Aung et al. 2017). The best possible drug combinations are based on the
understanding of the cancer-specific context of mutated oncogenes, tumor suppres-
sor genes, and their regulatory pathways. This suggests that alkaloids merit further
investigation as anticancer and chemo-sensitizing cancer therapeutics to improve
our understanding of the molecular changes in cancer cells and provide clues about
how the disease can be controlled.
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Emerging Alkaloids Against Cancer:
A Peep into Factors, Regulation,
and Molecular Mechanisms
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Abstract

Chemoprevention by the use of plant-derived alkaloids has gained attention
worldwide to reduce the burden of malignantly transformed neoplastic cells on
overall health and well-being. These active agents follow different molecular
routes to block, suppress, and prevent the metastasis of cancerous cells. Alkaloids
are plant-derived secondary metabolites that contain heterocyclic nitrogen and
are well exploited as immunomodulators to prevent mutagenesis and inflamma-
tion along with antibacterial and anticancerous agents. Their mode of action
includes alteration of enzymes or certain transcription factors involved at various
stages of cancer progression or to deal with resistance of cancerous cells to vari-
ous drugs. These alkaloids also enhance the availability of anticancerous drugs at
various target sites. Alkaloids play a crucial role in regulating cell cycle by
increasing cancerous cell death, angiogenesis, autophagy, alteration of mito-
chondrial membrane, and COX-2, Bcl-2 and Bel-XL regulation for inducing cas-
pase activity. Alkaloids also act as inhibitors of telomerase, STAT-3, and PI3K/
Akt signaling events. Further, research is required for validation of exact antican-
cer mechanism of novel alkaloids for their use in combination therapy. Effective
drug delivery system with clinical anticancer trials can further strengthen the
research in this area.
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In today’s era there is an enormous increase in reported cases of cancer and it has
been identified as a critical health issue causing huge economic losses in all the
regions (Siegel et al. 2017). There are different factors (Fig. 2.1) contributing to
cancer progression such as genetic (5-10%) and climatic factors including man-
ner of living (90-95%). Some important ones include food habits, drug addiction,
environmental mutagens, and individual physical/mental state (Parsa 2012;
Katzke et al. 2015). Only a very few nutraceutical agents have been tested in
human intervention trials for their chemopreventive activities (Scott et al. 2009;
Hosseini and Ghorbani 2015).

A better understanding of potential risk factors in patients that trigger initiation
and progression of cancer at molecular level can reduce the incidence of cancer
(Sloan and Gelband 2007). Incidence of cancer can be reduced by 40-50% by using
the above knowledge in designing public health strategies (Stewart et al. 2016).
Among our diet there are many components which have been proved to be muta-
genic and can transform healthy cells into cancerous cells (Zielinski 2014). On the
other hand, many components of healthy diet have been associated with anticancer-
ous potential (Gonzalez-Vallinas et al. 2013; Rajesh et al. 2015; Baena Ruiz and
Salinas Hernandez 2016). Therefore, there is a need to work out the mode of action
of these dietary components in suppressing cancer before their prescription in clini-
cal trials (Greenwald 2002). Plant-derived nutraceuticals in the form of alkaloids,
flavonoids, and terpenoids have gained importance in controlling cancer progres-
sion by different molecular mechanism (Braicu et al. 2017). The significance of
educating humans regarding the use of plant-based pharmaceutics in decreasing the
risk of cancer is proposed (Pem and Jeewon 2015).

Environment
90-95%

Cancer

Genes 5-10%

Fig. 2.1 Cancer contributing genetic and environmental factors
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2.1 Cancer Development

Cancer development involves slow and dynamic changes involving initiation, pro-
motion, and progression to transform healthy cells into a bunch of malignant cells
(Cooper 2000). This transformation can be interrupted at different stages by using
plant-derived chemopreventive agents (Landis-Piwowar and Iyer 2014; Donaldson
2004; Anand et al. 2008). The present chapters include the different aspects of can-
cer development and chemoprevention and have analyzed the chemopreventive
action of an important plant-derived secondary metabolite, i.e., alkaloids, which can
be helpful in exploiting alkaloids in cancer management.

2.2  Cancer Chemoprevention

For cancer prevention, different natural or synthetic agents have been tried by vari-
ous researchers that can suppress various molecular/signaling pathways controlling
progression of cancer (Landis-Piwowar and Iyer 2014). There are different types of
chemoprevention (Fig. 2.2). Primary chemoprevention involves the blockage of
premalignant zones by using blocking agents, whereas secondary chemoprevention
suppresses the process of development of these zones to malignant growth (sup-
pressing agents), and tertiary treatment prevents the dispersal of cancer by inhibit-
ing tumor progression (Greenwald 2002; Steward and Brown 2013; Wattenberg
1985). Nowadays, multi-chemopreventive strategy is preferred, which involves uti-
lization of low doses of combined chemopreventive agents for reducing the risk of
tumor development with less side effects (Chen and Malhotra 2015; Ullah and
Ahmad 2016). However, these agents have several disadvantages involving high

Initiation .. Proliferation Progression

L — @ —

°, X R X
Healthy Cells Stimulated Cells

Preneoplasticfocal
Primary chemoprevention
Secondary

Chemoprevention

Neoplastic cell

Metastasis

Tertiary chemoprevention *

Fig. 2.2 Initiation of cancer involves the conversion of healthy cells into stimulated cell that
transforms to preneoplastic and neoplastic cells. Alkaloids interfere with initiation step (primary
chemoprevention), proliferation, and progression (secondary chemoprevention) to finally inhibit-
ing the invasion and metastasis (tertiary chemoprevention)
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price and more time consumption for its epidemiological, biochemical, pharmaco-
kinetic, and pharmacodynamic properties (Rather and Bhagat 2018).

2.3 Alkaloids

Since ages, people are using botanical plants in the form of home remedies for treat-
ing various health-related illnesses and disorders (Halberstein 2005) as synthetic
drugs have severe side effects and clinical risks (Bishayee and Sethi 2016).
Therefore, herbs of plant origin have been gaining popularity throughout the world
with therapeutic potential for treating different deadly diseases (Das and Dhanjal
2015). The remedial potential of these herbs involves the presence of bioactive
ingredients that are having therapeutic properties. Alkaloids are such secondary
metabolites with potential biological activity, being diverse in structure and biosyn-
thetic pathways. Alkaloid nomenclature was coined in 1819 by W. Meisner. It means
naturally present organic compounds that are alkaline in nature. Alkaloids have
been described as basic compounds that contain heterocyclic nitrogen and are syn-
thesized in plants from amino acids or their immediate derivatives in either plant or
animal origin. Most alkaloids are colorless, crystalline compounds, e.g., coniines,
but some such as nicotine and hygrine are liquids. Most of them are optically active,
and different active forms are usually found but not in different plants.

More than 17,000 alkaloids have been isolated with potential biological and
pharmacological activities (Mohan and Jeyachandran 2012), and approximately
20% are vascular plant-based alkaloids (Yang and Stockigt 2010). Among them, 80
compounds have been clinically tested, and few of them have been used for this
deadly disease due to its therapeutic potential (Lu et al. 2012). These alkaloids are
basically low molecular weight compounds having the nitrogen atom in the hetero-
cyclic ring, typically alkaline in nature. On the basis of biogenesis, alkaloids are
categorized in three categories mentioned in Table 2.1. Several alkaloids have been
reported to have different therapeutic activities. Alkaloids have also been classified
into different categories depending on their biosynthetic precursor and heterocyclic
ring system (Table 2.2).

This book chapter basically deals with the important plant-derived alkaloids that
are known to have anticancerous potential and are being exploited against different
kinds of cancers in vitro, in vivo, and in human clinical interventions.

2.3.1 Vinca Alkaloids

Alkaloids derived from Catharanthus roseus, along with chemotherapeutic drugs,
have been widely used in treating different kinds of tumors. Vinblastine, vincristine,
vindesine, vinorelbine, and vinflunine are different forms of vinca alkaloids that are
tried in various medical studies (Fahy et al. 2008). Only two derivatives (vindesine
and vinorelbine), semisynthetic analogs of vinblastine, are recently used clinically.
Antitumor activity of vinca alkaloids is mainly due to interaction with tubulin to
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Table 2.1 Classification of alkaloids on the basis of their biogenesis

Alkaloid | Origin Example | Biological structure Biological significance
True Derived from Atropine | ™~y oH Anticholinergic
alkaloid | amino acids that ﬁ (Ziegler and Facchini
have nitrogen in o o 2008)
heterocyclic ring o
Proto Derived from Taxol Used for treating
alkaloid amino acids that ovarian, breast, and
don’t have lung cancer (McGuire

nitrogen in et al. 1989; Zasadil

heterocyclic ring etal. 2014)
Pseudo Not derived from | Caffeine O Antioxidant and
alkaloids | amino acids but - Nf anti-inflammatory
have nitrogen in N (Herman and Herman
their heterocyclic 2\ | /> 2013)
ring @) |T| N

interfere in the development of mitotic spindle and resultant cell division arrest in
metaphase (Dumontet and Jordan 2010). By inhibiting the rate of microtubule
growth and enlargement, these alkaloids basically arrest cell cycle which in turn
kills diseased cells (Ngan et al. 2001). The molecular events in the cell killing by
vinflunine (alkaloids) involve Bcl-2 phosphorylation with apoptosis involving acti-
vation of caspases 3/7 and c-Jun N-terminal kinase 1. Vinflunine has been reported
to have antivasculature effect thereby inhibiting the vascular supply to tumor and
inhibiting its growth (Holwell et al. 2001). This effect involves the disruption of
vascular tissues, anatomical changes in endothelial cells, formation of deformed
capillary-like structures, and obstruction in endothelial cell motility along with pro-
liferation (Ali et al. 2012). Vinflunine is inhibitory toward bFGF-induced angiogen-
esis with greater superiority over vinorelbine and is effective at doses 16 times
lower than maximal therapeutic dose (Kruczynski et al. 2006). In 2009, this alkaloid
has been sanctioned by the European Medicines Agency as therapeutic drug for
treating adult patients in advanced or metastatic transitional stages of urothelial
tract carcinoma (Vaughn et al. 2009).

Structure of vinca alkaloids
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Table 2.2 Some important groups of alkaloids based on heterocyclic ring structure and their

source and activities

S. No. | Type of alkaloid

Examples with botanical
origin

Therapeutic activities

1. Indole Ergotamine, ergometrine | Antihypertensive,
(benzopyrrole) Oj (Claviceps purpurea), antitumor (El-Sayed and
N reserpine (Rauwolfia Verpoorte 2007)
H serpentina),
physostigmine
(Physostigma
venenosum), vinblastine,
vincristine (Vinca
rosea), strychnine
(Strychnos nux-vomica)

2. Pyrrolidine Hygrine (Erythroxylum | Antibacterial, antifungal,
coca), stachydrine and antitubercular
(Stachys tuberifera) (Parmar et al. 2012)

3. Pyridine Arecoline (Areca Antimicrobial (Machado
catechu), ricinine et al. 2012)

(Ricinus communis),
trigonelline (7Trigonella
foenumgraecum)

4. Piperidine Connine (Conium Antioxidant, anti-
maculatum), lobeline inflammatory (Herman
(Lobelia inflata), and Herman 2013)
pelletierine (Punica
granatum)

5. Tropane Atropine (Atropa Anticholinergic (Ziegler
[piperidine belladonna; Datura and Facchini 2008)
pyrrolidine stramonium), cocaine
(N-methyl)] (Erythroxylum coca),

hyoscyamine (Atropa
belladonna)

6. Quinoline Quinine, quinidine Antimalarial,
(Cinchona officinalis), antibacterial, antifungal,
cuspareine (Cusparia anthelmintic,
trifoliata) cardiotonic,

anticonvulsant,
anti-inflammatory,
analgesic (Marella et al.
2013)

7. Isoquinoline X |Papaverine (Papaver Antihyperglycemic,
somniferum), berberine antitumor, antibacterial

N | (Hydrastis canadensis), | (Nassiri 2013)

emetine (Uragoga
ipecacuanha),
corydaline (Corydalis
aurea)

(continued)
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Table 2.2 (continued)

Biological Examples with botanical
S. No. | Type of alkaloid | structure origin Therapeutic activities
8. Imidazole N Pilocarpine (Pilocarpus | Ophthalmic disorders
(} Jjaborandi) (Cronemberger et al.
N 2012)

9. Purine H Caffeine (Thea sinensis, | Antioxidant, anti-
(pyrimidine .L\h Camellia sinensis, inflammatory (Herman
imidazole) T' | \| Coffea arabica) and Herman 2013)

Q\‘rN/’ "

10. Pyrrolizidine HO OH | Senecionine (Senecio Antidiabetic,

H vulgaris), anticancerous (Majik
b§ senneciphylline (Senecio | and Tilve 2012)
N platyphyllus)
11 Norlupinane Sparteine (Lupinus Antimicrobial (Singh
(quinolizidine) luteus, Lupinus niger, etal. 2011)
N Cytisus scoparius),
lupinine (Lupinus luteus,
Anabasis aphylla)

2.3.2 Camptothecin

This alkaloid was first extracted from Camptotheca acuminate with broad spectrum
against cancer. It includes both alkaloids (14) and terpenoids (3) which were
extracted from a tree named as Ervatamia heyneana (Apocynaceae). Few campto-
thecin (CPT) such as 9-methoxy camptothecin coronaridine, pericalline, heyneatine,
and 10-methoxyeglandine N-oxide possessed cytotoxicity effect (Mohan et al.
2012). Its first clinical trial was conducted in the 1970s, but this attempt was not
successful due to its side effects like severe bladder toxicity (Potmeisel 1995). The
first-generation analogs of two camptothecin alkaloids are used for treating differ-
ent cancers (ovarian, colorectal, small-cell lung cancers), while several second-
generation camptothecin analogs are still in clinical trials (Yu-Feng and Ruiwen
1996). Semisynthetic derivatives of camptothecin (viz., topotecan and irinotecan)
are used for treating ovarian, lung, and colorectal cancers (Creemers et al. 1996;
Bertino 1997) by acting on human DNA topoisomerase I (topo I) through blockage
of cleavage/religation which results in formation of covalent reaction cleavage com-
plex intermediate. Basically, CPT action involves the killing of S-phase by poten-
tially lethal collisions between replication forks and cleavage complexes which also
results in triggering the development of long-lived covalent topo-I DNA complexes
for its cytotoxicity (Liu et al. 2006).
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Structure of camptothecin

2.3.3 Hirsutine

Hirsutine, another major alkaloid, was extracted from plants named as Uncaria
which has been used for treating human breast cancer cells HER2 positive, pS3-
mutated MDA-MB-453, and BT474 cell lines by blocking Akt (Lou et al. 2015). Its
main mechanism involves the DNA damage by upregulating H2AX, a marker of
DNA breakage, enhancing the p-p38 MAPK expression (Dickson and Schwartz
2009). The treatment of aggressive subtype of breast cancer (triple negative breast
cancer, TNBC) involves in vitro use of hirsutine which proved that this major alka-
loid modulates the survival pathways that results in DNA damage against cancerous
cells (Zhang et al. 2016). This study showed that hirsutine could be used with other
chemotherapeutic drugs for treating TNBC. The use of hirsutine on molecular activ-
ity has restricted only on breast cancerous cells. There would be a need to study this
newly discovered metabolite to unveil its medicinal effects on different types of
cancers which may result in developing an effective anticancer drug. Shih et al.
(2009) found that a-tomatine, another glycoalkaloid common in Lycopersicon escu-
lentum, possesses the similar mechanism like hirsutine by suppressing Akt phos-
phorylation and extracellular signal-regulated kinases 1 and 2 (ERK1/2) but without
affecting the p38 MAPK.

Structure of hirsutine

2.3.4 Cathachunine, Subditine, and Rohitukine

In majority of cancers, the accumulation of DNA-damaging reactive oxygen species
(ROS) leads to development of neoplastic cells. These ROS are damaged by inhibit-
ing the oxidation of proteins when the limit exceeds; hence, a balance is always
maintained. But several anticancer alkaloids in cancerous cells drastically alter the
ROS balance leading to ROS-induced apoptosis. Cathachunine, which is isolated
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from Catharanthus roseus, and subditine, extracted from Nauclea subdita, are two
newly discovered alkaloids that act by ROS-induced apoptosis in cancerous cells.
These two alkaloids have been used effectively against skin and glandular cancer
(Wang et al. 2016; Liew et al. 2014). Another alkaloid, rohitukine, extracted from
Dysoxylum binectariferum, has been used for treating breast, ovarian, and lung can-
cer by altering the ROS balance (Kamil et al. 2015).

Me
|
N

HO. Q.

Structures of cathachunine (a), subditine (b), and rohitukine (¢)

2.3.5 Taxol

Taxol (paclitaxel), a terpene alkaloid, exists as the most prominent natural chemothera-
peutic agent extracted from the bark of the Pacific yew tree, Taxus brevifolia (Wani et al.
1971). Horwitz while studying with the tree 7. baccata discovered that the mechanism
of Taxol involves the cellular target as tubulin (Schiff et al. 1979). This alkaloid is
regarded a wonderful drug for treating breast, lung, and ovarian cancer which fetches
highly priced amount in the drug market more than $1 billion per year (Malik et al.
2011). This alkaloid is available in the market under the trade name Taxol® BMS
[Bristol-Myers Squibb]). In 1971, its properties against cancer were found in Pacific
yew tree (7. brevifolia) extract (Wani et al. 1971). It occurs in the form of crystalline
powder of white to off-white color with a molecular formula of C,;Hs;NO,,.

H
u - O
OH

HO Y3
SH X—{"H
© :Oc:f o)
%o

Structure of Taxol
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Fig. 2.3 Mechanism of action of Taxol

Microtubules within the cells play an essential role in mitotic spindle assembly
that is required for M phase cell division. Basically Taxol belongs to the category of
anticancer drugs that target microtubules. Unlike other antimicrotubule drug that is
colchicine and vinca alkaloids that dismantle the microtubules, the Taxol binds to
the protein tubulin which results in making microtubule complex highly stable but
nonfunctional. As a result, it induces mitotic arrest and leads to cell division failure
(Fig. 2.3). This activates apoptosis and results in cell death (Rowinsky and
Donehower 1995). This drug also targets mitochondria as well as inhibits the apop-
tosis inhibitor protein, Bcl-2 (Ferlini et al. 2003). This drug is hydrophobic in
nature; hence, there is problem in distributing it in tumor tissues. It requires a suit-
able carrier for efficient delivery in tumor tissues of a patient. Therefore, it is cur-
rently available in the market as anticancer drug under the brand name as paclitaxel
and directed to the cancerous patients via polyethoxylated castor oil (Cremophor
EL, CrEL) or albumin-bound (nab-paclitaxel, Abraxane®). Nowadays, new pacli-
taxel formulations are available in different formulations: nanoparticles, emulsions,
liposomes, and micelles (Hennenfent and Govindan 2006).

2.3.6 Berberine

Berberine is a quaternary ammonium salt of benzylisoquinoline alkaloid isolated
from different parts (roots, rhizomes, and bark) of medicinally important plants,
viz., Hydrastis canadensis (goldenseal), Coptis chinensis (Coptis or golden thread),
Berberis aquifolium (Oregon grape), Berberis aristata (tree turmeric), and Tinospora
cordifolia (guduchi or giloe) (Sturm and Stuppner 1998). Different studies have
proved that this alkaloid possesses antitumor properties with various mechanisms
under in vitro and in vivo conditions (Jabbarzadeh et al. 2014; Ortiz et al. 2014; Sun
et al. 2009). This drug was already used for treating cancers, namely, breast, pros-
tate, and colorectal cancer (Barzegar et al. 2015). Another alkaloid that is palmatine
resembles structurally with berberine as protoberberine alkaloids that are found in
the same plant species. The mode of action of berberine is quite complex. It is basi-
cally a wide spectrum enzyme inhibitor, which inhibits the action of various
enzymes (Fig. 2.4), namely, N-acetyltransferase, cyclooxygenase-2, and topoisom-
erase which results in inhibiting gene/protein expression (Sun et al. 2009). It
involves the formation of ROS in tumor cells; alters mitochondrial transmembrane
potential; inhibits DNA topoisomerase activity; joins with DNA or RNA and metal-
loproteinase regulation; prevents the action of activator protein 1, cyclins, and p53;
and induces caspase activity and nuclear factor (NF-kappa B) signal activation. It
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Fig. 2.4 Mechanism of action of berberine on different cancer cell types
also hinders the rapid growth and multiplication of certain tumor-causing microbes
and viruses, such as Helicobacter pylori and hepatitis B virus. Therefore, the effect
of berberine through different mechanisms may lead to arrest of cell cycle progres-
sion and cause cell death via apoptosis and activate autophagy. The quaternary
amine presence in berberine structure leads to poor water solubility with less
absorption in the alimentary canal that restricts its use and development as an anti-
cancerous drug. Therefore, there is a need to develop advanced mechanism for
administering berberine drug in cancerous patients which improves its solubility
and absorption. The development of nanoparticulate drug delivery system in the
form of polymeric formulations as nanoparticles, nanocapsules, liposomes, solid
lipid nanoparticles, and nanoemulsions improves the overall efficacy of berberine as
anticancerous agent. The overall effect of berberine has increased along with other
chemotherapeutic drugs/radiotherapy. This study has proved that berberine in com-
bination with other drugs (cisplatin and evodiamine) could be used against different
tumor cells (Youn et al. 2008). In one of the study, it was found that berberine in

combination with vincristine decreased the overall toxicity toward hepatoma cells
(Yu et al. 2014).

Structure of berberine
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2.3.7 Evodiamine

This alkaloid is a quinazolinocarboline in nature, isolated and purified from Evodia
rutaecarpa Bentham (Rutaceae). Different studies reported that this alkaloid exhib-
its hindering effects on migrating tumor cells and promotes cell death in various
cancerous cells (colorectal, gastric, cervical, liver, prostate, melanoma, lung and
breast, gastrointestinal, and genitourinary tract cancers (Yang et al. 2009, 2010,
2014; Wang et al. 2010; Zhu et al. 2009). It possesses antitumor activity through
different mechanisms that are progression of cell cycle arrest at the G2/M phase by
upregulating cyclins B1, p27, and p21 that in turn inactivate cdc2 and pRb, and
another mechanism involves the induction of caspase-3, caspase-8, and caspase-9
activity which later leads to apoptosis in cancerous cells (Kan et al. 2004; Yang et al.
2014; Zhong et al. 2015). It also increased the level of lactate dehydrogenase that
induces apoptosis or necrosis in carcinogenic cells (Lv et al. 2016). Its mode of
action on hepatocellular carcinoma in vivo and in vitro involves the increased
expression of WW domain-containing oxidoreductase (WWOX) expression (Hu
et al. 2017). It was also reported by Lin et al. (2015) that antitumor activity of evo-
diamine was also related by inhibiting f-catenin activity. It enhances ROS produc-
tion level in cancerous cells which may trigger mitochondrial permeability pores
that in turn changes the membrane potential leading to cytochrome c release which
activates an apoptotic signal and ultimately cell death (Gabai et al. 1998). Overactive
PI3K/Akt pathway would also induce apoptosis and leads to cell cycle arrest.
Therefore, the use of this alkaloid significantly affects PI3K and p-Akt expression
and, therefore, considered evodiamine as a potential therapeutic natural compound
for treating various cancers (Lv et al. 2016).

Structure of evodiamine

2.3.8 Matrine

Matrine (C;sH,4N,O) is a promising phytochemical alkaloid extracted from Sophora
flavescens roots with therapeutic potential as anti-hepatic fibrosis, antiviral, anti-
arrhythmic, anti-inflammation, and antitumor (Chui et al. 2004). It exists in nature
in the form of polyphenolic phytoalexin and widely used as potential chemothera-
peutic drug in China. This drug is used for treating various cancers including
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gastric, cervical, lung, liver, breast, and colon cancer (Li et al. 2010). This chemo-
therapy drug does not inhibit the cell size increase and multiplication and cell divi-
sion of normal cells like other drugs, but it improves the count of white blood cells
and boosts the immune system of cancer patients (Zhang et al. 2010). In 1995 the
Chinese FDA (CFDA) approved the Fufang Kushen injection having matrine as
main chemical ingredient as an anticancer drug in order to treat non-small cell lung
cancer and liver cancer in combination with other chemotherapeutic agents (Wu
et al. 2016). Antitumor property of matrine is because of amide bond present in its
structure. Following the opening of D-ring and breaking of the amide bond, the
antiproliferative activities of matrine are lost (Wang et al. 2012).

Matrine acts as a best chemopreventive drug for controlling multistage carcino-
genesis with little toxic and side effects. Therefore, it has also been administered to
cancer patients below 18 years of age. It was helpful in reducing the proliferation
rate in tumor cells by different mechanisms, such as differentiation and apoptosis in
tumor cells, altering cell cycle, leading to cell cycle arrest, and inhibiting telomerase
activity in affected cells, and, therefore, used for treating gastric, cervical, skin can-
cer, and glioma cancerous cells (Zhang et al. 2001). A study by Chang et al. (2013)
has proved that this drug acts on HT29 human cells in the Go/G, phase of the cell
cycle that leads to decrease in cell cycle progression with its antiproliferative effect.
Overall, a decrease in tumor cell proliferation along with apoptosis by matrine may
be one of the factors for anticancer treatment strategy. Various studies on different
types of cancer with different mechanism such as inhibition of tumor growth, apop-
tosis in murine hepatoma cells and gastric tumors, stop of migration and adhesion
in cervical cancer HeLa cells, and invasion and metastasis in human malignant
melanoma A375 cells have proved matrine as anticancerous drug (Yu et al. 2011;
Liuetal. 2010; Li et al. 2010; Taylor et al. 2010). This alkaloid also acts by reducing
anti-apoptotic/pro-apoptotic Bcl-2/Bax ratio, releasing Cyto C from the mitochon-
dria, and subsequently increasing caspase-3 activity and hence inducing apoptosis
and ultimately cell death (Chang et al. 2013). It functions in cooperation with other
anticancerous drugs for not only enhancing anticancerous effects but also reversing
drug resistance with various anticancerous drugs (Huang et al. 2007). Few studies
showed that it can enhance the CPT-11 (a DNA topoisomerase (TOPO) inhibitor),
in colorectal cancer with less adverse effects of CPT-11 (Ren et al. 2014).

Structure of matrine
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2.3.9 Podophyllotoxin and Its Derivatives

Nowadays podophyllotoxin and its derivatives become the main center of attraction
in the medical world due to its extensive pharmacological properties. The develop-
ment of two semisynthetic anticancerous drugs (etoposide and teniposide) has trig-
gered its pharmacological research with more focus on its structural phenotype as
effective biological inventions (Jie et al. 2012; Zhang et al. 2018). Its mode of action
for anticarcinogenic activities induces cytotoxicity to overcome MDR through mul-
tiple mechanisms that include change in certain carcinogenic enzymes, apoptotic
cell death by cell cycle arrest, and suppressing pathways for oncogenic signals
(Fig. 2.5). Different researchers synthesized its derivatives: podophyllotoxin-
piperazine acetate-like ester derivatives for in vitro antiproliferative property for
human cancer cell lines (Sun et al. 2017) and N-(aminosulfonyl)-4-podophyllotoxin
carbamate analogs for in vitro antiproliferative activities for human tumor cell lines
such as HeLa, A-549, HCT-8, and HepG2 (Xiao-Hui et al. 2017).

2.3.10 Sanguinarine

Sanguinarine is a benzophenanthridine alkaloid extracted from the family of
Papaveraceae (Chelidonium majus, Macleaya cordata, and Sanguinaria canaden-
sis L.). It is considered as a potential chemotherapeutic agent for its anticancerous
and apoptotic activities on various types of cancer, namely, epidermal, keratinocyte,
prostate, cervical, breast, leukemia, lymphoma, melanoma, colon, colorectal,
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Fig. 2.5 Schematic representation of multiple drug resistance activity of podophyllotoxin
derivatives
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gastric, pancreatic, lung, neuroendocrine, osteosarcoma, and human neuroblastoma
cells (Kalogris et al. 2014; De Stefano et al. 2009). From the various in vitro studies,
dosage with concentration less than 10 pmol is quite effective as anticancerous
agent. The apoptosis induced by sanguinarine involves multiple pathways that
include nuclear factor-kB (NF-kB) activation and caspase activation and alters
mitochondrial damage and termination of cell cycle (Adhami et al. 2003, 2004;
Chaturvedi et al. 1997). This alkaloid downregulates the Bcl-2 protein expression
and increase in Bax protein that results in mitochondrial damage. It also induces
blockage in DNA that results in rapid apoptosis in human colon cancerous cells and
in malignant melanoma cells (Hammerova et al. 2011).

Its effect on human primary effusion lymphoma cell lines involves the down-
regulation in the expression level of IAP family proteins cIAP1, cIAP2, and XIAP
(Sun et al. 2010). It also inhibits the expression of matrix metalloproteinases (MMP-
9), NF-xB, and AP-1 signaling pathways as well as suppresses tetradecanoyl phor-
bol myristate acetate (TPA)-induced breast cancer cell migration and invasion (Park
etal. 2014). It also exhibits antitumor activity by repressing angiogenesis by inhibit-
ing angiogenesis growth factor VEGF (Sun et al. 2010). It influences cell cycle
arrest by increasing CDK inhibitors with reduction in cyclins D1, D2, E, CDK2,
CDK4, and CDKG6 in human prostate cancer cells (Adhami et al. 2004). This alka-
loid helps in controlling breast cancer by upregulating p27 while downregulating
cyclin D1 inhibiting the activation of STAT-3 (Kalorgis et al. 2014). Sanguinarine is
a potential tumorigenesis inhibitor and used as a potential anticancer drug in oral
squamous cell carcinoma (Tsukamoto et al. 2011).
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2.3.11 Tetrandrine

Tetrandrine has been isolated from Stephaniae tetrandra roots by Kondo and Yano
(1928) and later certified for its anticancerous nature by various researchers (Chen
and Chen 1935; Kubota 1931). It has multiple roles, namely, potent calcium channel
blocker (Wang et al. 2004), anti-inflammatory, immunosuppressant, antiallergic,
antioxidant, antidiabetic, antimicrobial, anticancer, and anti-Ebola agent (Chen
2002; Dhikav et al. 2002). It is considered as a potent chemotherapy drug as it
involves inhibition of various pathways involving cell cycle blockage,
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Whnt/p-catenin-mediated pathway, and mitochondrial-dependent caspase activation
pathway. Its anticancerous activity was found at a very low pM concentration.
Several studies on tetrandrine have proved its pharmacological potential on cell
multiplication, apoptosis, angiogenesis, metastasis, autophagy, and multiple drug
resistance (MDR) in cancer therapy (Liu et al. 2016).

Different researchers worked on the reaction of tetrandrine on tumor and non-
tumorigenic cells by inhibiting the cancer cells related to leukemia, hepatoma, lung
carcinoma, and colon cancer by inducing apoptosis (Mang et al. 2004; Lee et al.
2002; Yoo et al. 2002; Lai et al. 1998). It acts as an inhibitor of cell cycle at various
check points in cancerous cells that restricts its multiplication followed by cell death
through different pathways that include caspase-dependent pathway or FASL-
mediated pathway (Xiao et al. 2015; Chen et al. 2014; Yu and Ho 2013; Meng et al.
2004; Kuo and Lin 2003). It hinders the expression level of certain proteins (CDK4,
CDK2-CycE) and prevents G1-S transition of cells in colon, endothelial, and hepa-
tocellular cancerous cells (Xiao et al. 2015). The synergistic anticancerous activity
of tetrandrine along with chloroquine has been studied in human hepatoma cell
lines, human glioma cell lines, human lung cancer cell lines, and human cervical
adenocarcinoma HeLa cells (Mei et al. 2015). Its antitumor activity can be enhanced
when supplied with drugs such as endostar (Qian et al. 2013), sorafenib (Wan et al.
2013), fangchinoline, and doxorubicin (Sun and Wink 2014). There is a drawback
of tetrandrine bioavailability due to its low solubility in polar solvents which could
be enhanced by several modifications of the drug and by using nanotechnology
using microspheres, emulsions, liposomes, and nanoparticles. In mice, the com-
bined effect of tetrandrine with paclitaxel or tetrandrine-phospholipid complex in
the form of nanoformulations enhanced drug delivery without damaging immune
system of this therapeutic drug against cancerous cells (Xu et al. 2014).
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2.3.12 Piperine

1-Piperoylpiperidine belongs to amide alkaloid category and has been extracted
from roots and fruits of Piper nigrum L. and Piper longum L. species (Zheng et al.
2016). In 1819, it was first time extracted from the pepper by Hans Christian Orsted
(Gorgani et al. 2017). The active ingredient of black pepper is piperine that has been
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used as a herbal remedy in India. Its anticancerous activity has been exploited as a
natural product. It has been tested that the life of mice suffering from Ehrlich asci-
tes tumor has been increased by piperine that inhibits the tumor development in
mice (Sunila and Kuttan 2004). Its chemotherapeutic properties against melanoma,
lung cancer, breast cancer have been demonstrated by focusing on the cancer stem
cell-regenerating properties (Kakarala et al. 2010; Selvendiran et al. 2006; Pradeep
and Kuttan 2004). As a chemopreventive agent, it involves activation of apoptotic
cascades with cell proliferation inhibition. It plays an important role in arresting
cell cycle and modulating redox homeostasis, ER stress, and autophagy. Several
studies revealed that piperine inhibits angiogenesis and induces the production of
detoxification enzymes (Manayi et al. 2017). It also targets certain transcription
factors including nuclear factor-kB (NF-kB) and androgen receptor (AR) while
inhibiting transcription factor (STAT-3). Piperine hinders the multiplication of
prostate cancer cells with apoptosis by activating caspase-3 that initiate and exe-
cute cell death (Samykutty et al. 2013). Its inhibitory action against Akt phos-
phorylation suppresses angiogenesis which initiates its anticancer effect by
inhibiting certain transcription factors like CREB, NF-kB, and c-Fos (Pradeep and
Kuttan 2004). Tawani et al. (2016) suggested its antiproliferative, pro-apoptotic,
and anticancerous properties in relation to the formation and stabilization of
G-quadruplex structure at c-myc promoter region which results in downregulating
the expression of cancer cells.

Piperine

24 Conclusion

Anticancerous activity of alkaloids against various types of cancers has been known
since ages. The use of alkaloids in combination therapy can be tested in different
human intervention trials as a strategy against cancer. Nowadays, these alkaloids
have gained much importance due to their role in cell cycle arrest as spindle poison,
cell death, angiogenesis inhibition, autophagy, alteration of mitochondrial mem-
brane and COX-2 regulation, induction of caspase activity, downregulating Bcl-2
and upregulating Bax and p53, inhibition of telomerase, STAT-3 inhibition, and
influence on signaling events. Hydrophobicity of alkaloids limits the clinical use of
these plant-derived secondary metabolites. This chapter revealed that the exact
mechanism involved in the chemopreventive effects of several alkaloids needs to be
explored. Therefore, these important pharmaceutically active agents must be tested
by stringent clinical trials to support the in vitro studies.
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Abstract

The sudden and uncontrolled proliferation of cells is a common cause of mortal-
ity. Cancer is a multifactorial disorder which involves both exogenous and
endogenous factors for initiation, promotion and progression. The interplay
between genes and environment induces genetic and epigenetic alterations to
cause chronic diseases including cancers. The management of cancer is far from
addressing genetic and epigenetic alterations. The major limitation of current
therapy is that it affects the non-targeted tissues also. In this respect, anticancer
drugs which are derived from natural resources are considered as good leads for
drug development. The natural products have shown anticancer activity in vari-
ous types of cancer. Thus, the use of the natural product in cancer chemotherapy
is gaining attention. In this chapter, the recent plant-derived secondary metabo-
lites with potential for therapeutic management of cancer are discussed.
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Abbreviations

CDK1 Cyclin-dependent kinase 1
COX1 Cyclooxygenase |

HBV  Hepatitis B virus

HIV Human immunodeficiency virus
HPV Human papilloma virus

IGF-1  Insulin growth factor-1

TME  Tumour microenvironment
VBL Vinblastine

VCR  Vincristine

WA Withaferin A

3.1 Introduction

Cancer is the prime cause of mortality and morbidity worldwide (Saeki and
Sugimachi 2001). It is characterized by uncontrolled proliferation of cells with the
high capacity for invasion and metastasis (Martin et al. 2013). The tumours have
been categorized into two types, i.e. benign (localized) and malignant (invasive), by
their ability to spread to other body parts. Cancer is classified into three main types
depending on the type of tissues they are affecting (Cooper 2000). Carcinoma is an
epithelial cell-derived tumour. Based on cytological features, pathologists have
classified it to basal cell carcinomas, adenocarcinomas, transitional cell carcinoma
and squamous cell carcinomas. Lymphomas are a tumour of the lymphatic system,
particularly the lymph node. Based on histopathological features, it is further subdi-
vided into Hodgkin’s and non-Hodgkin’s lymphoma. Sarcoma is the cancer of con-
nective tissues which includes fat, blood vessels, bones, muscles, deep skin tissues
and the cartilage (Vanita et al. 2011). Malignancy occurs in several organs. Among
those, lung cancer is common in males followed by breast cancer in females (Saeki
and Sugimachi 2001). The pathogenesis of malignancy can be divided in three
stages, i.e. initiation, promotion and progression (Oliveira et al. 2007). The initia-
tion generally occurs with the mutation in one or more cellular genes controlling
critical regulatory pathways of the cell growth. Then in the promotion phase, there
is selective growth enhancement induced in the initiated cell. In the final step, i.e.
progression, the tumour invades the nearby tissue or even travel at a distant place.
This is called metastasis. This is a more aggressive form of cancer (Oliveira et al.
2007; Beremblum and Shubik 1947; Gutiérrez and Salsamendi 2001).

Cancer cells contain multiple genetic alterations which indicate that these altera-
tions accumulate in cells in a stepwise manner during tumour progression (Martin
et al. 2013). There are eight hallmarks of cancer which are acquired in different
cancer types at various time points during multistep tumorigenesis (Fig. 3.1)
(Hanahan et al. 2017; Hanahan and Weinberg 2011). These unique properties enable
the tumour cells to persist, divide and disseminate (Hanahan and Weinberg 2011). It
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5. Inducing Angiogenesis
(due to activation various stress response involves tumor
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death continue their proliferative expansion )

Cancer

Hallmarks

Fig.3.1 Showing the eight biological hallmarks of cancer

involves heterotypic interactions among multiple cell types resulting in the forma-
tion of tumour microenvironment (TME), which is composed of cancer cells and a
tumour-associated stroma including various subtypes of fibroblast, vascular cells
and infiltrating immune cells (Hanahan and Weinberg 2011).

3.2  Aetiology of Cancer

It is well known that cancers originated from both environmental and genetic factors
(Parsa 2012). Cancer is a complex multifactorial disorder, with genetics being a
critical contributing etiologic factor. Mutagen is an agent that can cause mutation. It
can be biological, physical and chemical. Some mutagens are carcinogenic and can
alter the genetic composition of a cell (Parsa 2012). The lethal mutations can con-
vert a normal cell to malignant one. Both the environment and lifestyle contribute to
the development of cancer (Institute of Medicine (USA) Roundtable on
Environmental Health Sciences et al. 2002). It is well known that epigenetics plays
a vital role in the causation of cancer (Parsa 2012). Epigenetic events like DNA
methylation, post-translational histone modifications and other epigenetic events
regulate the gene expression and maintain cellular function. However, the unusual
epigenetic event can silence the tumour suppressor gene, leading to carcinogenesis
(Herceg and Vaissiere 2011). Below (Fig. 3.2) some endogenous and exogenous
factors are enlisted which are important for cancer development.

Genetic Factor Cancer such as breast and colon cancer often runs in families.
Genetic predisposition to cancer explains the development of such cancer (Parsa
2012). The family history of cancer indicates that a person is at a higher risk (Vanita
et al. 2011). There are mainly two prominent families of genes related to cancer;
these are the proto-oncogenes and tumour suppressor genes. The gain of function
mutation results in the conversion of proto-oncogenes into oncogenes that leads to
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Fig. 3.2 Actiology of cancer

uncontrolled growth and proliferation of cells (Ferreira et al. 2011), whereas the
loss of function mutation in tumour suppressor genes makes them inactive thus
inhibition of normal cell death process (apoptosis) (Lombardi et al. 2011). The
mutation influencing the DNA repair genes, cell cycle regulators and cell death
pathways are the leading genetic cause of malignancies (Vanita et al. 2011).

Ageing The most critical risk factor for cancer is ageing. The occurrence rate of
cancer is higher in people over the age of 55 (Parsa 2012). The accumulated damage
to the stem and progenitor cell is the cause behind the higher risk of cancer at an
older age.

Hormonal Disorders Hormones like progesterone and oestrogen are believed to
increase the risk of uterine and breast cancers (Parsa 2012).

Role of the Immune System There is a direct link between chronic inflammation
and cancer. For example, people who have Crohn’s disease (chronic inflammatory
bowel disease) are at higher risk of developing colon cancer (Coussens and Werb
2002). Additionally, the suppression of the immune system is also responsible for
tumour growth and progression.
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Physical Factors It is known that radiations can cause mutations and chromo-
somal aberrations. It triggers off any steps involved in the development of carcino-
genesis (Saeki and Sugimachi 2001). UV radiation causes the early ageing of the
skin that leads to skin cancer. The presence of ultraviolet radiation initiates the for-
mation of pyrimidine dimer and the production of reactive oxygen species (Rastogi
et al. 2010). Exposure to ionizing radiations such as X-rays and nuclear radiations
causes DNA damage that may contribute to cancer (Parsa 2012).

Chemical Factors Chemicals such as arsenic, benzene, formaldehyde, asbestos,
etc. are carcinogenic agents which are dangerous in high concentrations (Saeki and
Sugimachi 2001). Effect of smoking and its association with cancer is quite well
known. It is believed that smoking increases the cancer risk in the lungs, head and
neck, bladder, etc. The carcinogenic substance in tobacco smoke is benz(o)pyrene
which causes point mutation in p53 (tumour suppressor gene) (Cook 1999). Alcohol
intake has also shown to trigger carcinogenesis of the liver, oesophagus, mouth and
stomach (Saeki and Sugimachi 2001). Many of the cosmetic products such as sham-
poo, cleanser, lotions, soap, detergents, etc. are associated with human cancers
(Parsa 2012).

Biological Factors It was estimated that 18% of cancer is caused by infectious
micro-organisms (viruses and bacteria). Human papillomavirus (HPV) is the prime
cause of cervical cancer, whereas in liver cancer, it is hepatitis B virus (HBV) (Parsa
2012). Infection with HIV increased the risk of lymphoma and Kaposi’s sarcoma.
Similarly, infection with Helicobacter pylori causes stomach ulcers that lead to
stomach and oesophageal cancer, whereas Salmonella typhi causes gall bladder can-
cer (Parsa 2012).

Lifestyle Unhealthy diet is associated with many cancers such as prostate cancer,
colon cancer, etc. Obese people are at high risk of developing cancers as they pro-
duce a high amount of IGF-1 in their blood (Parsa 2012). Diet rich in red meat and
other animal products is also linked to high cancer risk (Saeki and Sugimachi 2001).

Epigenetic Factors The significant epigenetic phenomena are miRNA-mediated
gene silencing, DNA methylation, histone tail modification and chromatin remodel-
ling (Shukla et al. 2014). It was found that various environmental factors have
shown to be carcinogenic risk factors playing at the epigenetic level; this includes
stress, social status, smoking and obesity (Parsa 2012). In cancer cells, there is dys-
regulation of hypermethylation of p53 gene on CpG islands. This dysregulation
results in gene silencing apart from inactivation of tumour suppressor gene (Kazanets
et al. 2016).
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3.3  Cancer Chemoprevention

Different therapeutic approaches are used to treat cancer. However, these cause seri-
ous side effects that reduce the life quality dramatically (Baudino 2015). Despite the
discovery of numerous anticancer drugs, the potency of these drugs is still less
because of their toxic effects on normal tissues and genesis of drug-resistant cell
population (Mokhtari et al. 2017; Baudino 2015). In cancer, chemoprevention uti-
lizes natural or synthetic agents to slow down or halt the process of carcinogenesis
(Steward and Brown 2013). In this context, considerable current interest is gained
in natural medicinal compounds. They are recognized for prevention as well as
therapy of cancer (Seca and Pinto 2018). The discovery of several chemopreventive
bioactive molecules from natural resources encourages our research endeavours in
the use of natural products for the treatment of cancer. These plant-derived products
are simple, safer, eco-friendly, economical and less toxic as compared with the con-
ventional treatment methods (Igbal et al. 2017). The secondary metabolites present
in plant extracts such as polyphenols, flavonoids and brassinosteroids have been
explored for their potential use as anticancer agents (Greenwell and Rahman 2015).
The phytochemicals are selective in their functions and act specifically on cancer
cells without affecting the normal cells. They have the potential to target pathogen-
esis mechanisms such as angiogenesis, cell proliferation, immortality, tumour-
promoting inflammation, apoptosis resistance, invasion and metastasis (Igbal et al.
2017; Hanahan and Weinberg 2011). The molecules originated from dietary prod-
ucts are more charismatic and smarter for obvious reasons. They are expected to be
non-toxic and possible to be given orally (Greenwell and Rahman 2015).

Phytotherapy is commonly used in traditional medicine worldwide. Numerous
potential secondary metabolites obtained from plant sources such as herbs,
spices, teas, vegetables and fruits are explored in search of anticancer molecules
(Fridlender et al. 2015). The research and development of novel herbal medicine
have focused on their pharmacological effect. Dietary phytochemicals through
epigenetic modifications govern the cellular function thereby decreasing the risk
of cancer (Shukla et al. 2014). However, low solubility and less bioavailability
are two limitations of this approach which are related to its quick metabolism,
poor absorption and fast systemic elimination (Fridlender et al. 2015). Therefore,
with the emergence of drug discovery using computer algorithm, modification of
the chemical structure of these natural compounds is done to increase its potency
(Seca and Pinto 2018). Many plant-derived natural products are already being
used to treat or prevent the development of cancer. Important medicinal plants
and its products are discussed below.

3.3.1 Ashwagandha

Ashwagandha (Withania somnifera) is typically found in some parts of Asian coun-
tries and has broad therapeutic activities (Kulkarni and Dhir 2008). Leaves and
roots of W. somnifera are rich in withanolides and related biocompounds.
Withanolides are found to be cytotoxic to cancer cells apart from being
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neuroprotective and immunomodulatory in function. The major active ingredient of
Ashwagandha is Withaferin A (WA), which belongs to steroidal lactone metabolites
that show antitumour, anti-metastatic, anti-angiogenic, anti-inflammatory and pro-
apoptotic properties (vel Szic et al. 2014). It has been observed that in metastatic
breast cancer model, WA decreased the cancer cell migration by disassembling
vimentin, an intermediate filament protein. The WA inhibits the expression of
CDKI1. This results in cell cycle halt in G2/M phase thus inhibiting the growth of
cancer cells. Further, its interaction with important cell signalling molecules
(FOXO3a-BIM) induces apoptosis in both oestrogen receptor-positive and oestro-
gen receptor-negative breast cancer cells (Stan et al. 2008). WA also inhibits metas-
tasis by a multifactorial manner (vel Szic et al. 2014). WA is well proven as a useful
anticancer component, and it holds a prominent place among various anticancer
medicinal products.

3.3.2 Paclitaxel

It is already a popular drug used to treat cancer. It is extracted from the outer layer
of Taxus brevifolia (Cragg and Pezzuto 2016). It binds to the polymerized microtu-
bules and inhibits the microtubule disassembly. This does not allow mitotic spindle
to form in a dividing cell. So, the mitosis is inhibited (Seca and Pinto 2018). It is
used in ovarian, lung and breast cancer therapy (Bernabeu et al. 2017).

3.3.3 Curcumin

Curcumin (diferuloylmethane) is a well-known chemopreventive agent and is used
in the treatment of diseases (Igbal et al. 2017). The yellow-orange powder obtained
from dry curcumin is rich in polyphenols. It shows anticancer activities by the sup-
pression of the NF-kB transcription factor which in turn downregulates the expres-
sion of NF-kB target genes like cyclin D1 and COX1. This leads to apoptosis
(Vallianou et al. 2015). It arrests the cell cycle at various checkpoints such as G1, S
and G2/M phase by upregulating the cyclin-dependent kinase (CDK) inhibitors
(Seca and Pinto 2018).

3.3.4 Camptothecin

It was obtained from Camptotheca acuminata which is a Chinese ornamental tree.
It possesses strong anticancer potential inhibiting topoisomerase I in a large number
of cancers (Kim et al. 2015). It prevents DNA relegation and induces DNA damage
which leads to apoptosis. It acts through the formation of a stable ternary complex
by binding with the topoisomerase I-DNA binary complex (Nitiss 2009). The semi-
synthetic derivatives topotecan, irinotecan and belotecan are already approved for
its clinical use (Igbal et al. 2017).
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3.3.5 Gingerol

It belongs to a group of bioactive compounds isolated from the fresh rhizome of
Zingiber officinale containing (6)-gingerol, (8)-gingerol and (10)-gingerol with
known anticancer properties in colon, pancreas, ovarian and breast cancers. It down-
regulates the expression of iNOS and TNF alpha through suppressing NF-kB
nuclear translocation and IkB alpha phosphorylation (Park et al. 2006). It induces
apoptosis in leukaemia cells by the mitochondrial pathway (Igbal et al. 2017).

3.3.6 Capsaicin

It is obtained from red pepper. It exerts strong anticancer, anti-angiogenic, antimu-
tagenic, anti-metastatic and chemopreventive functions in various cells, namely,
pancreatic, prostatic, liver, skin, leukaemia, lung, bladder, colon and endothelial
cells (Igbal et al. 2017). Capsaicin regulates different molecular targets in breast
cancer like caspase-3, reactive oxygen species (ROS), Racl, HER-2, etc. (Chang
etal. 2011). The p53 is considered as the “Grandfather of the genome.” In the pres-
ence of p53 gene product, capsaicin induces apoptosis more strongly (Sarkar et al.
2015). Capsaicin produced apoptosis in breast cancer (H-Ras, MCF10A cells) by
inducing ROS and Racl signalling pathways. Both of these pathways are induced
explicitly by p38 and c-Jun N-terminal protein kinase-1 (Igbal et al. 2017).

3.3.7 Vinca Alkaloids

The important plant-derived vinca alkaloid agents are vinblastine (VBL) and vin-
cristine (VCR). They are obtained from Catharanthus roseus (Seca and Pinto 2018).
Vinca alkaloids bind to the depolymerized microtubules and disrupt the microtubule
assembly. VBL inhibits the process of angiogenesis (Ribatti et al. 2003). VBL is
usually applied to treat breast cancer, germ cell tumours, Hodgkin’s disease and
non-Hodgkin’s lymphoma. VCR binds to the end of the mitotic spindle and affects
microtubule dynamics (Moudi et al. 2013). VCR is approved by FDA to treat acute
leukaemia, Wilms tumour, neuroblastoma, Hodgkin’s disease, rhabdomyosarcoma
and other lymphomas (Moudi et al. 2013).

3.4 Concluding Remarks

Cancer in many cases is still not curable. However, some are manageable if diag-
nosed early. Many natural bioactive molecules have shown a promising effect in
halting the cell cycle. Clinical trials in cancer do not test all of them. It is the time
for urgent translational research to know the potential of these molecules for che-
motherapeutic drug discovery.
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Abstract

Flavones belong to the flavonoids class of plant polyphenols. Owing to their
widespread distribution in plants, such as fruits, vegetables, herbs, spices, and
beverages (tea, coffee, and wine), these compounds are consumed by human
beings in large amounts through daily nutrition. This group of compounds occu-
pies an inimitable position in the realm of natural, semisynthetic, and synthetic
organic chemistry as well as biological sciences owing to their diversified valu-
able role in human health and their distinctive role in plants. Their structural
features are responsible for the biochemical effects and therapeutic applications
attributable to immune modulation and prevention of many diseases in humans.
In this chapter, we address the requisite structural features of flavones for their
biological and pharmacological significance in terms of structure activity rela-
tionship and chemical synthesis along with biosynthetic approaches and biologi-
cal properties of some chemically modified derivatives. Also, the chapter
highlights the mechanistic insight into the action of flavones mediating antican-
cer therapeutic effects.
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4.1 Introduction

Flavonoids are natural products that belong to the secondary metabolites phyto-
chemical class having a polyphenolic structure and are currently consumed in huge
quantities in daily nutrition. Among the flavonoids, flavones and flavonols delineate
the enormous subgroups, and the versatile health benefits related to them have been
reported in various studies. They are also liable for protecting and maintaining vari-
ous properties of foods as well as plants, such as vivid color, taste, fat oxidation,
vitamins, and enzyme preservation. Among these subclasses of flavonoids, flavones
also play a significant role in plants and humans and possess various pharmaceuti-
cal, therapeutic, and nutraceutical properties due to their various biological actions,
such as inhibition of allergic or inflammatory mediators, protection from abiotic and
biotic stress conditions, inhibition of the NFkB pathway, interaction with nucleic
acids and proteins, reduction of ROS, reduction of microRNA155 (miR155) expres-
sion, and agonists of ERRs (estrogen-related receptors) (Zhang et al. 2013; Moreira
et al. 2017; Arredondo et al. 2015; Sharma et al. 2018a).

4.2 Structural Features

Structurally, flavone has a 2-phenylchromane nucleus (Cs—C;—Cg) skeleton and it
consists of two benzene rings (ring A and B) interrelated by a closed pyran ring (C
ring) of a three carbon chain that amalgamates with ring A. Besides these features,
a C,=C; double bond and 4-Oxo group in ring C with the other groupings of multi-
ple hydroxyls, —O-acetyl, —O-sulfate, —O-methyl, and —C or —O-glycoside group
substituents are present on the basic skeleton of flavone. This class of compounds
consists of aglycones, which are the basic structures of these compounds (apigenin,
luteolin, chrysin, etc.), and their substituted congeners, such as sulfonated, acety-
lated, and methylated along with glycosylated derivatives (Fig. 4.1, Table 4.1)
(Moreira et al. 2017; Arredondo et al. 2015; Singh et al. 2014; Teles et al. 2018;
Correia-da-Silva et al. 2013). Apigenin, Luteolin, chrysin, and their different substi-
tuted congeners are abundantly extant in common fruits, vegetables, spices, and
herbs, including parsley, onions, iceberg, celery, peppermint, thyme, celeriac,
oranges, lettuce, tea, chamomile, wheat sprouts, etc. The most abundant flavones in
the diet exhibit prolific biochemical effects against Cdk5 complexes, amyloid, pro-
tein kinase C, protein tyrosine kinases, adenylate cyclase, cyclooxygenases along
with pharmacological effects, namely antioxidative, anticancer, anti-inflammatory,
antitumor, antiviral, antibacterial, etc. (Funakoshi-Tago et al. 2011; Dundar 2015;
Singh et al. 2014; Arredondo et al. 2015; Verma et al. 2012; Moreira et al. 2017,
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(A) 2-Phenylchromane (B) Flavones

(D) Chrysin

(F) Flavopiridol

Fig. 4.1 Flavones consisting of the basic carbon skeleton (a) as well as substitution pattern in
flavones subclass (b) with chemical structure of apigenin (c), chrysin (d), luteolin (e), and flavo-
piridol (d).

Zapata-Torres et al. 2004; Malisauskas et al. 2015; Zhang et al. 2013; Bhagwat et al.
2013; Southon et al. 1994; Teles et al. 2018; Correia-da-Silva et al. 2013). Natural
flavones constitute an enormous segment of natural products and have a broad range
of significant biological properties with low toxicity. The significance of flavones
has led to the development of new compounds as magic bullets that possess signifi-
cant biological and pharmacological properties. Flavoperidol (alvocidib) is a total
synthetic flavone and is considered as a member of this family on the basis of a natu-
ral product (rohitukine) structure isolated from Dysoxylumbinectariferum Hook. f.
(Meliaceae). It inhibits cyclin-dependent kinases CDK1, CDK2, and CDK4 and
exhibits a potent inhibitory effect toward CDK9 (Cragg and Newman 2008; Zeidner
et al. 2015; Zeidner and Karp 2015; Wiernik 2016). Several preclinical and clinical
trials have been conducted for evaluating the significant benefits of flavoperidol
alone or conjointly with other chemotherapeutic agents (thapsigargin, docetaxel,
paclitaxel, gemcitabine, etc.) in treating chronic diseases (Srikumar and
Padmanabhan 2016).

The chemical and structural features of flavones, such as hydroxyl (-OH) groups
position, substitution of functional groups along with C,=C; bond, are liable to
interact with receptive sites or receptors in the tissue that are accountable for their
biochemical and pharmacological properties. In general, the structural features of
flavones and their relation with various therapeutic applications have been summa-
rized as follows:



A.Sharma et al.

apIsounni-,¢-dJeyns-/,

H HO spisounni-Q | H H H!OSO H HO urjong
H HO H'OSO| H H H*OSO H HO | @wejnsip-,¢‘/ urodny
H HO HO H H H!OSO H HO Sreydng-£ urjony

REINE)
H HO ‘HOO| H H HO H HO [Ayow-, ¢ urjoan’|
H HO HO H H HO H| fHDO | Ioye [Ayew-G urodin]
H HO ‘HOO| H H HO | ‘HOO HO UIpISOddR[
H HO H H H HO | ‘HOO HO urnprdsiy
H HO HO H H|  epsoueikdoonin-g-g-0 H HO ur[oan[odn[H
H fHDO H H *HOO ‘HOO | *HDO HO g uruspien
H H H H H‘OD'HD H H H PIOE O119JB-8 QUOAR[]
H| fHOO HO H H ‘HOO | *HDO HO utiojedng
H| fHOO ‘HOO| H H HO | ‘HOO HO ur[ednyg
H HO HO| H H HO | ‘HOO HO urjoyedng
H HO aprsoueikdoon|n-q-g-0 H H HO H HO aprsoreydosooriq
H| fHDO H!'OSO| H H HO H HO QJey[ns- ¢ UNAWISOI(]
H fHDO HO| H H HO H HO unowsol(
H| ‘HDO H H *HOO ‘HOO | *HDO HO|  une3uejAylowe(-g
H HO ‘HOO| H H ‘HOO | *HDO HO [oduI[IsI)
H H H H H HO| HO HO urdedrey
H| fHDO H H H H'OSO H HO QJBJ[NS-/ UNAOBIY
H| ‘HDO H H H HO H HO urededy
H| H'OSO H H H H!OSO H| H'OSO orey[nsiaduruagidy
H| H'OSO H H H H'OSO H HO | eymsiq-L*, ¢ utudsidy
H HO H H H H*OSO H HO orey[ns -/ utuasidy
L £ ' " N Rt RN punodwo) | oN 'S

74

SQUOAR]J JUQIQJJIP UI SOPISOIA[S pue ‘ejns ‘[Axoyiow ‘[Ax0IpAy jo urened uonmnsqns ayJ, L'y a|qeL



75

4 Flavones: Flavonoids Having Chemico-Biological Properties with a Preview...

H HO HO H H OU_mO.DEQQmoﬂoozuo H HO QPISOIISBIIUOIIA
H H H H ‘HOO HO H HO UILO3op
H| fHDO H H ‘HDO ‘HOO | 'HOO| fHDO LHEIERTA )
H'OSO | H*OSO H'0OSO| H H H'OSO H| H'OSO arejnsIodunaotiy,
HO HO HO H H HO H HO (IERIAN
H HO H| H H| oprsoueikdoroe[en-g-¢g-0 H HO uInoIey,
H H H| HO ‘HDO ‘HDO H HO I suoAeydeo[nyg
H HO H H H 9pIsopL1adsayoaN-O H HO urjoyioyy
H HO HO| H I[Asoueikdoonin- q-¢ HO H HO unusLQO
H H H H HO HO H HO UTuoS0MION
H| fHDO ‘HOO| H ‘HOO ‘HOO | *HOO| fHDO UIR[IqON
H| H'OSO H'OSO| H H HfOSO H| H'OSO Speynsrodurjoan g




76

A.Sharma et al.

1.

2.

These three key features are considered to be vital for their antioxidant activity
as has been established during the structure—activity studies of flavones (Cotelle
et al. 1996; Leopoldini et al. 2004):

(a) The number of hydroxyl groups on the B ring and their configuration pre-
dicts the activity, i.e., the catechol moiety (1,2-dihydroxybenzene) or either
hydroquinone moiety (1,4- dihydroxybenzene) or galloyl moiety
(1,2,3-trihydroxybenzene),which causes the formation of the phenoxyl radi-
cal after the H atom donation and attributes to the high stability of the flavo-
noid due to the electron delocalization.

(b) The configuration of ring C, i.e., the C,=C; double bond and C,-oxo group,
permits the electron movement from the phenoxyl radicals (B ring) to the C
ring;

(c) The C,=C; double bond upsurges the resonance stabilization of the molecule
due to the electron displacement across it.

Cotelle et al. have reported the antioxidant properties either by the capac-
ity to scavenge free radicals (ring B hydroxyl groups) or to competitively
inhibit xanthine oxidase (ring A hydroxyl groups). The presence of a cate-
chol or a galloyl type moiety on the B ring appeared essential for scavenging
properties, while the 3-position hydroxyl substitution with B ring substitu-
tion also displayed scavenging properties but to a lower degree. When fla-
vones possess the hydroxyl group at position 7 in the absence of catechol or
pyrogallol groups, inhibitory activity of xanthine oxidase was observed.
Similarly, 6-OH substituted flavones are known to be moderately active. The
existence of hydroxyl groups in the B ring, as in flavones (apigenin, luteo-
lin), improved the nitric oxide (NO) scavenger and advanced glycation end
products (AGEs) inhibition effects, while the OH group at C; position of
ring C, as in flavonols (quercetin), was not found favorable (Crasci et al.
2018). In another report, the existence of a free catechol group in ring B and
free hydroxyl (-OH) groups at positions Cs and C; on ring A was found to be
liable for inhibition of xanthine oxidase (XOD) activity. Luteolin showed
higher XOD inhibitory activity than luteolin-6-C-glucoside, while apigenin
glycoside (apigenin-6-C-glucoside-8-C-arabinoside) exhibited higher activ-
ity than the free apigenin (aglycone form). Steric effects are also found to
have a stronger influence on the chemical action of flavones.

Casagrande and Darbon have studied the effects of various flavonoids on cell

proliferation as well as cell cycle distribution in human melanoma (OCM-1)

cells. The occurrence of the C,=C; bond and oxy functional group at C, position
of ring C were reported to be required for higher antiproliferative activity. Among
these compounds, the existence of a hydroxyl group (-OH) at the C; position of
ring B (luteolin) was reported to arrest cells in the G1 phase inhibiting CDK2,
while lack of this group (apigenin) blocked cells in G2 inhibiting CDK1. Both
CDK2 and CDKI1 were reported to be directly inhibited by flavopiridol
(Casagrande and Darbon 2001).

. The anticancer as well as anti-inflammation effects of flavonoids owing to their

pro-oxidant action and electrophilic conjugation interaction with biomolecules
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caused the oxidation of flavonoids into electrophilic natured quinones

(o-quinones/p-quinones). These electrophilic quinone structures are very reactive

toward nucleophilic groups of biomolecules, such as thiol and amino groups

(proteins, glutathione). The valuable biological effects of flavonoids are also

assumed due to the formation of different addition adducts by the reaction of

electrophilic quinones and nucleophilic groups of biomolecules. The functional-
ities on the B ring, such as catechol moiety (ortho-dihyroxy), hydroquinone moi-
ety (para-dihydroxy) or galloyl moiety (1,2,3-tridydroxy), in flavones has an
imperative role in formation of electrophilic quinones through oxidation, whereas
resorcinol (meta-dihydroxy) cannot readily undergo oxidization. The basic
structural features, such as the occurrence of C,=C; double bond, hydroxyl
groups on ring A and B specifically, Cs—OH, C,—OH, and C,, —OH group are
liable for anti-inflammatory activity. The hydroxyl groups at ring B either on the

C2’ or C3’ position reduced the activity, while the C5" —OH group or C4'-OCHj;

on ring B abolished the activity. The hydroxy derivatives have been reported to

have more potency than their corresponding methoxy derivatives (Sharma et al.

2018a; Arivudai et al. 1996; Ravishankar et al. 2013; Batra and Sharma 2013).

The flavone glycosides (apigenin and luteolin 7-O-glucoside) were found to

have no effect on TNF-a release or NF-kB activity, while the respective agly-

cones showed higher efficacy to reduce the above activities. Therefore, the
deglycosylation enhances the absorption of dietary flavones and modulates
inflammation by decreasing TNF-a and NF-kB. The compounds have the ability
to inhibit NF-kB and possess both anti-inflammatory and anticancer properties
(Hostetler et al. 2012). Paredes-Gonzalez et al. have described that apigenin and
luteolin remarkably activate the PI3K/Nrf2/ARE system and are known to be
responsible for their anti-inflammatory effects, as indicated by the suppression
of lipopolysaccharide induced nitric oxide (NO), nitric oxide synthase (iNOS),
and cytosolic phospholipase A2 (cPLA2). These compounds appreciably inhib-
ited TNFa-induced NF-kB transcriptional activation, whereas they have no
effect on the degradation of IkB proteins, and the nuclear translocation and DNA

binding activity of NF-kB p65 was observed (Paredes Gonzalez et al. 2015).

4. Flavonoids may show a defensive role against cancer, cardiovascular diseases,
and age-related degenerative diseases. They have the ability to interact with sev-
eral efflux pump proteins, such as P-gp (P-glycoprotein), multidrug resistance
proteins (MRP1 and MRP2), breast cancer resistance protein (BCRP), and
uptake transporters, including organic anion-transporting polypeptide (OATP),
organic anion transporter (OAT), and monocarboxylate transporters (MCTs)
(Wang and Morris 2014).

(a) P-gpisamember of a multidrug resistant protein family and effluxes antican-
cer agents from tumor cells as an energy dependent pump. The flavonoids
have the ability to inhibit P-gp activity, and they are probable agents for mod-
ulation of multidrug resistance. The presence of ring B at the C, position and
C,=C;double bond of ring C, as in flavones and flavonol molecules, may be
responsible for the intercalation with the hydrophobic amino acid residues of
P-gp. The apigenin and quercetin had greater binding affinity in comparison
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(b)

()

with genistein, naringenin or rutin. P-gp modulators, NBD2 (C-terminal
nucleotide-binding domain) contain an ATP-binding site and a close but dis-
tinctive hydrophobic steroid RU486-binding site. The SAR studies using
NBD?2 and cell lines recommend the presence of a double bond (planar struc-
ture), i.e., 2-3hydroxyl groups (3 and 5) and hydrophobic substituents on the
A or B rings. These features are responsible for high P-gp-modulating activi-
ties, while the glycosylation causes decreased potential against the above
activities (Kitagawa 2006; Zandena et al. 2005; Wang and Morris 2014).
Luteolin is known to induce apoptosis in P-glycoprotein and ABCG2-
expressing MDR cancer cells without any change in the transport functions
of these drug transporters. It induces apoptosis and involves ROS generation,
DNA damage, inhibition of NF-kB signaling pathway, activation of ATR —
Chk2 — p53 signaling pathway, activation of p38 pathway, and depletion of
antiapoptotic proteins. The analysis of luteolin also acknowledged specific
molecular characteristics of NCI-ADR/RES and MCF-7/Mito® cells that
highlight their different tissue origins having therapeutic prospective to con-
trol the proliferation of MDR cancers without disturbing the physiological
role of drug transporters in the body tissues (Rao et al. 2012).

The structure—activity relationship regarding potency in modulating MRP1
activities specified that flavones and flavonols were more effective than fla-
vanols, flavanolols, flavanones, and isoflavones. The glycosylation of flavo-
noids leads to a decline in the inhibitory activity. The required structural
characteristics of flavones for high MRP1 inhibitory effectiveness are (i) the
existence of two to three double bonds for a planar molecular structure, (ii)
the existence of OH group at C3’ and C4’ position of the B ring, and (iii) the
hydrophobic groups substitution at C4'~OH group of the B ring. The fla-
vones with a pyrogallol group (1,2,3-trihydroxy group) on the B ring showed
MRP?2 inhibition (Wang and Morris 2014). Recently, Seo et al. reported that
apigenin was able to oppose the drug resistance against the adriamycin-
resistant breast cancer cells (MCF-7/ADR) and significantly reduced cell
growth and colony formation in MCF-7/ADR cells and parental MCF-7
(Michigan Cancer Foundation-7) cells. It suppressed the mRNA expression
of MDR1 and MRPs (multidrug resistance-associated proteins) along with
the protein expression of P-gp (MDR1) and inhibited the production of
VEGEF (vascular endothelial growth factor) and MMP-9 (Matrix metallopep-
tidase 9), which are STAT3 (signal transducer and activator of transcription
3) target genes, in MCF-7/ADR cells. The STAT3 inhibitor S31-201, JAK
(janus associated kinase) inhibitor I, and the HIF-1a (hypoxia-inducible fac-
tor 1-alpha) inhibitor EF-24 decreased the growth of both MCF-7 and
MCF-7/ADR cells (Seo et al. 2017).

The higher BCRP inhibitory potential of flavonoids is because of the planar-
ity of molecular structure owing to the existence of two or three double
bonds. In addition to this, the OH group at the Cs position of ring A and
absence of this group at position C; of ring C as well as the ring B bonding
site at C, position of ring C causes the enhancement of potential against
inhibition of BCRP. However, the hydroxyl (OH) groups at 6, 7, 8- or 4’
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position substituted with hydrophobic groups also increase inhibitory
potency against BCRP, while the glycosylation reduces the BCRP-inhibiting
activities (Wang and Morris 2014).

From the highlights of SAR studies, the presence of free hydroxyl groups, 4-oxo
group along with the C,=C; double bond of flavones are requisite features for their
enzyme inhibitory activity as well as for the antioxidant activity, which suggests
that this class of compounds could be attractive leads for anticancer therapies.

4.3  Biosynthesis

Biosynthetically, flavones are synthesized through the phenylpropanoid metabolic
pathway (Ibrahim 2001a) from cinnamoyl-CoA, 4-coumaroyl-CoA, and caffeoyl-
CoA produced from the amino acid phenylalanine, which is synthesized via the
shikimate pathway (Morreel et al. 2006; Herrmann and Entus 2001; Ibrahim 2001b).
CHS is a pivotal enzyme in the biosynthetic pathway of flavonoids to produce the
main backbone intermediate of flavonoids commonly entitled chalcone. The CHS
enzyme causes the condensation of the malonyl-CoA with either cinnamoyl-CoA,
4-coumaroyl-CoA or caffeoyl-CoA leading to the respective pinocembrin, narin-
genin, and eriodictyolchalcones. These are common intermediates that stereospe-
cifically and spontaneously cyclize into respective pinocembrin, naringenin, and
eriodictyol by the action of CHI. Naringenin was also converted into eriodictyol by
the action of F3'H, which carried out the hydroxylation at C3’ position of narin-
genin. In the last step, these derivatives transformed into respective flavones by the
origination of a double bond between the C, and C; positions of ring C catalyzed by
FNS (Martens and Mithofer 2005; Mizuno et al. 2016; Winkel-Shirley 2001)
(Fig. 4.2). The biosynthesis of flavones in Escherichia coli has been successfully
reported by Miyahisa et al. The four genes of Escherichia coli cells, i.e., phenylala-
nine ammonia-lyase (PAL), cinnamate/4-coumarate-CoA ligase (CNL/4CL), chal-
cone synthase (CHS), chalcone isomerase (CHI), and acetyl-CoA carboxylase
(ACC), have been used for the production of naringenin from tyrosine and pinocem-
brin from phenylalanine. The flavones synthase I gene from Petroselinum crispum,
apigenin from naringenin, and chrysin from pinocembrin were successfully isolated
previously (Miyahisa et al. 2006). The biosynthesis of luteolin in Escherichia coli
and Saccharomyces cerevisiae has been reported from p-coumaric acid and malo-
nate, or caffeic acid, respectively (Leonard et al. 2005; Leonard et al. 2008). Marin
et al. have also reported the biosynthesis of apigenin from naringenin and luteolin
from the apigenin by the action of F3'H hydroxylase in Streptomyces albus.

In 1939, Hutchins and Wheele reported the first reliable chemical synthesis of
chrysin, apigenin, and luteolin. This method involves the reaction of substituted
2-hydroxy-4,6-dimethoxyacetophenone (I) and benzaldehyde(Il a-c) in ethanolic
KOH, which resulted in the formation of intermediate chalcones (III). The bromina-
tion of compounds (IIla-c) gave rise to brominated ketones (IVa-c) by using bro-
mine and carbon disulfide. The brominated ketones undergo cyclization by the
action of potassium cyanide or at higher temperature. The demethylation and
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Fig.4.2 Flavones biosynthesis pathway. The enzymes involved in the biosynthesis; phenylalanine
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hydroxycinnamoyl transferase (HCT); chalcone synthase (CHS); chalconeisomerase (CHI);
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debromination of cyclized products (Va-c) were carried out with hydroiodic acid in
acetic anhydride which resulted the desired flavone products (Figs. 4.3 and 4.4).
Yang and his group have also reported the synthesis of flavone (chrysin, apigenin,
and luteolin) through the chalcone intermediate pathway without the bromination
step. The cyclization of chalcones resulted the methylated derivative by the action
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of iodine with dimethylsulfoxide and then demethylation using pyridine hydrochlo-
ride led to aglycones (Wang et al. 2015; Liu et al. 2014; Zhang et al. 2014). The
synthesis of flavopiridol was proposed on the basis of the reports in which com-
pounds had a methyl group in place of a chlorophenyl ring. The proposed scheme
involves the replacement of a methyl group with a chlorophenyl ring. The first step
involves the reaction of trimethoxybenzene with N-methylpiperidone. After this
step, the hydroxylation and stereocenter generation at position 3 of the piperidine
moiety of trimethoxybenzene-1-methylpiperidine were carried out by using various
reaction conditions, such as action of diborane, sodium borohydride, hydrogen per-
oxide, etc. The acetylation at 3 position of benzene ring of the intermediate was
achieved by acetic anhydride and then treated with methyl 2-chlorobenzoate. The
deprotonation of methoxy groups of ring A into hydroxyl groups was done by using
a mixture of pyridine hydrochloride and quinolone (Kattiger et al. 1990; Naik et al.
1994) (Fig. 4.5). However, there is still a need to develop novel methods and use of
existing synthetic procedures (Sharma et al. 2014a, b; Khare et al. 2016) along with
reagents (Sharma et al. 2014c, 2015) for modifying the structure of bioactive mol-
ecules with improved pharmacological significance. The apigenin derivative (Apl)
possessed the strongest activity with IC50 values of 2.03+0.22 pM against
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Fig. 4.5 General synthetic scheme of flavopiridol from the trimethoxy benzene via multistep
synthesis; [(i); (a) N-methylpiperidone, CH;CO,H, (b) HCI gas]; [(ii); (a) BF; —OEt Diglyme,
NaBH,, HCI (b) NaOH, H,0,]. (iii) CO,Cl,, CH,Cl,, DMSO, N,, (C,Hs);N (iv) NaBH,, C,H;OH
(v) BF;—OEt, CH,Cl, Ac,0 (vi) methyl-2-chlorobenzoate, NaH, dioxane (vii) pyridine hydrochlo-
ride, quinolone
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colorectal adenocarcinoma (HT-29) cell line and 2.25 +0.42 pM against leucocythe-
mia (HL-60) cell line, which are better than 5-FU (12.92+0.61 pM, 9.56+0.16 pM)
(Zheng et al. 2014). Liu et al. reported the chemically modified apigenin derivative
(Ap2), which showed notable antiproliferative activity against human cervical
(HeLa), human breast (MCF-7), human lung (A549), and human hepatocellular
liver (HepG2) cancer cells lines, with the lowest ICs, values compared to apigenin.
The chrysin derivatives (Ch1, Ch2, and Ch3) displayed the strongest activity in vitro
against SGC-7901 (human gastric adenocarcinoma) and HT-29 (colorectal adeno-
carcinoma) cell lines with the lowest ICs, values (Zheng et al. 2003). Zhang et al.
reported the phosphorylated chrysins (ICspof Ch4=10.3 pM and ICsy0f Ch5=9.8 pM)
were more potent and inhibited proliferation as well as induced apoptosis in HeLa
cells compared to chrysin (ICs5y =14.2 pM) (Zhang et al. 2004). In another report, the
chrysin derivative (Ch6) possessed stronger activity when tested in vitro against
HCT-116 (human colon), Hela (human cervical carcinoma), DU-145 (human pros-
tate), K562 (human leukemia), and SGC-7901 (human gastric) cancer cell lines
compared to 5-flourouracil and chrysin (Fig. 4.6).

4.4  Mechanistic Insight into Flavones Mediated Anticancer
Effects

In the past few decades, the scientific community has revealed the immense poten-
tial of flavonoids in the treatment of dreadful diseases such as cancer (Kashyap et al.
2016a, b, 2017, 2018a, b; Sharma et al. 2018a, b). It is necessary to understand the
interactions of such natural molecules with the recognized cellular target (Kashyap
et al. 2016c, d, e, f, 2018b, c, d; Kashyap and Singh Tuli 2018). Flavones, such as
apigenin, luteolin, chrysin, and flavoperidol, have been known to mediate both
intrinsic (mitochondrial) as well as extrinsic (Fas/FasL) apoptotic cell death in can-
cer cells. In a study, chrysin was found to induce apoptosis in U937 cells by activat-
ing caspase 3 and the protein kinase B (Akt) signal pathway (Woo et al. 2004).
Similarly, flavopiridol has shown promising in vitro anticancer activity against
human chronic (CLL) lymphocytic leukaemia cells via activation of caspase-3,
independently of Bcl-2, interleukin-4 (IL-4), or p53 modulation (Byrd et al. 1998).
Using human hepatoma HepG2 cells, Lee et al. (2005)investigated the apoptosis
inducing effect of luteiolin via translocation of Bax/Bak as well as via activation of
c-Jun N-terminal kinases (JNK). Previous studies have suggested the role of these
bio-metabolites to arrest the cell cycle by regulating the expression of cyclin depen-
dent kinases (CDKs) in addition to apoptosis. It was found that flavones and flavo-
nols caused G2/M arrest by enhancing the expression of growth arrest and
DNA-damage-inducible gene  (GADD45p), 14-3-3c and suppressing cyclin B1 in
OE33 cells (Zhang et al. 2008). In another study, Zhang et al. (2009), investigated
dose and time-dependent anticancer effects of flavones (luteolin, apigenin, and
chrysin) and flavonols (quercetin, kaempferol, and myricetin) in human oesopha-
geal squamous cells (KYSE-510). Mechanistic insight revealed that higher expres-
sion of p63 and p73 proteins was found to be associated with modulation of cell
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Fig.4.6 Some of the chemically modifying derivatives of apigenin and chrysin possessing signifi-
cant anticancer activities

cycle regulation via p21wafl, cyclin B1, and PIG3. Also, the expression of meta-
static proteins, including matrix metallo-proteases (MMPs), has been down-
regulated by these bio-metabolites. Results revealed that flavones treatment on oral
squamous cell (OSCC) carcinoma led to down regulation of the expression of
MMP-2 and urokinase plasminogen activator (u-PA) along with modulation of their
endogenous (TIMP-2 and PAI-1) inhibitors (Yang et al. 2008). Similarly, using tri-
ple negative breast cancer (TNBC) cells, Yang et al. (2014) investigated the anti-
metastatic effect of crysin via MMP-10, epithelia to mesenchymal transition (EMT),
and phosphatidyl inositol 3-kinase (PI3K)/Akt pathway. Metastasis is further sup-
ported by angiogenesis, and these metabolites are well documented to inhibit neo-
vascularization in the microenvironment of tumors. Chrysin suppresses IL-6-induced
angiogenesis through modulation of the sIL-6R/gp130/JAK1/signal transducer and
activator of transcription 3 (STAT3)/vascular endothelial growth factor (VEGF) sig-
naling pathway (Lin et al. 2010). The mechanism-based antiangiogenic potential of
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Fig. 4.7 Signaling mechanisms governed by flavones in cancer. Flavones modulate various
growth factors that are involved in the signaling of both intrinsic and extrinsic apoptosis, cell cycle
arrest, antimetastasis, antiangiogenesis, and anti-inflammation

other flavonoids was also observed as vascular endothelial growth factor receptor
(VEGFR) and multi-kinase inhibitors of endothelial cells (Geetanjali et al. 2014).
Another antitumor aspect of these metabolites can be correlated with their inhibi-
tory effects on inflammatory mediators, such as IL-6, IL-8, interferon y (IFN-
v),inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and tumor
necrotic factor-ao (TNF-a) (Chen et al. 2014; Kanai et al. 2016; Lee et al. 2016).
Exploring the mechanistic insight on the mode of actions of such bioactive metabo-
lites will help to understand the biology of cancer and further stimulate the scientific
community to design novel anticancer strategies in the near future (Fig. 4.7).

References

Arivudai NR, Viswanathan S, Thirugnansambantham P et al (1996) Anti inflammatory activity of
flavone and its hydroxy derivatives-a structure activity study. Indian J Pharma Sci 58(1):18-21

Arredondo F, Echeverry C, Blasina F et al (2015) Chapter 25 — Flavones and flavonols in brain and
disease: facts and pitfalls. In: Watson RR, Preedy VR (eds) Bioactive nutraceuticals and dietary
supplements in neurological and brain disease prevention and therapy. Academic, London,
pp 229-236

Batra P, Sharma AK (2013) Anti-cancer potential of flavonoids: recent trends and future perspec-
tives. 3 Biotech 3(6):439—459. https://doi.org/10.1007/s13205-013-0117-5

Bhagwat S, Haytowits DB, Holden JM (2013) Usda database for the flavonoid content of selected
foods. Release 3.1. Nutrient Data Laboratory, Beltsville Human Nutrition Research Center
Agricultural Research Service U.S. Department of Agriculture, Beltsville, pp 1-155

Byrd JC, Shinn C, Waselenko JK, Fuchs EJ, Lehman TA, Nguyen PL, Flinn IW, Diehl LF, Sausville
E, Grever MR (1998) Flavopiridol induces apoptosis in chronic lymphocytic leukemia cells via
activation of caspase-3 without evidence of bcl-2 modulation or dependence on functional p53.
Blood 92:3804-3816


https://doi.org/10.1007/s13205-013-0117-5

86 A.Sharma et al.

Casagrande F, Darbon JM (2001) Effects of structurally related flavonoids on cell cycle progres-
sion of human melanoma cells: regulation of cyclin-dependent kinases CDK2 and CDKI.
Biochem Pharmacol 61:1205-1215

Chen D, Bi A, Dong X, Jiang Y, Rui B, Liu J, Yin Z, Luo L (2014) Luteolin exhibits anti-
inflammatory effects by blocking the activity of heat shock protein 90 in macrophages. Send
Biochem Biophys Res Commun 443(1):326-332. https://doi.org/10.1016/j.bbrc.2013.11.122

Correia-da-Silva M, Sousa E, Pinto MMM (2013) Emerging sulfated flavonoids and other poly-
phenols as drugs: nature as an inspiration. Med Res Rev 34(2):1-57

Cotelle N, Bernier JL, Catteau JP et al (1996) Antioxidant properties of Hydroxy-flavones. Free
Rad Biol Med 20(I):35-43

Cragg GM, Newman DJ (2008) Chapter 12 anticancer drug discovery and development from natu-
ral products. In: Colegate SM, Molyneux RJ (eds) Bioactive natural products: detection, isola-
tion, and structural determination, 2nd edn. CRC Press Taylor & Francis Group, Boca Raton,
pp 323-370

Crasci L, Cardile V, Longhitano G et al (2018) Anti-degenerative effect of apigenin, luteolin and
quercetin on human keratinocyte and chondrocyte cultures: SAR evaluation. Drug Res (Stuttg)
68(03):132—-138. https://doi.org/10.1055/s-0043-120662

Dundar OB (2015) Flavones: an important scaffold for anticancer activity. J Food Process Technol
6:5. https://doi.org/10.4172/2157-7110.51.017

Funakoshi-Tago M, Nakamura K, Tago K (2011) Anti-inflammatory activity of structurally related
flavonoids, Apigenin, Luteolin and Fisetin. Int Inmunopharmacol 11:1150-1159

Geetanjali C, Sreenivasan J, Pawar N, Subramanian J, Sivaramakrishnan H, Sharma S (2014)
Comparison of effects of anti-angiogenic agents in the zebrafish efficacy—toxicity model for
translational anti-angiogenic drug discovery. Drug Des Dev Ther 8:1107-1123

Herrmann K, Entus R (2001) Shikimate pathway: aromatic amino acids and beyond. eLS. https://
doi.org/10.1038/npg.els.0001315

Hostetler G, Riedl K, Cardenas H et al (2012) Flavone deglycosylation increases their anti-
inflammatory activity and absorption. Mol Nutr Food Res 56:558-569

Hutchins WA, Wheeler TS (1939) 17. Chalkones: a new synthesis of chrysin, apigenin, and luteo-
lin. J Chem Soc:91-94. https://doi.org/10.1039/JR9390000091

Ibrahim RK (2001a) Phenylpropanoid metabolism. eLS. https://doi.org/10.1038/npg.els.0001912

Ibrahim RK (2001b) Flavonoids. eLS. https://doi.org/10.1038/npg.els.0003068

Kanai K, Nagata S, Hatta T, Sugiura Y, Sato K, Yamashita Y, Kimura Y, Itoh N (2016) Therapeutic
anti-inflammatory effects of luteolin on endotoxin-induced uveitis in Lewis rats. J Vet Med Sci
78(8):1381-1384

Kashyap D, Singh Tuli H (2018) Celastrol mediated Hsp90 protein inhibition in cancer. Glob
J Pharma Sci 5(1). https://doi.org/10.19080/GJPPS.2018.05.555652

Kashyap D, Mittal S, Sak K, Singhal P, Tuli HSHS (2016a) Molecular mechanisms of action of
quercetin in cancer: recent advances. Tumor Biol. https://doi.org/10.1007/s13277-016-5184-x

Kashyap D, Sharma A, Mukherjee TK, Tuli HS, Sak K, Kashyap, D., Sharma, A., Tk, M., Hs,
T., Kashyap D, Sharma A, Mukherjee TK, T. H. and S. K (2016b) Quercetin and ursolic acid:
dietary moieties with promising role in tumor cell cycle arrest. Austin Oncol 1(2):1-6

Kashyap D, Kumar G, Sharma A, Sak K, Tuli HS, Mukherjee TK (2016c) Mechanistic insight into
carnosol-mediated pharmacological effects: recent trends and advancements. Life Sci 169:27—
36. https://doi.org/10.1016/j.1fs.2016.11.013

Kashyap D, Mondal R, Tuli HSHS, Kumar G, Sharma AKAK (2016d) Molecular targets of gam-
bogic acid in cancer: recent trends and advancements. Tumor Biol 3(1):208-215. https://doi.
0rg/10.1007/313277-016-5194-8

Kashyap D, Sharma A, Tuli HS, Punia S, Sharma AK (2016e) Ursolic acid and oleanolic acid:
pentacyclic terpenoids with promising anti-inflammatory activities. Recent Patents Inflamm
Allergy Drug Discov 10(1):1-13. https://doi.org/10.2174/1872213x10666160711143904

Kashyap D, Tuli HS, Sharma AK (2016f) Ursolic acid (UA): a metabolite with promising thera-
peutic potential. Life Sci 146:201-213. https://doi.org/10.1016/j.1fs.2016.01.017


https://doi.org/10.1016/j.bbrc.2013.11.122
https://doi.org/10.1055/s-0043-120662
https://doi.org/10.4172/2157-7110.S1.017
https://doi.org/10.1038/npg.els.0001315
https://doi.org/10.1038/npg.els.0001315
https://doi.org/10.1039/JR9390000091
https://doi.org/10.1038/npg.els.0001912
https://doi.org/10.1038/npg.els.0003068
https://doi.org/10.19080/GJPPS.2018.05.555652
https://doi.org/10.1007/s13277-016-5184-x
https://doi.org/10.1016/j.lfs.2016.11.013
https://doi.org/10.1007/s13277-016-5194-8
https://doi.org/10.1007/s13277-016-5194-8
https://doi.org/10.2174/1872213x10666160711143904
https://doi.org/10.1016/j.lfs.2016.01.017

4 Flavones: Flavonoids Having Chemico-Biological Properties with a Preview... 87

Kashyap D, Sharma A, Tuli HS, Sak K, Punia S, Mukherjee TK (2017) Kaempferol — a dietary
anticancer molecule with multiple mechanisms of action: recent trends and advancements.
J Funct Foods 30:203-219. https://doi.org/10.1016/j.jff.2017.01.022

Kashyap D, Sharma A, Sak K, Tuli HS, Buttar HS, Bishayee A (2018a) Fisetin: a bioactive phy-
tochemical with potential for cancer prevention and pharmacotherapy. Life Sci 194:75-87.
https://doi.org/10.1016/j.1fs.2017.12.005

Kashyap D, Sharma A, Tuli HS, Sak K, Mukherjee T, Bishayee A (2018b) Molecular targets of
celastrol in cancer: recent trends and advancements. Crit Rev Oncol Hematol 128:70-81.
https://doi.org/10.1016/j.critrevonc.2018.05.019

Kashyap D, Tuli H, Garg V, Bhatnagar S, Sharma A (2018c) Ursolic acid and quercetin: prom-
ising anticancer phytochemicals with antimetastatic and antiangiogenic potential. Tumor
Microenviron 1(1):9. https://doi.org/10.4103/tme.tme_3_17

Kashyap D, Sharma A, Tuli HS, Sak K, Garge VK, Buttar HS, Setzerg WN, Sethi G (2018d)
Apigenin: a natural bioactive flavone-type molecule with promising therapeutic function.
J Funct Foods 48:457-471

Kattiger SL, Naik RG, Lakdawalla AD, et al (1990) U.S. patent 4,900,727, 13 Feb1990

Khare R, Sharma J, Sharma A (2016) Synthesis, characterization, and antibacterial activity of
some thiazoles derived from allyl thioureas. Russ J Gen Chem 86:702. https://doi.org/10.1134/
S$1070363216030312

Kitagawa S (2006) Inhibitory effects of polyphenols on P-glycoprotein-mediated transport. Biol
Pharm Bull 29(1):1-6

Lee HJ, Wang CJ, Kuo HC, Chou FP, Jean LF, Tseng TH (2005) Induction apoptosis of luteolin in
human hepatoma HepG2 cells involving mitochondria translocation of Bax/Bak and activation
of JNK. Toxicol Appl Pharmacol 203(2):124-131

Lee AY, Lee S, Kim HY, Lee S, Cho EJ (2016) Anti-inflammatory effects of luteolin and luteoloside
from Taraxacumcoreanum in RAW264.7 macrophage cells. Appl Biol Chem 59(5):747-754

Leonard E, Yan Y, Lim KH et al (2005) Investigation of two distinct flavone synthases for plant-
specific flavone biosynthesis in Saccharomyces cerevisiae. Appl Environ Microbiol 71:8241—
8248. https://doi.org/10.1128/AEM.71.12.8241-8248.2005

Leonard E, Yan Y, Fowler ZL et al (2008) Strain improvement of recombinant Escherichia coli
for efficient production of plant flavonoids. Mol Pharm 5:257-265. https://doi.org/10.1021/
mp7001472

Leopoldini M, Pitarch IP, Russo N et al (2004) Structure, conformation, and electronic properties
of apigenin, luteolin, and taxifolin antioxidants. A first principle theoretical study. J Phys Chem
A 108(1):92-96. https://doi.org/10.1021/jp03590

Lin CM, Shyu KG, Wang BW, Chang H, Chen YH, Chiu JH (2010) Chrysin suppresses 1L-6-
induced angiogenesis via down-regulation of JAK1/STAT3 and VEGF: an in vitro and in
ovoapproach. J Agric Food Chem 58(11):7082—7087. https://doi.org/10.1021/j£100421w

Liu M, Zhang J, Yang J et al (2014) An efficient synthesis of chrysin. J Chem Res 38:134-136

Malisauskas R, Botyriute A, Cannon JG et al (2015) Flavone derivatives as inhibitors of insu-
lin amyloid-like fibril formation. PLoS One 10(3):e0121231. https://doi.org/10.1371/journal.
pone.0121231

Martens S, Mithofer A (2005) Flavones and flavone synthases. Phytochemistry 66:2399-2407

Miyahisa I, Funa N, Ohnishi Y et al (2006) Combinatorial biosynthesis of flavones and flavonols
in Escherichia coli. Appl Microbiol Biotechnol 71(1):53-58

Mizuno H, Yazawa T, Kasuga S et al (2016) Expression of flavone synthase II and flavonoid
3’-hydroxylase is associated with color variation in tan-colored injured leaves of sorghum.
Front Plant Sci 7:1718

Moreira JP, Ramos H, Salazar S et al (2017) Flavones: promising basis for drug development of
caspase activators chapter 2, apoptosis, avid sciences, Telangana, India, 2017. http://www.avid-
science.com/wp-content/uploads/2017/07/flavones-promising-basis-for-drug-development-of-
caspase-activators.pdf. Accessed on 11 Apr 2018

Morreel K, Goeminne G, Storme V et al (2006) Genetical metabolomics of flavonoid biosynthesis
in Populus: a case study. Plant J 47:224-237


https://doi.org/10.1016/j.jff.2017.01.022
https://doi.org/10.1016/j.lfs.2017.12.005
https://doi.org/10.1016/j.critrevonc.2018.05.019
https://doi.org/10.4103/tme.tme_3_17
https://doi.org/10.1134/S1070363216030312
https://doi.org/10.1134/S1070363216030312
https://doi.org/10.1128/AEM.71.12.8241-8248.2005
https://doi.org/10.1021/mp7001472
https://doi.org/10.1021/mp7001472
https://doi.org/10.1021/jp03590
https://doi.org/10.1021/jf100421w
https://doi.org/10.1371/journal.pone.0121231
https://doi.org/10.1371/journal.pone.0121231
http://www.avidscience.com/wp-content/uploads/2017/07/flavones-promising-basis-for-drug-development-of-caspase-activators.pdf
http://www.avidscience.com/wp-content/uploads/2017/07/flavones-promising-basis-for-drug-development-of-caspase-activators.pdf
http://www.avidscience.com/wp-content/uploads/2017/07/flavones-promising-basis-for-drug-development-of-caspase-activators.pdf

88 A.Sharma et al.

Naik RG, Lal B, Rupp RH, et al (1994) U.S. patent 5,284,856, 8 Feb 1994

Paredes-Gonzalez X, Fuentes F, Jeffery S, Saw CLL et al (2015) Induction of NRF2-mediated
gene expression by dietary phytochemical flavones apigenin and luteolin. Biopharm Drug
Dispos 36:440-451. https://doi.org/10.1002/bdd.1956

Rao PS, Satelli A, Moridani M et al (2012) Luteolin induces apoptosis in multidrug resistant can-
cer cells without affecting the drug transporter function: involvement of cell line-specific apop-
totic mechanisms. Int J Cancer 130:2703-2714

Ravishankar D, Rajora AK, Greco F et al (2013) Flavonoids as prospective compounds for
anti-cancer therapy. Int J Biochem Cell Biol 45(12):2821-2831. https://doi.org/10.1016/j.
biocel.2013.10.004

Seo HS, Ku JM, Choi HS et al (2017) Apigenin overcomes drug resistance by blocking the sig-
nal transducer and activator of transcription 3 signaling in breast cancer cells. Oncol Rep
38:715-724

Sharma A, Khare R, Kumar V et al (2014a) 1-(substituted)-4, 4, 6-trimethyl-3, 4-dihydropyrimid
ine-2(1H)-thione: green synthesis, antibacterial activity and DNA photocleavage activity. Int
J Pharm Pharma Sci 6(3):171-175

Sharma A, Khare R, Kumar V, Beniwal V (2014b) Synthesis, characterisation and DNA photo-
cleavage activity of new 2-(thioxo/oxo) quinoline-4,6-dimethyl pyrimidinyl hydrazones. Int
J of Pharm Pharma Sci 6(9):166—169. Retrieved from https://innovareacademics.in/journals/
index.php/ijpps/article/view/1492/9697

Sharma A, Khare R, Kumar V et al (2014c) Synthesis and DNA photocleavage activity of
S-alkylated 2-thiopyrimidines. Curr Trends Biotech Chem Res 4(1):8—13. Available at: http://
ctber.com/index.php/biochem/article/view/11. Accessed 24 May 2018

Sharma A, Kumar V, Khare R et al (2015) Synthesis, docking study, and DNA photocleavage activ-
ity of some pyrimidinyl hydrazones and 3-(quinolin-3-yl)-5, 7-dimethyl-1, 2, 4-triazolo [4, 3-a]
pyrimidine derivatives. Med Chem Res 24(5):1830-1841

Sharma A, Sharma P, Singh HT et al (2018a) Phytochemical and pharmacological properties of
flavonols. In eLS. Wiley. https://doi.org/10.1002/9780470015902.a0027666

Sharma A, Kashyap D, Sak K, Tuli HS, Sharma AK (2018b) Therapeutic charm of quercetin
and its derivatives: a review of research and patents. Pharm Pat Anal 7(1):15-32. https://doi.
org/10.4155/ppa-2017-0030

Singh M, Kaur M, Silakari O (2014) Flavones: an important scaffold for medicinal chemistry. Eur
J Med Chem 84:206-239

Southon IW, Bisby FA, Buckingham J, Harborne JB (1994) (eds) Botanical data, J.L.. Zarucchi
et al; chemical data, Chapman & Hall chemical database ; phytochemical database, White RJ
et al, ILDIS, International Legume Database and Information Service and CHCD, Chapman
& Hall chemical database; phytochemical dictionary of the leguminosae volume 2 chemical
constituents; 573 pp

Srikumar T, Padmanabhan J (2016) Potential use of flavopiridol in treatment of chronic diseases.
In: Gupta S, Prasad S, Aggarwal B (eds) Drug discovery from mother nature, Advances in
Experimental Medicine and Biology, vol 929. Springer, Cham, pp 209-228. https://doi.
org/10.1007/978-3-319-41342-6_9

Teles YCF, Souza MSR, Vanderlei de Souza MF (2018) Sulphated flavonoids: biosynthesis, struc-
tures, and biological activities. Molecules 23:480. https://doi.org/10.3390/molecules23020480

Verma AK, Singh H, Satyanarayana M et al (2012) Flavone-based novel antidiabetic and anti-
dyslipidemic agents. ] Med Chem 55(10):4551-4567. https://doi.org/10.1021/jm201107g

Wang X, Morris ME (2014) Diet/nutrient interactions with drug transporters. In: You G,
Morris ME (eds) Drug transporters, 2nd edn. Wiley, Hoboken, pp 409-427. https://doi.
org/10.1002/9781118705308.ch21

Wang Q, Cui W, Liu M et al (2015) An improved synthesis of apigenin. J Chem Res 39:67-69

Wiernik PH (2016) Alvocidib (flavopiridol) for the treatment of chronic lymphocytic leukemia.
Expert Opin Investig Drugs 25(6):729-734. https://doi.org/10.1517/13543784.2016.1169273

Winkel-Shirley B (2001) Flavonoid biosynthesis. A colorful model for genetics, biochemistry, cell
biology and biotechnology. Plant Physiol 126:485-493. https://doi.org/10.1104/pp.126.2.485


https://doi.org/10.1002/bdd.1956
https://doi.org/10.1016/j.biocel.2013.10.004
https://doi.org/10.1016/j.biocel.2013.10.004
https://innovareacademics.in/journals/index.php/ijpps/article/view/1492/9697
https://innovareacademics.in/journals/index.php/ijpps/article/view/1492/9697
http://ctbcr.com/index.php/biochem/article/view/11>
http://ctbcr.com/index.php/biochem/article/view/11>
https://doi.org/10.1002/9780470015902.a0027666
https://doi.org/10.4155/ppa-2017-0030
https://doi.org/10.4155/ppa-2017-0030
https://doi.org/10.1007/978-3-319-41342-6_9
https://doi.org/10.1007/978-3-319-41342-6_9
https://doi.org/10.3390/molecules23020480
https://doi.org/10.1021/jm201107g
https://doi.org/10.1002/9781118705308.ch21
https://doi.org/10.1002/9781118705308.ch21
https://doi.org/10.1517/13543784.2016.1169273
https://doi.org/10.1104/pp.126.2.485

4 Flavones: Flavonoids Having Chemico-Biological Properties with a Preview... 89

Woo KJ, Jeong YJ, Park JW, Kwon TK (2004) Chrysin-induced apoptosis is mediated through cas-
pase activation and Akt inactivation in U937 leukemia cells. Biochem Biophys Res Commun
325(4):1215-1222

Yang SF, Yang WE, Kuo WH, Chang HR, Chu SC, Hsieh YS (2008) Antimetastatic potentials of
flavones on oral cancer cell via an inhibition of matrix-degrading proteases. Arch Oral Biol
53(3):287-294. Epub 2007 Oct 15

Yang B, Huang J, Xiang T, Yin X, Luo X, Huang J, Luo F, Li H, Li H, Ren G (2014) Chrysin
inhibits metastatic potential of human triple-negative breast cancer cells by modulating matrix
metalloproteinase-10, epithelial to mesenchymal transition, and PI3K/Akt signaling pathway.
J Appl Toxicol 34(1):105-112. https://doi.org/10.1002/jat.2941. Epub 2013 Oct 10

Zandena JJV, Wortelboerb HM, Bijlsmab S et al (2005) Quantitative structure activity relationship
studies on the flavonoid mediated inhibition of multidrug resistance proteins 1 and 2. Biochem
Pharmacol 69:699-708

Zapata-Torres G, Opazo F, Salgado C et al (2004) Effects of natural flavones and flavonols on the
kinase activity of CdkS5. J Nat Prod 67(3):416-420. https://doi.org/10.1021/np034011s

Zeidner JF, Karp JE (2015) Clinical activity of alvocidib (flavopiridol) in acute myeloid leukemia.
Leuk Res 39(12):1312-1318

Zeidner JF, Foster MC, Blackford AL et al (2015) Randomized multicenter phase II study of fla-
vopiridol (alvocidib), Cytarabine, and mitoxantrone (FLAM) versus Cytarabine/daunorubicin
(7+3) in newly diagnosed acute myeloid leukemia. Haematologica 100:1172-1179. https://doi.
org/10.3324/haematol.2015.125849

Zhang T, Chen X, Qu L et al (2004) Chrysin and its phosphate ester inhibit cell proliferation and
induce apoptosis in Hela cells. Bioorg Med Chem 12:6097-6105

Zhang Q, Zhao XH, Wang ZJ (2008) Flavones and flavonols exert cytotoxic effects on a human
oesophageal adenocarcinoma cell line (OE33) by causing G2/M arrest and inducing apoptosis.
Food Chem Toxicol 46(6):2042-2053

Zhang Q, Zhao XH, Wang ZJ (2009) Cytotoxicity of flavones and flavonols to a human esophageal
squamous cell carcinoma cell line (KYSE-510) by induction of G2/M arrest and apoptosis.
Toxicol In Vitro 23(5):797-807. https://doi.org/10.1016/j.tiv.2009.04.007. Epub 2009 May 3

Zhang Q, Zhao X, Qiu H (2013) Flavones and flavonols: phytochemistry and biochemistry. In:
Ramawat K, Merillon JM (eds) Natural products. Springer, Berlin/Heidelberg, pp 1821-1847

Zhang J, Liu M, Cui W et al (2014) Total synthesis of luteolin. J Chem Rese 38:60-61

Zheng X, Meng WD, Xu YY et al (2003) Synthesis and anticancer effect of chrysin derivatives.
Bioorg Med Chem Lett 13(5):881-884

Zheng X, Yu L, Yang J et al (2014) Synthesis and anti-cancer activities of apigenin derivatives.
Med Chem 10:747-752


https://doi.org/10.1002/jat.2941
https://doi.org/10.1021/np034011s
https://doi.org/10.3324/haematol.2015.125849
https://doi.org/10.3324/haematol.2015.125849
https://doi.org/10.1016/j.tiv.2009.04.007

®

Check for
updates

Cancer Chemoprevention by Dietary
Polyphenols, Flavonoids, Terpenoids,
and Saponins

Rahul L. Gajbhiye, Sanjit K. Mahato, Anushree Achari,
Parasuraman Jaisankar, and V. Ravichandiran

Abstract

Cancer chemoprevention invokes the adoption of natural or man-made agents for
the inhibition, delay, or reversal of carcinogenesis before an invasion. It is pre-
dicted that roughly one-third of all cancer deaths might be prevented through
proper dietary alteration. Chemopreventives should be defined by low toxicity in
therapeutic drugs and the possibility of an oral administration. Several epidemio-
logical studies and preclinical evidence indicate that various nutraceuticals and
dietary supplements display chemopreventive properties, which is well sup-
ported by in vitro and animal studies. Diet derived compounds widely investi-
gated for their chemopreventive activity mostly belong to a class of polyphenols,
flavonoids, terpenoids, or saponins. A well-balanced diet is an excellent source
of macronutrients, micronutrients, and phytochemicals and can diminish the risk

of cancer as well as provide cancer preventive activity.
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5.1 Cancer Chemoprevention by the Dietary
Phytochemicals

Cancer ranks as one of the top leading causes of morbidity and mortality world-
wide, with roughly 18.1 million new cancer cases and 9.6 million cancer deaths in
2018. It is also expected that the number of cases will increase by about 70% over
the ensuing two decades reaching 22 million annual cases (Bray et al. 2018;
McGuire 2016). Carcinogenesis is a mechanism by which a normal cell is trans-
formed into a cancer cell. This is due to the mutation and epimutation of the genetic
material of normal cells, which agitates the harmony between proliferation and
apoptotic cell death. This causes uncontrolled cell proliferation and the formation of
cancer. Chemoprevention is action taken to thoroughly cut-off or lower the chance
of getting cancer by actively intervening in the course of carcinogenesis (Zhang
etal. 2017; Al Rabadi and Bergan 2017). Scientists are investigating many different
ways to support the prevention of cancer, including the following:

e Avoiding or controlling cancer causing things.

* Managing changes in diet and lifestyle.

» Early detection of precancerous conditions that may lead to cancer.

e Chemoprevention (medicine to stop or reduce cancer conditions from the initial
stage).

e Risk-reducing surgery.

An abundance of data suggests that lifestyle factors, along with exposure to
chemical carcinogens, diet, and lack of physical activity play a pivotal role in the
advancement of common cancers. It has been predicted that appropriate lifestyle
modifications could prevent more than two-thirds of human cancers.

Diet is closely linked to the incidence and prevention of different cancer types
and dietary behavior has been diagnosed as one of the most significant modifiable
lifestyle impetus of cancer risk. Human cancer deaths attributable to diet make up
nearly 10-70% (average 35%). Therefore diet, together with a healthy lifestyle, can
reduce cancer incidence by 30-40%. In fact, most authors agree that there is consis-
tent epidemiological evidence to suggest that a diet rich in fruits or vegetables sig-
nificantly rolls back the risk of certain disorders, such as cancer and cardiovascular
diseases (De Stefani et al. 2000).

In consequence, several international organizations, like the World Cancer
Research Fund (WCRF), American Institute for Cancer Research (AICR), and other
various cancer research foundations, endorsed a boost in the ingestion of certain
fruits, vegetables, and grains as their incorporation in diet is associated with a reduced
risk for the spreading of certain tumors and cancers (Mosby et al. 2012; Gapstur et al.
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2018). The National Cancer Institute (NCI) has picked out about 35 plant-based
foods with cancer-preventive properties. Foods and herbs possessing these qualities
include garlic, cabbage, soybeans, licorice root, ginger, and the umbelliferous vege-
tables (including celery, carrots, coriander, parsnips, and parsley). Additional foods
with anticancer activity include citrus, onions, flax, turmeric, cruciferous vegetables
(Brussels sprouts, broccoli, cabbage, and caulifiower), sweet peppers and tomatoes,
brown rice, oats, barley, whole wheat, various herbs, such as rosemary, mints, thyme,
sage, oregano, and basil, cantaloupe, cucumber, and berries (Wiseman 2018; Surh
2003). Plenty of secondary plant products, such as polyphenols (Thomasset et al.
2007), terpenoids (Rabi and Gupta 2008), saponins (Raju and Mehta 2009), flavo-
noids (Galati and O’Brien 2004), carotenoids (Tanaka et al. 2012). etc., which are
substantial constituents of our daily food, have thus transformed themselves from
being considered as non-nutritive constituents to possibly cancer preventive ones.

5.2 Occurrence of Polyphenols, Flavonoids, Terpenoids,

and Saponins in Diet

Dietary phytochemicals are divided into four main classes according to their chemi-
cal structures: polyphenols, terpenoids, alkaloids, and sulfur compounds. Among
them, dietary polyphenols and flavonoids are the rich antioxidants in human diets
(Table 5.1). They are further subdivided into groups based on the number of

Table 5.1 Dietary sources of polyphenols

Subclass Compounds Primary source
Flavonols Quercetin, myricetin, Vegetables: capers, chives, celery, onions, red
kaempferol, rutin, onions, lettuce, dock leaves, broccoli,
isorhamnetin hartwort leaves, kale
Fruits: apricots, apples, grapes, plums,
bilberries, blueberries, blackberries,
cranberries, olive elderberries, black currant
juice, currants, cherries, apple juice
Drink: red wine, tea (green and black)
Flavanones Hesperin, hesperidin, Citrus fruits and juices: orange, orange juice,

naringin, eriodictyol,
naringenin

lemon, lemon juice, lime juice, grapefruit,
tangerine juice

Flavan-3-ols

Catechin, epicatechin,
galloylated derivatives

Tea, apple, plums, cranberries, berries,
chocolate

Flavones

Luteolin, apigenin

Fruits: olives, celery

Vegetables: hot peppers, fresh parsley,
celery hearts

Spices and herbs: oregano, dry parsley,
rosemary, thyme

Anthocyanins

Cyanidin, delphinidin,
malvidin, pelargonidin,
peonidin, petunidin (mostly as
glycosides)

Fruits: Cherries, blackberries, black currants,
blueberries, elderberries, black grape,
strawberries, plums, cranberry, raspberry,
pomegranate juice
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phenolic rings that link the structural elements: (1) The phenolic acids, which have
subclasses derived from different hydroxybenzoic acids, such as gallic acid and
hydroxycinnamic acids, containing ferulic, caffeic, and coumaric acids; (2) the
giant flavonoid subclass, which consists of the flavones (Fig. 5.1), flavonols
(Fig. 5.2), flavanones (Fig. 5.3), flavanols (Fig. 5.4), and anthocyanidins (Fig. 5.5);
(3) the stilbenes; and (4) the lignans and their polymers (Lin et al. 2016).

The richest flavonoids in the diet are flavanols (catechins plus proanthocyani-
dins), anthocyanins, and their oxidation analogues. The leading dietary sources of
polyphenols include some common fruits and beverages (tea, coffee, fruit juice,
wine, beer, and chocolate) and, to a lesser extent, dries legumes, vegetables, and
cereals as shown in Table 5.1 (Bhagwat et al. 2013).

Terpenoids (Figs. 5.6 and 5.7) and Saponins (Fig. 5.8) occur in a wide range of
plants but only a few of them are frequently used as food by humans. The more
regularly consumed ones are spinach, soybeans, chickpeas, and peanuts. Many dif-
ferent saponins can exist within a sole plant species. Common dietary sources of
saponins are soybeans (5.6%), lentil (4%), broad bean (3.7%), chickpeas (3.6%),
garden peas (2.5%), and lucerne/alfalfa (2-3%) (Guclu-Ustundag and Mazza 2007).
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5.3  Dietary Phytochemicals and Cancer
5.3.1 Epidemiological Evidence

Epidemiological studies and systematic analyses have shown the response of diet on
health, and the relation between the utilization of certain foods and a marked down
risk of some chronic diseases like cancer. In this view, many exercises have proven
the potential of dietary phytochemicals as anticarcinogenic agents during study
using different cell lines, animal models, and human epidemiological data (Scott
et al. 2009; Kapinova et al. 2018). Dietary phytochemicals may inhibit numerous
stages in the carcinogenesis mechanism and hence prevent or hold up tumor devel-
opment. Although induction of apoptosis looks to be rather specific for the cancer
cells, it may perhaps be mentioned that certain human studies have exposed no use-
ful effects (Table 5.2). The Korean Population Cohort Study showed that a higher
intake of flavonols and flavan-3-ols can slow down the risk of colorectal cancer
(Choetal. 2017). In a Netherlands Cohort Study involving 20,852 people, decreased
colorectal cancer risk in normal wt. women was observed on consumption of a fla-
vonol and catechin rich diet (Simons et al. 2009). Similarly, a decreased risk for
esophageal, gastric, and prostate cancers have been reported after the consumption
of anthocyanidin (Petrick et al. 2015). Also several epidemiological studies showed
the pull down of different types of cancer risk after consumption of quercetin,
myricetin, catechins, green tea, soy and many more dietry phytochemicals.

In summary, epidemiological and nutritional intervention studies data suggest
that high consumption of dietary foods rich in polyphenols, flavonoids, terpenoids,
and saponins may shorten the flourishing risk of several types of cancers (breast,
colon, rectal, gastric, pancreatic, lung, ovarian, and prostatic cancer). This promis-
ing finding has motivated scientists to explore the molecular mechanisms involved
in the antitumor actions in order to validate the value for cancer treatment. Various
in vitro and in vivo investigations have provided broad evidence to prevent carcino-
genesis and to suppress tumorigenesis over different molecular mechanisms.
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5.3.2 Dietary Phytochemicals Effects in Xenograft Models

The in vivo effect of dietary phytochemicals has been studied using subcutaneous
xenografts in mice. A nude mouse model of breast cancer xenogratfs can reduce the
primary tumor growth using combined treatment with resveratrol, quercetin, and
catechin (Schlachterman et al. 2008). Anthocyanidins (cyanidin, malvidin, petuni-
din, peonidin, and delphinidin) at 1.5 mg/mouse inevitably inhibit the development
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of H1299 xenografts in nude mice. Cyanidin, the most active anthocyanidin, reduced
the growth by ~60% and inhibited the growth of xenografts in nude mice (Liu et al.
2018). Significant reduction of tumor growth in a T24 bladder cancer xenograft
model has been observed after treatment with the flavonol myricetin (Sun et al.
2012). Similarly, hepatocellar carcinoma xenograft growth is inhibited by flavone
apigenin in nude mice (Gao et al. 2018).
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Dietary saponins, such as hederagenin, and the triterpene oleanolic acid also
inhibit the tumor growth in a mouse xenograft model (Kim et al. 2017; Niu et al.
2018). Similarly, dietary diterpene carnosol (Johnson et al. 2010), monoterpene
geraniol (Kim et al. 2012), and triteppene betulinic acid suppress cancer cell growth
in xenograft tumor models (Cai et al. 2018).
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Table 5.2 Epidemiological studies: corporation between flavonoids or foods affluent in phenolic

compounds and cancer

Sample
Effect size References
Flavonoids Dropped off cancer risk in entire | 9959 men | Knekt et al.
sites combined (1997)
Deteriorated cancer risk in the 540 De Stefani et al.
oral cavity, larynx, pharynx and people (1999)
esophagus
Quercetin, onions, white Decreased recurrence of lung 582 Le Marchand
grapes cancer people et al. (2000)
Quercetin Decreased incidence of lung 10,054 Knekt et al.
cancer men (2002)
Decreased incidence of colon 264 Kyle et al.
cancer people (2010)
Quercetin, kaempferol Decreased risk of gastric cancer 354 Garcia-Closas
people et al. (1999)
Catechins Decreased incidence of epithelial | 939 men Arts et al.
cancer (2001)
Tea Decreased risk of colon cancer 12,170 Su and Arab
people (2002)
Green tea Slow down risk of prostate cancer | 49,920 Kurahashi et al.
men (2008)
Diminished risk of recurrence 472 Inoue et al.
breast cancer and metastasis women (2001)
Flavonoid intake and Declined risk of prostate cancer 58,279 Geybels et al.
black tea men (2013)
Soy Decreased risk of lung cancer 999 men Wakai et al.
(1999)
Decreased risk of breast cancer 34,759 Key et al.
women (1999)
Anthocyanidin Reduced risk of oesophageal and | 615 Petrick et al.
gastric cancer people (2015)
Flavonol and catechin Decreased colorectal cancer risk 120, 852 Simons et al.
in normal wt. women women (2009)
Reduced risk of prostate cancer 118 Geybels et al.
people (2013)
Epicatechin, catechin, Decreased lung cancer risk 558 Cui et al. (2008)
quercetin, and kaempferol | among tobacco smokers people

5.3.3 Dietary Phytochemicals Effects on Apoptosis

Programmed cell death is defined by morphological and biochemical modifications
in cells (e.g., DNA fragmentation) (Debatin 2004). Dietary phytochemicals induce
apoptosis in various cancer cell lines, namely human breast cancer (Valcic et al.
1996), lung cancer (Yang et al. 1998), gastric cancer (Horie et al. 2005), colon can-
cer (Tan et al. 2000), and prostate cancer (Brusselmans et al. 2003). Recent investi-
gations have shown that the dietary flavonol quercetin induces apoptotic cell death
in various types of cancers, such as leukemia (Chen and Jiu-Hong 2005; Mertens-
Talcott and Percival 2005), prostate cancer (Huynh et al. 2003), breast cancer
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(Hakimuddin et al. 2004), lung cancer (Nguyen 2003) and hepatoma (Chi et al.
1997). Moreover, these flavonols have also been shown to promote morphological
mutation and DNA cleavage in leukemia (Csokay et al. 2005) and rat pancreatic
carcinoma cells (BSp73AS) (Mouria et al. 2002).

Genistein has been found to restrain the growth of various cancer cells by the
modulation of genes that are related to the control of apoptosis or to another mecha-
nism like cell growth or signal transduction pathways, after all this isoflavonoid is a
magnificent inhibitor of protein tyrosine kinases (Lian et al. 1999). It can promote
apoptosis in prostate cancer (Kumi-Diaka et al. 2000), breast cancer (Li et al. 1999),
head and neck squamous cell carcinoma (Alhasan et al. 1999), lung cancer cells
(Lian et al. 1999), and stomach cancer cells (Yanagihara et al. 1993).

Kaempferol exerts a direct effect on the apoptosis extrinsic pathway, which is
based on the presence of death receptors on the cell surface able to recognize death
inducing substances. These death receptors comprise tumor necrosis factor alpha
(TNF-a), FAS, and TRAIL (Lee et al. 2014).

Anthocyanidins have been found to activate morphological change and DNA
fragmentation in hepatoma cells (Shih et al. 2005). Cell apoptosis was detected by
DNA agarose gel electrophoresis when lung cancer cells NCI-H460 were treated
with anthocyanidin (Zhang et al. 2005). Theaflavin digallate and epigallocatechin
inhibited growth and promoted apoptosis in COLO 320DM cells (Hsu et al. 2012).
Morphological observation of the tissue displayed apoptotic bodies in treated human
stomach cancer KATO III cells (Hibasami et al. 1998). Viability, apoptosis, and
DNA fragmentation assay indicated that the merger of EGCG and bleomycin poten-
tiated apoptosis (Bimonte et al. 2015). Epigallocatechin-3-O-gallate provoked dose-
dependent cell propagation inhibition, cell cycle detention at the GO/G1 stage, and
DNA cleavage in HT-1080 cells, suggesting the induction of apoptosis (Lee et al.
2011). Synergistic apoptosis of HCT 15, HCT 116, as well as Hep G-2 cells by
curcumin and catechin have been observed efficiently (Alam et al. 2018). Anthocynin
rich bilberry extract has been shown to induce apoptosis in HL60 cells and nucleo-
somal DNA fragmentation (Katsube et al. 2003). Triterpenes oleanolic acid and
ursolic acid induced apoptosis in four cancer cell lines of human liver. Completion
of apoptosis was proved microscopically by observing escalation in plasma mem-
brane permeability and detecting the fragmentation of DNA (Shyu et al. 2010).

5.3.4 Epigenetic Markers Effects

Dietary factors play a pivotal role in many natural biological courses of action and are
also convoluted in the surveillance of pathological breakthroughs. Environmental and
dietary circumstances can influence diseases linked to genetic and epigenetic modifi-
cations. Recently, an increasing number of nutritional components that have an inher-
ent epigenetic activity have been identified. These micronutrients are able to control
gene expression by carrying out an inheritable DNA (or DNA-associated proteins)
modification without altering the DNA sequence. The posttranslational modification
of histone proteins is the most well-known epigenetic mechanism by histone
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deacetylases (HDACsS). Synthetic HDACs cause harmful side effects like atrial fibril-
lation, questioning their applicability. Therefore, the discovery of new HDACS inhibi-
tors (HDACTS) is of great interest as potential anticancer drugs (Berger et al. 2013).

Dietary polyphenols and flavonoids have a custodial role against diseases and
have found an important place in cancer prevention (Yang et al. 1998; Tan et al.
2000). In fact, various mechanisms have been found that aid in demonstration of the
preventive nature of polyphenols, along with their ability to amend the epigenome
by chromatin remodeling or by reactivating silenced genes in cancer cells (Bag and
Bag 2018). Their chemopreventive potential can be defined by their ability to
restrain DNMTs and also act as histone modifiers. The epigenome of cancer cells
could be changed significantly by both of these properties, and they are viewed as
interesting possibilities for anticancer therapeutics (Fig. 5.9).

The DNMT inhibitory activity of a green tea catechin and epigallocatechin
3-gallate (EGCG) was described by Morris et al. (2016). More than 50% of effec-
tive compounds in green tea are EGCG. Flavones apigenin and luteolin, flavanone
hesperetin, and anthocyanidin cyanidine inhibit DNMT activity when tested in vitro.
The flavone apigenin shows chemopreventive properties against prostate cancer by
inhibiting HDAC (Ganai 2017). The dietary flavone luteolin influenced apoptosis of
HL-60 cells, is associated with c-Jun activation, and expressed the histone H3 acet-
ylation-mediated by Fas/FasL (Wang et al. 2018). It also cut down protein levels and
the enzyme actions of epigenetic modifying enzymes, such as DNA methyltransfer-
ases (DNMTs) and histone deacetylases (HDACs), in HCT116 cells (Zuo et al.
2018). Delphinidin, a dominant anthocyanidin compound found in diversified fruits,
promotes p53-mediated apoptosis by abolishing HDAC activity and stimulating p53
acetylation in human prostate cancer LNCaP cells (Jeong et al. 2016).
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5.3.5 Importance of Dietary Phytochemicals in Co-therapy

Used in combination, dietary phytochemicals also have great potential to enhance
the therapeutic effects of antitumor drugs, a practice known as co-therapy. The com-
bination of the flavonol kaempferol with classical chemotherapeutic agents results
in greater cytotoxic effects than those achieved by each of them separately (Luo
et al. 2010). It is also able to sensitize the cytotoxic effects of 5-fluorouracil to the
tumor cells, cytarabine (Mohan et al. 2013) and doxorubicin (Sharma et al. 2007).

Combination of autophagy inhibitors with the flavone apigenin inhibits the cell
proliferation and induces autophagy by way of suppressing the PI3K/Akt/mTOR
pathway (Yang et al. 2018).

A synergistic cytotoxic effect by theaflavin-3,3’-digallate, a black tea polyphe-
nol, and cisplatin (CDDP) was shown in cisplatin resistant ovarian cancer cells
A2780/CP70 and OVCAR3 (Pan et al. 2018).

Another polyphenol, epigallocatechin-3-gallate, found in tea combined with cis-
platin significantly shortened the size of the tumor (Zhou et al. 2014). It also poten-
tiated the effect of adriamycin in CaEs-17 cells (Fantini et al. 2015), fluorouracil in
Hep G2 cells (Yang et al. 2012), and ponatinib in chronic myeloid leukemia cells
(Goker et al. 2014). Combination of capecitabine with (-)-epigallocatechin-3-gallate
inhibits tumor growth and angiogenesis with gastric cancer xenografts in nude mice
(Wu et al. 2012). Green tea catechins augmented the antitumor properties of doxo-
rubicin for chemoresistant liver cancer in a mouse model (Liang et al. 2010).

The anthocynidin delphinidin (DPN) in combination with 5-aza-2-deoxycytidine
(AzaC) showed the highest inhibition of cell growth in human glioblastoma LN18
and U87MG cells (Chakrabarti and Ray 2015). Anthocyanins also potentiated the
activity of trastuzumab in human epidermal growth factor receptor 2-positive breast
cancer cells in vitro and in vivo (Liu et al. 2014).

Luteolin with lapatinib inhibited the growth of breast cancer cells (Zhang
et al. 2017) and the doxorubicin-induced autophagy in human osteosarcoma U20S
cells (Zhang et al. 2015). The combination of the oncolytic adenovirus CD55-
TRAIL with luteolin significantly decreased cytotoxicity in lung/bronchial normal
epithelial cells compared with single treatment (Xiao et al. 2017). Co-treatment of
tamoxifen and naringenin could inhibit cell proliferation more effectively in ER+
breast cancer cells (Xu et al. 2018). Combination of myricetin with 5-fluorouracil
chemotherapy can enhance tumor chemosensitivity of esophageal cancer EC9706
cells, and hence myricetin could be a potential chemosensitizer for esophageal can-
cer therapy (Wang et al. 2014).

Combination of afromosin with soyasaponin I enhanced their antitumor promot-
ing activity. Consequently, many active compounds were found that might be valu-
able chemopreventive agents (Konoshima et al. 1992).

Limonene enhances the antitumor effect of docetaxel against prostate cancer
cells without being toxic to normal prostate epithelial cells (Rabi and Bishayee
2009). Geraniol in combination with gemcitabine induced BXPC-3 cell apoptosis
(Jin et al. 2013). Co-treatment 5-fluorouracil with triterpenoid lupeol induced
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apoptosis by upregulating the expressions of Bax and p53 and downregulating the
expressions of survivin and Bcl-2 (Liu et al. 2016).

5.4  Concluding Remarks

In the past few decades, several studies have been performed that support the con-
cept of cancer chemoprevention dietary polyphenols, flavonoids, terpenoids, and
saponins. Several epidemiological studies have corroborated that dietary consump-
tions have a huge impact on cancer prevalence. Owing to these encouraging obser-
vations, research efforts all across the globe have focused on identifying,
characterizing, and providing the scientific basis behind the chemopreventive prop-
erties of dietary supplements. The results have shown that fruits and vegetables
represent an untapped reservoir of various nutritive and nonnutritive phytochemi-
cals that when incorporated into a healthy lifestyle can be a very useful step toward
cancer chemopreventive.
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Abstract

The immune system is the most complex and important biological system of the
human body, and good health requires it to be strong and well-functioning.
Imbalance or malfunction of the immune system leads to a wide range of chronic
diseases, including allergies, cancers, autoimmune diseases, and others.
Immunogenicity mainly refers to any changes in the immune response and may
involve amplification, induction, expression or inhibition of different compo-
nents of the immune response. Immunomodulators can be broadly classified into
three categories: immunoadjuvants, immunostimulants, and immunosuppres-
sants. Natural products-based immunogenic agents provide a safe alternative for
treatment in order to avoid the unwanted side effects of synthetic drugs. A wide
range of structurally diverse plant secondary metabolites, such as alkaloids,
polysaccharides, lectins, glycosides, phenolic compounds, flavonoids, anthocya-
nins, tannins, saponins, terpenoids, and sterols can improve and/or activate mac-
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rophage immune responses, leading to immunomodulation, antitumor activity,
wound-healing, and other therapeutic effects.

Keywords
Immunomodulators - Natural products - Plant secondary metabolites - Cytokine -
Innate and adaptive immunity - T regulatory cell - Th1 - Th2

6.1 Introduction

The immune system of the body acts as a controlling weapon against pathogens.
Malfunctioning of the system can lead to hyper-reactivity of the machinery. This
may even give rise to autoimmune diseases, like rheumatoid arthritis (RA) or
Crohn’s disease (Davidson and Diamond 2001; Burnet 1959). Immunosuppression
involves a decrease of the activation of the immune system and is considered a use-
ful approach for the amelioration of such conditions. T-lymphocytes play a pivotal
role in the defense response of the immune system; therefore, immunosuppressive
approaches tend to condition these cells (Abbas et al. 1996). Cyclosporine A (1), a
cyclic nonribosomal peptide of fungal origin, is a well-known and clinically tested
immunosuppressive drug used to treat or repress the overactivity of lymphocytes,
particularly after transplantation surgery or in cases of severe RA. However, the
compound has several, sometimes severe, side effects (Marshall and Kearns 1999).
Other vital problems may also arise when trying to suppress the immune system.
For example, cells may be held in an inactive state where they are viable but not
capable of growing and proliferating. This is an essential requirement to identify a
compound as immunosuppressant; otherwise, cytotoxicity would lead to side
effects. The other important drawbacks of many therapeutic peptides are their low
oral bioavailability consequent upon fast degradation in the system and the poor
drug permeation that is a consequence of their hydrophilic nature (Thell et al. 2014;
Srinivas et al. 2005). It is therefore necessary to provide improved means and meth-
ods to suppress the immune system so as to be able to treat or prevent disorders of
the system. It is relevant in this context to point out that there are some cyclotides
which possess the ability to decrease or else arrest the proliferation of (activated)
immune cells [for example peripheral blood mononuclear cells (PBMC) or
T-lymphocytes] (Grundemann et al. 2013; Weidmann and Craik 2016).

Immunomodulators or immunogenic agents are the substances of biological or
synthetic origin capable of stimulating, suppressing or modulating either or both of
the innate and adaptive arms of the immune system. From a clinical standpoint,
these agents are usually considered to be a member of the following classes:

Immunoadjuvants: These substances enhance the efficiency of vaccines and may be
described as specific immune stimulants that can be the true modulators of the
immune response and may act as a discriminator between cellular and humoral
helper T1 (Thl) and T2 cells (Th2) and between immunodestructive, immunopro-
tective, and reaginic [immunoglobulin E (IgE) versus IgG] type immune responses,
which pose a real challenge to vaccine designers (Cox and Coulter 1997).



6 Immunogenic Potential of Natural Products 113

Immunostimulants: These are naturally nonspecific and are only supposed to act as
enhancements to a body’s resistance to infection. They can act through both
adaptive as well as innate immune responses. Immunostimulants act as prophy-
lactic and promoter agents (immunopotentiators) in healthy individuals by
increasing the basic level of immune response but act as immunotherapeutic
agents in patients with impairment of immune response (Hadden 1993).

Immunosuppressants: These comprise a structurally and functionally diverse group
of drugs and are often administered as combination regimens to deal with vari-
ous types of organ transplant rejection and autoimmune diseases (Liu et al.
2009).

The immune system functions by guarding the host from invading pathogens and
thus protecting it from the effects of diseases (Malone et al. 2013; Metzger 2014).
Formerly, the target was to suppress the immune system and permit allotransplanta-
tion. The system may be activated by “self”” antigen (autoantigen) or “nonself” anti-
gen (alloantigen). The pathway usually involves processing of the antigen by the
phagocytic cells, such as macrophages, monocytes, or related cells (Geissmann
et al. 2010). There are two types of immune responses found in human body:

I. Innate immune response
II. Adaptive immune response
(a) Humoral immunity
(b) Cellular immunity

6.1.1 Innate Immune Response

Efficient interactions among innate (natural and nonspecific) as well as acquired
(adaptive and specific) components of the immune system produce immune
responses. The first line of defense against invading pathogens is the innate immune
response, and it depends on the body’s ability to acknowledge such preserved fea-
tures of pathogens that are absent in the healthy or uninfected host. The products are
specific for the pathogen in question and are identified by plant’s Toll-like receptor
proteins as well as in invertebrate and vertebrate animals (Aderem and Ulevitch
2000; Ahmad et al. 2000). Microbial surface molecules are also activate comple-
ment in vertebrates; groups of these blood proteins act together and disrupt the
microorganism membrane, making them vulnerable to phagocytosis caused by neu-
trophils and macrophages, and hence generate an inflammatory response (Figueroa
and Densen 1991). The phagocytic cells kill the invaders by employing a combina-
tion of antimicrobial peptides, reactive oxygen species (ROS), and degrading
enzymes (Wink 2003). They may give rise to an inflammatory response by releasing
signaling molecules and also harness the army of the adaptive immune system.
Interferons (IFN) generate after cells become infected with viruses, culminating in
a series of cellular responses that stop viral replication and activate the killer
instincts of natural killer (NK) cells (Vivier et al. 2008) and cytotoxic T-lymphocytes
(Martin et al. 1988).
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6.1.2 Adaptive Inmune Response

An immunological memory, as well as stronger immune response, comes from the
adaptive immune system, where each pathogen is identified by a specific marker
antigen. B- and T-lymphocytes are the special types of leukocytes cells of this sys-
tem. While T-cells produce a cell-mediated immune response, B-cells produce a
humoral immune response. Both these cells carry receptor molecules capable of
identifying specific targets (Medzhitov and Janeway 1997). A T-cell can identify a
nonself target, such as a pathogen, only when antigens (small fragments of patho-
gen) have been processed and presented along with the self receptor known as the
major histocompatibility complex (MHC) molecule. Antigens get recognized by
killer T-cells coupled to Class I MHC molecules, whereas helper T-cells will recog-
nize antigens coupled to Class II MHC molecules (Iwasaki and Medzhitov 2004).
The gamma-delta T-cells form a third, minor subtype that identifies intact antigens
(8). In contrast, a B-cell antigen-specific receptor is an antibody molecule on a
B-cell surface with the capability to identify all pathogens devoid of any antigen
processing. Every lineage of the B-cell expresses a different antibody; a complete
set of the B-cell antigen receptors represent all antibodies that the body can gener-
ate. Replication of T-cells and B-cells following their activation gives rise to off-
spring, some of which turn into the long-lived memory cells. These memory cells
memorize each specific pathogen encountered during the lifetime of an animal and
remain capable of posing a strong response to future challenges (Gross et al. 1989).

6.2  Natural Products as Inmunogenic Agents

Plant derived phytochemicals are naturally occurring compounds often endowed
with bioactive potentials. The primary metabolites of plants are important for
growth and reproduction. In addition, a number of the secondary metabolites syn-
thesized by plants are generally not important for the survival of the plant. These
consist of several classes of compounds, such as flavonoids, alkaloids, glycosides,
coumarins, gums, tannins, polyphenols, polysaccharides, terpenes, and terpenoids
(Zhong 2001). Production of these phytochemicals sometimes depends on response
to external stimuli, such as infection, nutritional or climatic challenges, and they can
accumulate only in certain parts of the plant. They thus function as a natural defense
system for the host. In addition, they contribute to the color, aroma, and flavor or
even act as signaling molecules. More than 4000 such products have been identified
to date. Interestingly, these phytochemicals are also recognized to be endowed with
curative potentials, such as antioxidant, memory enhancing, antidiabetic, choles-
terol lowering, anticancer, adaptogenic, and immunomodulatory activity. Natural
products having immunostimulating potential can be either high- or low-molecular
weight compounds. Polyphenolic compounds, terpenoids, and alkaloids mainly
constitute the low-molecular weight ones, while the high-molecular weight type is
dominated by polysaccharides (Kayser et al. 2003).
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6.2.1 Alkaloids

Alkaloids are the most effective and therapeutically significant plant substances
(13). With nearly 5500 alkaloids, they are the largest single class of secondary plant
metabolites that contain one or more nitrogen atoms, generally as part of a cyclic
structure (Guha et al. 1979). When administered to animals, they exhibit distinct
physiological activity. Alkaloids can be used for their antitumor (vinblastine and
vincristine) (Owellen et al. 1972), analgesic (morphine) (Siegel 1976) or antimicro-
bial (cepharanthine) properties. They are also able to enhance immune responses,
and most of them are being tested for their immunostimulating properties (Kondo
et al. 1992). Warifteine (1), an alkaloid isolated from Cissampelos sympodialis,
shows immunomodulatory activity in a chronic allergic rhinitis model by reducing
antigen-specific IgE levels, eosinophil infiltration, and lung hyperactivity (Lima
et al. 2014). Vinpocetine (2), a vasoactive Vinca alkaloid extracted from the peri-
winkle plant, shows promising immunomodulatory activity when tested against
plasmacytoid dendritic cells (pDCs) isolated from C57BL/6 mice. It significantly
downregulates the expression of CD40, CD80, and CD86 on pDCs and inhibits the
Toll-like receptor 9 signaling pathway, thereby reducing the secretion of related
cytokines in pDCs through TSPO (Feng et al. 2017).

The immunomodulatory effect of berberine (3), an alkaloid found in Berberis
and Coptis, was investigated for the myosin-induced myocardial injury in rats. It
differentially modulated the activities of p-STAT1, p-STAT3, and p-STAT4 to sup-
press Th17 and Thl cell differentiation (Liu et al. 2016). Tetrandrine (4), a potent
immunomodulator isolated from the Chinese herb Han-Fang Chi, can effectively
suppress cytokine production and proliferation of CD28-costimulated T cells (Ho
et al. 2004). It also suppresses the mitogen induced lymphoproliferative response
and antibody production by B cells (Seow et al. 1988).

Nicotine (5), isoquinoline alkaloids like cepharanthine, and indole alkaloids like
ajmaline (6) inhibit a TAK-induced activation of polymorphonuclear leukocytes or
PMN (Kinoshita et al. 1992). Sinomenine (7) decreased IFN-y, IL-1p, TNF-«,
IL-12P70, and IL-6 production by inhibiting the TLR/NF-kB pathway (Xiong et al.
2017). The tryptophan-derived alkaloid cristatin A (8), isolated from the plant
Lepidagathis cristata Willd, shows immunosuppressive activity by inhibiting the
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Con A (T-cells) and LPS (B-cells)-induced proliferation in mouse splenic lympho-
cytes (Ravikanth et al. 2001). LPS-induced production of proinflammatory cyto-
kines, such as IL-1f, TNF-a, and IL-6, was inhibited by 10-methoxycanthin-6-one
(9) in LPS-stimulated macrophages from Balb/c mice. A significant inhibition of
iNOS and COX-2 and of cytokine gene expression in LPS-stimulated macrophages
was also observed (Siveen and Kuttan 2012). The chromone alkaloid rohitukine
(10), isolated from the plant Dysoxylum binectariferum, inhibited the immune-com-
plex mediated inflammation.

6.2.2 Cyclodepsipeptides

Cyclodepsipeptides are secondary metabolites with unique structures composed of
unusual amino acids and nonamino acid moieties and are produced mainly by
marine and terrestrial organisms. They have generated considerable interest among
the scientific community because of their novel structural features and the wide
spectrum of biological organisms, but it is quite difficult to isolate adequate quanti-
ties of these metabolites for pharmacological and toxicological testing. Therefore,
structural elucidation and their total synthesis are required to make their use more
rational and affordable. Cyclodepsipeptides trichomide A (11), trichomide B (12),
trichomide C (13), homodestcardin roseotoxin B (14), destruxin A5 (15), roseocar-
din (16), homodestruxin B(17), and destruxin B (18) belong to the destruxin family
and inhibit the proliferation of lymph node cells (Zhang et al. 2013).
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A new cyclic nonapeptide cyclolinopeptide B (19) has been isolated from the
seeds of Linum usitatissimum, which exerts an inhibitory effect on the mitogen
(concanavalin A)-induced response of human peripheral blood lymphocytes (Krauss
et al. 1999).

6.2.3 Flavonoids

Flavonoids are among the most abundant plant products found in both the free-
state and as glycosides. Most of them are water-soluble compounds. The basic
skeleton for their chemical structure is the carbon skeleton C6—C3—C6. Flavonoids
are potent free radical scavengers and super antioxidants, which prevent oxidative
cell damage and also have strong chemopreventive activity against all stages of
carcinogens. They are known to reduce the risk of heart diseases (Hertog et al.
1995). They also slow down the initiation, promotion, and progression of tumors
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(Brownson et al. 2002). Plant flavonoids have attracted the attention of researchers
recently as a dietary supplement for cancer patients because of their chemoprotec-
tive effect (Ramos 2007).

Pectolinarigenin (20), isolated from the leaves of Clerodendrum volubile, signifi-
cantly inhibited T-cell proliferation and modulated the respiratory oxidative burst in
phagocytes (Erukainure et al. 2017). Responsiveness of T and B lymphocyte sub-
sets for antibody synthesis has been increased by administration of dietary supple-
mentation genistein (21) and hesperidin (22). This augmented the humoral immune
response in chicken in both lipopolysaccharide-challenged and -unchallenged
broiler chickens. This improved immune status can be effective against infectious
agents, particularly for gram-negative bacterial pathogens (Kamboh et al. 2016).
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Teucrium ramosissimum Desf. isolates apigenin-7-glucoside (23), genkwanin
(24), and naringenin (25) significantly improved splenocyte proliferation. These
compounds distinctly increased the killing activity of natural killer (NK) cells and
cytotoxic activity of T lymphocytes (CTL) isolated from splenocytes. These experi-
mental outcomes suggest its use in modulation of immune cell functions in physi-
ological and pathological conditions (Nasr-Bouzaiene et al. 2016).

Hyperoside (26), a 3-O-galactoside of quercetin, significantly promotes the LPS
and lectin-stimulated splenocyte proliferation, which leads to potential activation of
lymphocytes B and T enhancing humoral and cellular immune responses. Moreover,
when tested on B16F10 cells, both ethyl acetate extract and hyperoside could
enhance the activity of NK and T lymphocytes cells, as well as the macrophage-
mediated cytotoxicity (Mustapha et al. 2016).
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Dose-dependent inhibition of TNF-«, IL-1p, and iNOS levels in the supernatant
of mouse macrophage cell line J774A has been observed by three flavones,
5-methoxy-6,7-methylenedioxyflavone (27), mosloflavone (28), and negletein (29),
isolated from Actinocarya tibetica Benth (Kilani-Jaziri et al. 2016). The flavonoid
centaurein (30), from Bidens pilosa, augmented IFN-y promoter activity, probably
via NFAT and NFxB in T cells (Chang et al. 2007). Eupalitin-3-O-f-D-
galactopyranoside (31), isolated from the alcoholic extract of Boerhaavia diffusa
root, inhibits the PHA-stimulated proliferation of peripheral blood mononuclear
cells, two-way MLR, and NK cell cytotoxicity as well as LPS induced NO produc-
tion by RAW 264.7 cells (Pandey et al. 2005).
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Orobol 6-C-glucoside (32) and orobol 8-C-glucoside (33), isolated from the bark
of Dalbergia monetaria, showed colony-stimulating factor (CSF)-inducing activity
in a dose-dependent manner (Kawaguchi et al. 1998). Luteolin 7-O-glycoside (34),
obtained from the aerial parts of Celosia argentea Linn., showed inhibition of lipo-
polysaccharide-induced inflammatory responses through modulation of NF-kB/
AP-1/PI3K-Akt signaling cascades in RAW 264.7 cells (Park and Song 2013).
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6.2.4 Naphthoquinones and Benzoquinones (Quinones)

The naphthoquinone shikonin (35) exerts its inhibitory role on human GMCSF pro-
moter activity, thereby inhibiting cytokine production (Su et al. 2008). Several natu-
rally occurring quinines, such as alizarin (36), embelin (37), ardisiaquinone A (38),
helicobasidin (39), and mompain (40), showed inhibition of the TAK-induced PMN
activation (Kinoshita et al. 1992). A hydroxy-1,4-naphthoquinone, plumbagin (41),
exerts an immunosuppressant effect by selectively inhibiting IFN-y and IL-17 pro-
duction by CD4+ T cells, which was mediated through abrogated phosphorylation
of JAK1 and JAK2 (Jia et al. 2011).
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6.2.5 Polyphenols

Resveratrol (42), a polyphenol found in over 70 plants, possesses both immuno-
modulatory and anticancer effects. A decrease in the production of proinflammatory
cytokones and nitric oxide has been observed when tested in a Porphyromonas gin-
givalis-ligature-induced periodontitis model in diabetic mice (Correa et al. 2017).
Resveratrol administration in IL-10~~ mice induces immunosuppressive CD11b*
Gr-1* MDSC:s in the colon (Singh et al. 2012). It also enhances the function of peri-
toneal macrophages and CD4+ cell count in peripheral blood in an immunosuppres-
sive mice model (Zhong et al. 2006). Catechin (43), a natural phenolic compound
abundant in tea, cocoa, and berries, displays immunosuppressive activity by inhibit-
ing T-cell proliferation and suppressing oxidative burst (Koko et al. 2015).
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The dimeric antitumor ellagitannins cofiariin A (44) and agrimoniin (45) induce
TNF-a production when incubated with h-PBMC’s (Feldman et al. 1999).
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Ellagic acid (46) and rosmarinic acid (47) are natural immunomodulatory and
antiinflammatory compounds that may prevent or limit the UVB-induced inflamma-
tory cascade through reduction of proinflammatory mediators and increment of
IL-10 with its protective function (Lembo et al. 2014).
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A polyphenol, oenothein B (48), isolated from Epilobium angustifolium, stimu-
lates the innate lymphocytes, including bovine and human T cells and NK cells,
resulting in either increased CD25 and/or CD69 expression and thereby exhibits
immunomodulatory properties (Ramstead et al. 2012).

6.2.6 Polysaccharides

Plant polysaccharides have been a topic of study for a very long time, but mainly for
their industrial use because of their physical properties. Over the past two decades,
interest among the scientific community has been increased to evaluate the biologi-
cal activity of these molecules. As a result, over 300 types of bioactive polysaccha-
rides have been identified from diverse natural sources (Li et al. 2018). They can be
mainly divided into five categories based on their sources, namely fungal (Giavasis
2014), lichen (Olafsdottir and Ingolfsdottir 2001), algal (Jiao et al. 2011), bacterial,
and higher plant polysaccharides (Lerouxel et al. 2006). They constitute one of the
main classes of bioactive substances present in various traditional herbal medicines
and have been shown or implicated to confer a spectrum of pharmacological activi-
ties, especially immunomodulatory (Tzianabos 2000), antitumor (Wong et al. 1994)
or cancer chemopreventive effects (Gamal-Eldeen et al. 2009). A large volume of
studies have reported that various plant polysaccharides can confer potent immuno-
modulatory activities by regulating the specific functions of various immune cells,
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including monocytes, macrophages, NK cells, DCs, T lymphocytes, B lymphocytes,
and others (Ferreira et al. 2015). The a-D-glucan RR1 polysaccharide, isolated from
Tinospora cordifolia, exhibits significant activation of NK cells and complement
activation of Th1 pathway associated with cytokine profile, together with a low level
of nitric oxide synthesis and absence of oxidative stress (Nair et al. 2004; Aranha
et al. 2012). The polysaccharide G1-4A, isolated from Tinospora cordifolia, causes
death of Mycobacterium tuberculosis by modulating host immune responses in a
TLR4 dependent manner (Gupta et al. 2016). A water-soluble polysaccharide from
Erythronium sibiricum significantly enhanced nitric oxide (NO) production and
also showed a dose-dependent enhancement of TNF-a and IL-1p in RAW 264.7
cells (Kasimu et al. 2017). The alkaline-soluble polysaccharide (ALP) and water-
soluble polysaccharide (WAP) of Aloe arborescens act as immunomodulatory
agents by increasing T-lymphocyte proliferation, thereby increasing the release of
IL-2 and IL-12 (Nazeam et al. 2017). Several immunological polysaccharides from
the tubers of Butea superba Roxb enhance the T-lymphocyte proliferation, which
confirms their immunostimulating property (Burana-Osot et al. 2010). Lichen-
derived polysaccharides could also upregulate the production of proinflammatory
cytokines, such as IL-12 and TNF-« (Shrestha et al. 2015). Polysaccharides origi-
nating from Salicornia herbacea possess potent immunomodulatory activity on
monocyte/macrophage lineage cells (Im et al. 2006). The mucilage polysaccharide
from Dendrobium huoshanense exhibited definite functions in murine splenocytes.
The mucilage induced various cytokines, including IFN-y, IL-6, IL-10, and IL-1x
and hematopoietic growth factors GCSF and GM-CSF (Hsieh et al. 2008). Numerous
other reports on polysaccharides isolated from various plants suggested their effi-
cacy to modulate the immune system in disease condition (Yamassaki et al. 2015;
Xing et al. 2015; Bao et al. 2015; Li et al. 2014; Zheng et al. 2014).

6.2.7 Terpenoids
Germacrane sesquiterpenoids, Scapiformolactones A, C, D, F, G, H, I (49-55), iso-

lated from Salvia scapiformis, significantly inhibited proliferation of LPS-induced
murine B cells (Lai et al. 2013).
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Zerumbone (56), a cyclic sesquiterpene and a natural plant dietary compound,
exerts an immunostimulatory effect by inducing expression of interleukin-12p70
cytokine in human peripheral blood mononuclear cells. It also activates mice thy-
mocytes, splenocytes, and human peripheral blood mononuclear cells (PBMC) in a
dose-dependent manner (Haque et al. 2017). The guaiane sesquiterpene teuclatriol
(87), isolated from Salvia mirzayanii, showed a significant antiproliferative effect
on human activated-peripheral blood lymphocytes (Ziaei et al. 2011). The labdane
diterpene galanal (58) competitively inhibited the expression of IDOI mRNA
induced by the IFN-y-dependent pathway (Yamamoto et al. 2014).

56

Scrodentoids A-E, the Abietane diterpenoids (59-63) isolated from the whole
plant of Scrophularia dentate, showed immunosuppressive activity by inhibiting
Con A-induced splenocyte proliferation (Zhang et al. 2015).



126 R. L. Gajbhiye et al.

OH

R3

Tl

R, R, R; 63
50 H H H
60 H H OH
61 H OH OH
62 OH H OH

Several lupane triterpenoids, such as lupeol (64) (Das et al. 2017; Ogechukwu
et al. 2011) and lupeol-based triterpenoid esters (65), isolated from different plants
are found to posses immunomodulatory abilities (Ogechukwu et al. 2011).
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Triterpenoids cucurbitacin B (66) and E (67), isolated from cucurbitaceae plants,
exhibit an immunosuppressive effect. They attenuate critical cytokine expression by
downregulating the NF-kB signaling pathway and inhibiting PBMC activation by
PHA (Wang et al. 2015). Deltostim, a mixture of furostanol glycosides protodioscin
(68) and deltoside (69), displayed high immunomodulatory activity on cultured
Iymphocytes. It inhibited the phytohemagglutinin induced lymphocyte proliferation
(Vasil’eva and Paseshnichenko 1996).
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The pregnane glycosides epigynosides E-G (68-70), isolated from Epigymum
auritum, displayed significant immunosuppressive activities by inhibiting spleno-
cyte proliferation in Con A-stimulated mice (Gao et al. 2017).
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Glycyrrhizin (71), a principle component of the plant Glycyrrhiza glabra, upreg-
ulates the allostimulatory activity of professional antigen presenting DCs and
thereby conducts immune responses toward a T helper 1 response (Bordbar et al.
2012).
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6.2.8 Miscellaneous Products

Chelidonic acid (72) is an organic acid having the pyran skeleton found in
Chelidonium majus (Celandine) and several other Papaver species. It prevented
ovalbumin induced mast cell degranulation and reduced blood eosinophile counts
and serum IgE levels. It also inhibited the histamine release from rat peritoneal mast
cells (RPMC) in vitro in a dose related manner (Singh et al. 2016). Essential oils,
such as eugenol (73), found in clove oil, cinnamon, nutmeg, and basil leaves exhibit
a dose-dependent antileishmanial activity against L. donovani promastigotes as well
as the intramacrophagic amastigotes by restoring the immune response in L. don-
ovani-infected BALB/c mice. It elevated the levels of lymphoproliferation, DTH,
IFN-y, IL-2, and NO and maximally reduced the Th1 suppressive cytokines (IL-4
and IL-10), in a concentration-dependent manner. It also strengthened the develop-
ment of central memory (CD62L-high CD44-high) in CD8+ T lymphocytes
(Islamuddin et al. 2016). Phenylpropenes, such as trans-anethole (74) and estragole
(75), exert immunosuppressive effects on SRBC-induced delayed-type hypersensi-
tivity response (DTH). They increase the level of interleukin 10 (IL-10), a cytokine
important in the suppression of T helper cell 1-response (TH1), thereby decreasing
the levels of TH1-type cytokines, such as interleukin 2 (IL-2) and TNF-a.
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Teucrioside (76), lamiuside A (77), and verbascoside (78), caffeoyl phenyletha-
noid glycosides found from Teucrium chamaedrys and Nepeta cataria, inhibit alka-
line phosphatase enzyme calcineurin, which is a main regulator of T-cell activation
(Prescott et al. 2011).
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Cannabinoids, such as cannabidiol (CBD, 79), cannabinol (CBN, 80), and tetra-
hydrocannabinol (THC, 81), decrease TNF-a production in human NK cells and
peripheral blood mononuclear cells (PBMC); THC also increases TNF-a produc-
tion in human monocytes. At low doses both THC and CBD stimulated interferon
(IFN)-y production, while at high dose they suppressed formation of this cytokine
suggesting that the response of these cannabinoids on immune system is dose
dependent (Jenny et al. 2010; Jan et al. 2003; Aguayo et al. 2005).
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Honokiol (82), a lignin mainly found in trees from the genus Magnolia, has the
ability to combat ultraviolet radiation-induced immunosuppression through inhibi-
tion of inflammation and DNA hypermethylation in mouse skin (Prasad et al. 2017).
The hydroxycinnamic acid cynarine (83) displays an immunosuppressive effect by
downregulating the CD28-dependent interleukin-2 (IL-2) expression in a T-cell cul-
ture line (Dong et al. 2000).
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Albaconol, a prenylated resorcinol (84), suppresses NF-kB activation and
enhances SOCS1 expression, leading to inhibition of the macrophage function and
thereby significantly inhibiting LPS-induced TNF-a, IL-1p, IL-6, and NO produc-
tion in RAW264.7 cells (Liu et al. 2008a, b). Thymol (85), a monoterpenoid phenol
derivative of cymene, showed immunosuppressive effects against lymphocytes in a
concentration-dependent manner (Amirghofran et al. 2011).
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Rocaglamide (86) is a potent immunosuppressive agent that can suppress IFN-y,
TNF-a, IL-2, and IL-4 production in the peripheral blood T cells. It also inhibits the
cytokine gene expression at the transcriptional level (Proksch et al. 2005). Xanthonoid
mangiferin (87), a natural immunomodulator mainly found in the mango tree, can
exhibit both chondrogenic and chondroprotective effects on damaged MSCs and
mediates these effects by targeting the multiple aspects of the Smad and SOXO sig-
naling pathways (Huh et al. 2014). It also enhances recognition memory by increas-
ing the levels of the nerve growth factor (NGF) and tumor necrosis factor (TNF)-a
in vitro in human U138-MG glioblastoma cells (Pardo Andreu et al. 2010).
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6.3  Concluding Remarks

Research on exploring the immunogenic potential of plant derived natural products
has increased owing to the growing awareness about immune system modulation
and the desire to achieve positive effects on disease prevention. Many plant reme-
dies well-known in traditional medicine or refined natural products exert their anti-
infective effects not only by directly affecting the pathogen but also by stimulating
natural and adaptive defense mechanisms of the host. Also, owing to diverse chemi-
cal complexes, plant-based natural products could provide appropriate combina-
tions of synergistic moieties useful in immune drug discovery.
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Abstract

Marine floras, constituting over 90% of the oceanic biomass, are rich sources of
potent chemicals predominantly belonging to polyphenols and sulphated poly-
saccharides. They act as potential sources of drugs with various pharmacologi-
cal properties (such as antioxidant, anti-inflammatory, antibiotic,
immunostimulatory, and anticancer). Although human history depicts the use of
marine floras as medicine and nutrient supplement, the search for novel pharma-
ceutical compounds has mostly been limited to terrestrial floras. Marine floras
are taxonomically diverse, largely productive, biologically active, and chemi-
cally unique, thereby offering great scope for discovery of new anticancer drugs.
The mode of action of marine flora products is through activation of macro-
phages, induction of apoptosis, and prevention of oxidative damage of DNA,
thereby controlling carcinogenesis. This chapter focuses on the immunomodu-
latory and therapeutic properties of marine flora-derived products in the context
of increasing cancer incidences and demand for cheaper, safer, and potent anti-
cancer drugs. It highlights the excellent therapeutic potential of the known
marine flora-derived anticancer compounds, thereby encouraging researchers to
actively participate in the marine natural product drug discovery for treatment
and prevention of cancer.
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7.1 Introduction

About 71% of our planet is covered by oceans, which accounts for roughly 97% of
the earth’s total water and approximately 50% of total biodiversity (Ray 1988). The
highly dynamic and competitive nature of marine environment creates a selection
pressure for the development of specific biochemical and physiological systems
amongst its living beings, thereby leading to the production of unique chemical
entities with diverse structural and functional features (Haefner 2003; Kathiresan
et al. 2008). Oceans offer a huge amount of novel bioactive compounds (such as
bryostatin-1, panobinostat, plitidepsin, marizomib, and plinabulin) with potential to
become drug candidates as they have reached phase I, phase II, and phase III clini-
cal trials (Wang and Miao 2013). However, most part of the oceans has been unex-
plored, causing lack of ethnomedical history and under-representation of marine
compounds in the current pharmacopoeia. Over the last few decades, there has been
an upsurge in the search for identifying new marine-derived natural products espe-
cially from faunal species, by both pharmaceutical companies and academic institu-
tions (David et al. 2015). Marine flora accounting for more than 90% of oceanic
biomass has emerged out as one of the richest sources of diverse bioactive com-
pounds with potential health benefits. Several reports have demonstrated the role of
marine flora-derived bioactive compounds as antimicrobial, antioxidative, antihy-
pertensive, anticoagulant, or anticancer agents in functional foods, nutraceuticals,
and pharmaceuticals (Fenical et al. 1999; Kim and Wijesekara 2010; Ngo et al.
2011; Wijesekara et al. 2011).

A recent report from WHO predicts 50% rise in the global cancer rates by 2020
(http://www.who.info). Increasing evidences suggest that oxidative processes inside
the cellular environment promote carcinogenesis, although the underlying mecha-
nisms are not well understood (Reuter et al. 2010). Under such oxidative stress, the
antioxidants may cause the regression of premalignant lesions and inhibit their
development into cancer. There is a positive correlation between the increased dietary
intake of natural antioxidants and the reduced coronary heart diseases, longer life
expectancy, and recovering from cancer (Noguti et al. 2013). Moreover, angiosup-
pressive properties of marine flora products have also been useful in inhibiting can-
cer by cutting down the nutrient supply required for the active metabolism (Fan
1994). Angiosuppression also prevents the metastasis of malignant tumour cells
through the newly formed blood vessels. Thus, potential antioxidant and anticancer
properties of marine flora extracts or isolated products of marine flora origin can pos-
sibly be explored for developing the anticancer drugs. Up to now, two of four
approved marine-derived drugs (cytarabine and ecteinascidin) have been approved
for cancer treatment in 1969 and 2007, respectively (Abraham et al. 2012; Mayer
et al. 2010). However, there is no full proof cure for cancer until today, due to various
side effects of currently available drugs. There is a continuous demand for the dis-
covery of novel anticancer compounds with greater efficacy and specificity from
unexplored sources such as marine environment (Montaser and Luesch 2011).
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7.2  Immune System and Immunomodulators

The immune system provides the ability to identify and resist various infectious and
harmful microorganisms (pathogens), thus preventing diseases and organ/tissue
damage. It comprises of immune stem cells, which originate in the bone marrow
and later migrate to different body sites for maturation. In many species, the immune
system can be classified into two distinct classes with overlapping mechanisms to
fight infections, (a) humoral immunity (= the antibody-mediated defence system)
and (b) cellular immunity (= the cell-mediated defence system). The immune sys-
tem provides multilayered defences of increasing specificity. The first line of
defence is the skin, which acts as a physical barrier. This is followed by inflamma-
tion which alters the physiological conditions (temperature and pH) of the body,
resulting in inappropriate living conditions for foreign organisms. However, if the
pathogens cross the physical barrier, they are tackled by the innate (nonspecific)
and/or the acquired or adaptive (specific) immune system. Both systems consist of
a multitude of cells and molecules interacting in a complex manner to identify and
eliminate various pathogens. Recognition and elimination of pathogen are mediated
by chemical bonding between the specific receptors of immune system cells and
epitopes of the pathogens, thus activating the complex signalling system that medi-
ates the immune response. The term “immune modulation” refers to any process in
which the immune response is altered (either increase or decrease) to a desired level
and the substance, either of biological or synthetic origin, which can stimulate, sup-
press, or modulate any of the components of the immune system is known as
an immunomodulator. Clinically, immunomodulators are classified into the follow-
ing three categories:

(1) Immunostimulants are the substances which enhance the body’s resistance to
infection in a nonspecific manner by acting through both innate and adaptive
immune responses. When administrated to healthy individuals, they act as pro-
phylactic and promoter agents by enhancing the basic level of the immune
response. On the other hand, in the immune-compromised individuals, they
can act as immunotherapeutic agents by boosting up the immune system
(Kumar et al. 2012).

(i1) Immunoadjuvants or immunopotentiators are the substances which are used to
enhance the efficacy of vaccines in a specific manner. Immunoadjuvants hold
the promise of being the true modulators of the immune response. For
instance, Freund’s complete adjuvant, which is composed of the inactive or
dried antigen of Mycobacterium bovis, emulsified in mineral oil (Azuma and
Seya 2001).

(iii)) Immunosuppressants are a structurally and functionally heterogeneous group
of drugs, which are often concomitantly administered in combination with
regimens to treat various types of organ transplant rejections and autoim-
mune diseases (Kovarik and Burtin 2003). Examples from marine-derived
immunosuppressants include (a) microcolin A (immunosuppressant for con-
canavalin A, phytohemagglutinin, and lipopolysaccharide-induced prolifera-
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tion of murine splenocytes) and (b) MS14-a marine herbal medicine
(immunosuppressant for autoimmune encephalomyelitis) (Kalan et al. 2014;
Zhang et al. 1997).

7.3  Pharmacology of Marine Flora Products
in the Treatment of Cancer

Several marine flora products exhibit not only immunomodulatory activity but also
a wide range of other biological activities (such as antioxidant, antiasthmatic, anti-
arrhythmic, anti-inflammatory, hepato-protective, hypo-cholesterolemic, antifun-
gal, cardiotonic, diuretic, etc.). Some of the anticancer properties of marine flora
products fall into the following mode of action (Fig. 7.1):

W pression
= -

T

Mode of action
of marine flora derived
anti-cancer drugs

C. Anti-oxidative Activity

D. Immunomodulatory Roles

i) Reduction in Leucopenia .

Dead cancer cells

- ‘-1‘5"‘\
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Fig. 7.1 Mode of action of marine flora-derived anticancer drugs: the systematic representaion
of the various mode of action of anticancer compounds derived from marine flora. A) Apoptosis or
programmed cell death of cancerous cells, B) Suppression of angiogenesis to cut-off the nutrient
supply of cancerous cells, C) Antioxidative activity leading to reduction of reactive oxidative spe-
cies in the vicinity of cancerous cells and D) Immunomodulatory roles such as i) phagocytosis by
macrophages and antigen presentation by APCs, leading to destruction of other cancerous cells by
T-cells and ii) reduction in leucopenia (loss of WBCs), leading to enhanced immune response to
cancerous cells
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(1) Immunomodulatory effects: Marine flora products can act as immunostimu-
lants, immunoadjuvants, and immunosuppressants by affecting the effector
arm of the immune response. Their immunomodulatory action mostly occurs
through the following processes such as (a) phagocytosis; b) activation of mac-
rophages or lymphoid cells; ¢) immunostimulation of peritoneal macrophages
and enhancement of cell-mediated immunity and nonspecific immune
response, mediators, and natural killer cells; (d) production of antigen-specific
immunoglobulin; and (e) reduction of chemotherapy-induced leukopenia by
increasing WBCs and IL-2. The immunomodulatory potential of marine flora
extracts provides major health benefits to both normal and unhealthy people. In
the case of cancer patients, they can activate host defence mechanisms, thereby
providing supportive therapy to conventional chemotherapy. Most anticancer
drugs with immunosuppressive action can affect the bone marrow and its abil-
ity to regenerate new blood cells, thereby resulting in thrombocytopenia and
leucopenia. In such a scenario, marine flora-derived immunomodulators with
improved pharmacological activity and limited toxicity can provide better
chances of recovery for patients on chemotherapy.

(ii) Apoptotic effects: Apoptosis (also known as programmed cell death process) is
a complex process, which is characterized by a multitude of changes in the
dying cells (such as blebbing, cell shrinkage, nuclear fragmentation, chromatin
condensation, and DNA fragmentation). It is regulated by various anti- and
proapoptotic proteins and caspases. The proapoptotic proteins of Bcl-2 family
(such as Bim, a BH3) induce apoptosis by inhibiting the function of antiapop-
totic proteins (such as Bcl-XL and Bcl-w). The proapoptotic protein Bim
(along with caspase 8) causes cytochrome C release from the mitochondria and
executes cell death by cleavage of proteins, vital for cell survival (Levine et al.
2008). Thus, apoptosis maintains cellular homeostasis as its impairment leads
to the manifestation of several diseases (such as autoimmune diseases, degen-
erative disorders, and cancer). Cancer cells become resistant to apoptosis by
(1) dysregulation of the mitochondrial pathway; (2) inactivation of caspases;
and/or (3) deficiency of death signals (tumour necrosis factor (TNF) superfam-
ily) (Lowe and Lin 2000; Reed 1999). Induction of apoptosis is one of the
active strategies to treat cancer. The apoptosis-inducing effect of marine flora
products is due to upregulation of immune surveillance and activation of mac-
rophage and death-inducing signal complex, which is discussed in detail in
Sect. 7.4.

(iii) Antioxidative effect: Free radical damage to DNA is considered to be one of the
most important steps leading to cancer. Reactive oxygen species (ROS) over-
production results in genomic instability and cellular damage leading to carci-
nogenesis (Sabharwal and Schumacker 2014). Free radicals are the product of
tissue metabolism, and their potential cellular damage is minimized by the
antioxidant capacity and repair mechanisms within the cell. Several endoge-
nous antioxidant enzymes (such as superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase) and exogenous free radical scavengers (such
as vitamins E and C and carotenoids) defend against free radicals and other
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reactive oxygen species (ROS) in the human system (Devasagayam et al.
2004). Several essential minerals (such as selenium, copper, manganese, and
zinc), required for the catalytic activity of these antioxidant enzymes, are taken
as food supplements. Thus, nutrition plays a key role in maintaining the body’s
enzymatic defences against free radicals. Seaweeds are excellent food supple-
ments due to the presence of various vitamins A, Bl, B12, C, D and E, ribofla-
vin, niacin, pantothenic acid, and folic acid as well as minerals such as Ca, P,
Na, and K (Fleurence 1999). Marine flora products can modulate ROS genera-
tion through their antioxidative properties, thus playing vital roles in cancer
therapy (Sithranga Boopathy and Kathiresan 2010).

(iv) Angiosuppressive effects: Angiogenesis is defined as the formation of neoves-
sels (new blood vessels) from pre-existing vasculature. It is a complex process
which involves multiple steps such as (a) activation of endothelial cell (EC) by
angiogenic growth factors, (b) protease secretion to digest the extracellular
matrix, (¢) EC chemotactic migration and invasion, (d) EC tube formation, and
(e) neovessel stabilization. Angiogenesis is essential for an adequate supply of
oxygen and nutrients to proliferating cancer cells and removal of waste prod-
ucts from its vicinity. Moreover, new blood vessels are also required for the
metastatic spread of cancer cells (Carmeliet and Jain 2000). The process of
angiogenesis is regulated by a series of angiogenic stimulators and inhibitors.
In order to treat cancer and reduce its metastatic spread, the anticancer com-
pounds with angiosuppressive activities are the most popular candidates for
drug development. Several marine-derived compounds can exert inhibitory
effects on neovessel formation in tumours, thereby acting as potent anticancer
drugs (Yue et al. 2017).

7.4  Marine Flora-Derived Products: Their Chemical
Composition and Inmunomodulatory and Therapeutic
Action Against Cancer

Marine floras include microflora (bacteria, actinobacteria, cyanobacteria, and
fungi), microalgae, macroalgae (seaweeds), and flowering plants (mangroves and
other halophytes). Historical data from India, China, the Near East, and Europe
reveal the use of marine floras for medicinal purposes since ancient times
(Bandaranayake 1998). Traditional use of seaweeds especially brown algae as food
rich in iodine has been found in China, Japan, and other maritime countries to
reduce the cases of goitre and glandular diseases. Seaweeds have also been used for
the treatment of venereal disease, coronary heart disease, hypertension, gout, and
wounds (Mshigeni 1990). Marine floras are a rich source of bioactive metabolites
with immunomodulatory and therapeutic potential due to the presence of wide
ranges of chemical constituents such as polysaccharides (carbohydrates, uronic
acids, and sulphates), polyphenols, terpenoids, steroids, etc. Amongst these, poly-
phenols and polysaccharides are the most predominant group of compounds with
antioxidant and anticancer activities (Thomas and Kim 2011; Wijesekara et al.
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2011). Polyphenolic compounds regulate the activity of several xenobiotics metab-
olizing enzymes responsible for activation of potential carcinogens, thereby acting
as anticancer agents. Some polyphenols (such as flavonoids) can inhibit cancer cells
by altering hormone production (such as inhibiting aromatase oestrogen synthetase
needed for the production of oestrogen) (Steele et al. 2001). The mode of action of
anticancer activity of polyphenols is through hindrance in the cellular division dur-
ing the telophase stage of mitosis. Phenolics reduce the amount of cellular protein
and mitotic index and the colony formation in cancer cells (Steele et al. 2001). As
far as polysaccharides are concerned, the active components are always the sul-
phated ones (Jiao et al. 2011; Wang et al. 2014a; Wijesekara et al. 2011). Sulphated
polysaccharides increase the tumouricidal activities of macrophages and natural
killer cells (NKs), enhancing the innate immune response (Wang et al. 2014a). It
can also enhance the adaptive (or specific) immune response by turning tumour
cells into antigen-presenting cells (APCs), which activates T-helper cells and pro-
duces cytokines (IL-1p and TNF-a). As a result, T-helper cells promote the activity
of cytotoxic T cell and NKs to destroy tumour cells. Not only sulphated polysac-
charides can recognize a range of cell adhesion systems (CAMs), but they can also
bind to various CDs (such as CD2, CD3, and CD4) in T lymphocytes, enhancing
their proliferation (Chen et al. 2008). However, most of the research works have
been confined to marine faunal species, and floral species have been largely ignored.
Recent reports suggest that microbial floras associated with these invertebrates
(such as sponges, soft corals, sea fans, sea hares, nudibranchs, bryozoans, and tuni-
cates) are the actual producers of medicinal compounds. Thus, this vast and rela-
tively unexplored marine floral resource acts as a hidden treasure for the discovery
of new drugs.

(i) Marine Bacteria: Marine bacteria act as a great source for the discovery of
secondary metabolites with new drug properties and target sites. Several novel
anticancer agents (such as bryostatins, discodermolide, eleutherobin, and sar-
codictyin) have been isolated from marine bacteria associated with sponges,
corals, and fungi (D’Ambrosio et al. 1987; Davidson et al. 2001; Partida-
Martinez and Hertweck 2005; Piel et al. 2004). Some of these marine bacteria
(such as lactobacilli and bifidobacteria) are used as dietary supplements (pro-
biotics), thereby controlling colon cancer through their immunostimulatory
and immunosuppressive behaviour (Burns and Rowland 2000; Wollowski
et al. 2001). These probiotics modulate the mucosal immune system by (a)
increasing production of anti-inflammatory cytokines (such as IL-10) and host
defence peptides (such as f-defensin 2), (b) enhancing IgA defences, (c) influ-
encing dendritic cell maturation, (d) increasing cell proliferation and apoptosis
through cell responses to short-chain fatty acids, and (e) reducing the produc-
tion of pro-inflammatory cytokines through actions on NFkB pathways
(Devine and Marsh 2009). Not only nutrient supplements (probiotics) but also
toxins from marine bacteria can help to cure cancer. For instance, the marine
bacteria associated with the dinoflagellate Noctiluca scintillans secrete a major
compound macrolactin-A which can inhibit murine melanoma cancer (B16-
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F10) cells (Jaruchoktaweechai et al. 2000). Kahalalide F (KF), a depsipeptide
isolated from the symbiotic bacteria of the mollusc Elysia rufescens, can
induce cytotoxicity by blocking the G1 phase of the cell cycle in a p53-
independent manner. In vitro assay on solid tumours showed that KF can selec-
tively kill prostate cancer cells, thereby allowing this drug molecule to reach
phase 1 clinical trials (Rademaker-Lakhai et al. 2005). In addition, the exten-
sive in vivo experimental results support the role of KF as potent anticancer
against breast and colon cancers (Janmaat et al. 2005; Suérez et al. 2003).
Aburatubo lactams, acyl tetramine derivatives, isolated from the marine bac-
teria Streptomyces sp., SCRC-A20 inhibit TPA-induced superoxide anion gen-
eration by activation of human neutrophils, thereby acting as a potent drug
against inflammation, cancer, and ageing (Bae et al. 1996; Kim 1998).
However, its action mechanism 1is currently under investigation.
Streptopyrrolidine, a benzyl pyrrolidine derivative, isolated from the deep-
sea marine bacteria Streptomyces sp. KORDI-3973 does not show cytotoxicity
but can significantly suppress capillary tube formation of human umbilical
vein endothelial cells (HUVECs), thereby acting as potent antiangiogenic
drugs for cancer therapy (Shin et al. 2008). The marine bacteria belonging to
the order Actinomycetales are commonly called actinomycetes. Due to their
high diversity, the actinomycetes are treated as important sources of useful
bioactive compounds. For instance, compounds of anthraquinone family (such
as parimycin, trioxacarcins, and gutingimycin), isolated from marine strep-
tomycete isolate B8652, showed antitumour activities at different degrees
(Maskey et al. 2002, 2004a, b). B-1, a sulphated polysaccharide from the
marine bacteria Pseudomonas sp., induces apoptosis of human leukaemic cells
(U937) (Matsuda et al. 2003). Marine actinomycetes from the family
Micromonosporaceae are found to be potent anticancer agents by targeting
the proteasome function of the cancer cells. For instance, thiocoraline, a novel
bioactive depsipeptide isolated from Micromonospora marina belonging to
this family, selectively acts against lung, colon, and melanoma cancer cell lines
by inhibiting RNA synthesis (Romero et al. 1997). Interestingly, the compound
can act through p53-independent pathways as shown by its preferential anti-
proliferative effects on p53-depleted colon cancer cell lines (Erba et al. 1999).
Moreover, thiocoraline can be biosynthesized and expressed in the heterolo-
gous host by specialized nonribosomal peptide-synthetase (NRPS) gene clus-
ter, and it is the best illustration of solving the problem of drug supply through
coculture engineering (Lombo et al. 2006).

Marine Fungi: Marine fungi are natural sources of antioxidants and anticancer
compounds. Phosphosulfomannan (PI-88), a sulphated oligosaccharide, iso-
lated from the marine yeast Pichia holstii induces apoptosis of pancreatic islet
carcinoma and also acts as an angiosuppressive drug (Ferro et al. 2007).
Nidurufin, a hydroxy derivative of anthraquinone (averufin), isolated from
marine fungus Penicillium flavidorsum SHK1-27, can induce in vitro cell cycle
arrest at G,/M transition in the leukaemia K562 cell line in a dose- and time-
dependent manner (Ren and Liu 2011). Another compound emodin
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(1,3,8-trihydroxy-6-methylanthraquinone) with multiple biological activities
including anticancer activity acts as a specific inhibitor of the protein tyrosine
kinase p65Ick (Srinivas et al. 2007). Several quinofuracins (anthraquinone
derivatives containing P-D-galactofuranose) can induce apoptosis by both
downregulating miR-200c in pituitary adenoma cells and causing cytotoxicity
in radiosensitive and radioresistant nasopharyngeal carcinoma cells via miR-
205-PTEN-Akt pathway (Fouillaud et al. 2016). Recently, a novel anthraqui-
none derivative, aspergiolide A, isolated from the marine fungus Aspergillus
glaucus, kills several cancer cell lines (A-549, HL-60, BEL-7402, and P388)
by targeting topoisomerase II and inducing apoptosis via a caspase-dependent
pathway (Wang et al. 2014b). In vivo studies on this compound demonstrated
its anticancer activity in hepatocellular carcinoma xenografts (Wang et al.
2014b).

Lichens: Lichens are the composite organisms formed by symbiotic associa-
tion of (a) algae or cyanobacteria and (b) fungi. Traditional uses of lichen as
medicine were documented by Pacific Islanders due to its antimicrobial and
anticancer agents (Bugni et al. 2009; Marante et al. 2003). Atranorin (phe-
nolic acid) from lichen Parmotrema saccatilobum and Lethariella canar-
iensis inhibits cyclooxygenase enzymes (COX-1 and COX-2) and
biosynthesis of leukotriene B4 (LTB4) in bovine polymorphonuclear leuko-
cytes (Bugni et al. 2009). It was also found cytotoxic against HL-60 leukae-
mia cells (Marante et al. 2003). Diploicin, a chlorinated depsidone, isolated
from the lichen Diploicia canescens shows cytotoxic activity against B16
melanoma cells (Millot et al. 2009).

Epiphytic fungi: The fungi which grow upon or are attached to the living
plants (such as seaweeds, seagrass, halophytes, etc.) are called epiphytic
fungi. They act as a good source of anticancer compounds. For instance,
communesins A, an alkaloid from the epiphytic fungus Penicillium sp. on
the green alga Enteromorpha intestinalis, has cytotoxic properties (Konig
and Wright 1996). The peptide dictyonamide A isolated from the epiphytic
fungus Cocodinium sp. on red alga Ceradictyon spongiosum inhibits CDK4
(Bowers 2017; Kobayashi and Tsuda 2004). The macrolides (sporiolides A
and B) from the epiphytic fungus Cladosporium sp. on the brown alga
Actinotrichia fragilis exhibit cytotoxicity against L1210 leukaemia cells
(Murti and Agrawal 2010). The cyclic pentadepsipeptide sansalvamide
from the epiphytic fungus Fusarium sp. growing on the same seagrass spe-
cies shows cytotoxic against COLO 205 colorectal adenocarcinoma cells
(Belofsky et al. 1999). The polyketide glycoside (cladionol A) isolated
from fungus Gliocladium sp. epiphytic to the seagrass Syringodium isoeti-
Solium shows cytotoxic activity against L1210 and KB cells (Kasai et al.
2005). However, the mode of action for these compounds is not known.

Endophytic fungi: Marine endophytic fungi (which grow inside the seaweeds
and halophytes) are a source of novel bioactive compounds including sev-
eral anticancer drugs. For instance, the compound 2,3-dihydro-2-hydroxy-
2,4-dimethyl-5-trans propenylfuran-3-one, from the endophytic obligate
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fungus Ascochyta saliconiae residing inside the green alga Ulva sp., acts as
potent anticancer compound due to its protein tyrosine kinase inhibitory
action (Folmer et al. 2010). The alkaloid halimide from the fungus
Aspergillus sp., which is endophytic to the green alga Halimeda copiosa,
inhibits the growth of colon carcinoma cells and ovarian carcinoma cells by
arresting G2/M phase of the cell cycle (Fenical et al. 2000). Leptosin A,
from endophytic fungus Leptosphaeria sp. isolated from the brown alga
Sargassum tortile, shows cytotoxic activity against P-388 leukaemia cells
by inhibiting topoisomerase II (Takahashi et al. 1994). The chromone
pestalotiopsone F, from the fungus Pestalotiopsis sp. endophytic to the
mangrove plant Rhizophora mucronata, acts as potent anticancer compound
against L5178Y lymphoma cells (Xu et al. 2009). The macrolide hypothe-
mycin, isolated from the fungus Aigialus parvus endophytic to marine man-
groves, shows cytotoxicity against several cancers (such as P-388, L1210
leukaemia cells, C-26 colon cancers, KB, and BC-1 solid tumour cells)
(Tanaka et al. 1999). G503, an anthraquinone compound, isolated from
mangrove endophytic fungus Halorosellinia sp. No. 1403, induces apopto-
sis in gastric cancer cells through the intrinsic mitochondrial pathway and/
or reticulum apoptosis pathway via caspase-4 cleavage (Huang et al. 2014).
Alterporriols, bianthraquinone derivatives, isolated from the endophytic
mangrove fungus Alternaria sp. ZJ9-6B can kill human breast cancer cell
lines (MDA-MB-435, MCF-7) by either apoptosis or necrosis. Moreover,
they also cause the generation of the reactive oxygen species (ROS) and
shift in mitochondrial membrane potential by altering cytosolic free cal-
cium level (Huang et al. 2011; Huang et al. 2012). Rhein (anthraquinone
metabolite) from endophytic fungus Rheum palmatum can act a potential
antagonist of the purinergic P2X7 receptor, which is a potential therapeutic
target for inflammatory diseases (You et al. 2013). It is reported that rhein
can inhibit the purinergic P2X7 receptor-mediated macrophage responses
in mice model, resulting in a cascade of immune responses such as (a) intra-
cellular cytosolic calcium concentration, (b) pore formation in cellular
membrane, (c) reactive oxygen species production, (d) attenuation of
phagocytosis, and (e) cell apoptosis (Tsang and Bian 2015). Several
hydroxyanthraquinone derivatives, from the mangrove associated fungi
Guignardia sp. No. 4382 and Halorosellinia sp. No. 1403, have shown
potent cytotoxicity to parental drug-sensitive KB and KBv200 cancer cell
lines by inducing apoptosis via mitochondrial dysfunction, rather than
intercalating itself into cellular DNA (Fouillaud et al. 2016). SZ-685C, an
anthraquinone isolated from marine endophytic fungus Halorosellinia sp.
No. 1403, inhibits the growth of various cancer cell lines such as KB,
KBv200, MMQ, human glioma, hepatoma, prostate cancer, and breast can-
cer cell lines (MCF-7 and MDA-MB-435) by inducing apoptosis via the
Akt/forkhead box protein pathway (Xie et al. 2010). Several anticancer
compounds have been isolated from fungi associated with several inverte-
brates such as gorgonian, corals, and sponges. For instance, cladosporilac-
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tam A, a novel bicyclic lactam isolated from gorgonian-associated
endophytic fungus Cladosporium sp., shows anticancer activity against
multiple cancer cell lines (Cao et al. 2015). Hirsutanol, a novel sesquiter-
pene compound isolated from coral Sarcophyton tortuosum-associated
endophytic fungus, causes apoptosis and autophagy in human hepatocellu-
lar carcinoma and breast cancer cells via mitochondrial-independent ROS
production (Yang et al. 2010, 2012). Sorbicillactone A, an alkaloid isolated
from various species sponge-associated fungi, demonstrates cytotoxicity
against several cancer cell lines (Bringmann et al. 2005). Reports suggest
that anticancer compounds from Mycale plumose sponge-associated endo-
phytic fungus of the genus Penicillium selectively target leukaemia cells
without any visible cytotoxicity to normal cells (Bringmann et al. 2005).
(iii) Microalgae: This group comprises a diverse class of microscopic organisms
including diatoms, dinoflagellates, and blue-green algae (cyanobacteria).

Amongst various marine microalgae, blue-green algae (cyanobacteria) out-

stand as one of the richest sources of known and novel bioactive compounds

for pharmaceutical applications (Burja et al. 2001).

Diatoms: A very few bioactive diatom-derived natural products have been
studied until today. The lipid hasla-6(17), 9, 13, 23 tetraene, isolated from
the diatom Haslea ostrearia, inhibits lung cancer (NSCLC-N) and leukae-
mia (P-388) cells by arresting G1/S phase of the cell cycle (Rowland et al.
2001).

Dinoflagellates: Many of the dinoflagellate-derived compounds have benefi-
cial anticancer properties. For instance, the sulphated polysaccharide
GA3P, isolated from Gymnodinium sp., induces apoptosis in K562 leukae-
mia cells by competitively inhibiting DNA topoisomerases I and II. GAP3
mimics the structure of DNA and binds to the positively charged locus of
the enzyme topoisomerases I and II, thereby preventing its binding to DNA
(Sogawa et al. 1998; Umemura et al. 2003). The sulphated polysaccharide,
p-KG103, which is purified from the marine microalgae dinoflagellates
Gyrodinium impudium, prevents tumour cell growth both in vitro and
in vivo. Immunomodulatory action of this compound is via ROS (nitric
oxide) production in a JNK-dependent manner leading to the production of
cytokines (interleukin-1 (IL-1), IL-6, and TNF-a) in macrophages (Guo
et al. 2017). The macrolides amphidinolide H isolated from Amphidinium
sp. is extremely cytotoxic against L1210 murine lymphoma, KB cervical
cancer, and P-388 leukaemia cell lines by disrupting actin organization in
the cells (Kobayashi et al. 1991; Usui et al. 2004). Other macrolide car-
benolide from the same species Amphidinium sp. is cytotoxic against HCT-
116 colon carcinoma cells; however, its mode of action is not known
(Folmer et al. 2010).

Cyanobacteria: The marine cyanobacteria-derived products act as powerful
anticancer compounds by either inducing cell apoptosis or affecting the cell
signalling via activation of protein kinase-c (PKC). For instance, the lipo-
peptide mitsoamide from Geitlerinema sp. is cytotoxic against NCI-H460
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cells (Andrianasolo et al. 2007). Scytonemin, a protein serine/threonine
kinase inhibitor isolated from the marine cyanobacterium Scytonema sp.,
inhibits cell division in human fibroblast, Jurkat, and endothelial cells by
regulating mitotic spindle formation and cell cycle kinases (CDKs and
cyclins) (Pallela et al. 2010; Zhang et al. 2013). Its mode of action is via
inhibition of the cell cycle kinase human polo-like kinase 1, which plays an
important role in the progression through the G2/M phase of the cell cycle
(Frenz et al. 2004; Nagle et al. 2004). Patellamide D, isolated from symbi-
onts Prochloron didemni of didemnid ascidians, is capable of reversing
MDR in the human leukaemia (CEM/VLB100) cells (Williams and Jacobs
1993). Calothrixins A and B, pentacyclic metabolites isolated from marine
cyanobacterium Calothrix sp., inhibit cervical cancer (HeLa) cells in a
dose-dependent manner (Bernardo et al. 2007). Curacin A, isolated from
the marine cyanobacterium Lyngbya majuscula, inhibits the cell division in
colon, renal, and breast cancer-derived cell lines by preventing the polym-
erization of the tubulin during the cell cycle (Blokhin et al. 1995). In addi-
tion, the lipopeptide microcolin A, isolated from the same species Lyngbya
majuscula, induces apoptosis in lymphocytes and murine leukaemia (P-388)
cells (Koehn et al. 1992). Largazole, a unique chemical scaffold, isolated
from tropical marine cyanobacterium Symploca sp., acts as an efficient anti-
cancer drug against chemoresistant melanoma, colon cancer (HCT-116),
and cervix carcinoma (HeLa) cell lines (Bowers et al. 2008; Taori et al.
2008). Its mode of action is through the inhibition of class I histone deacety-
lases (HDACs) (Bowers et al. 2008; Montero et al. 2009). Apratoxin A,
isolated from marine cyanobacterium Lyngbya boulloni, can affect a variety
of cancer cell lines (including adenocarcinoma cell lines) at nanomolar con-
centrations. Its mode of action is through cell cycle arrest at the G1 phase
and blocking the fibroblast growth factor receptor (FGFR) pathway by pre-
venting the phosphorylation of STAT3 (Luesch et al. 2006). However, due
to its high toxicity, it was not considered as a good drug candidate for the
clinical trials. Dolastatins, initially isolated from the sea hare Dolabella
auricularia, are actually the metabolite produced by its symbiotic cyano-
bacteria Symploca sp. (Frenz et al. 2004; Tan 2007). It acts as a cytotoxic
agent against lymphocytic leukaemia cells by inhibiting tubulin polymer-
ization by binding to the tubulin vinca domain (Molinski et al. 2009; Tan
2007). Dolastatin analogues (symplostatin 1 and belamide A), isolated
from Symploca sp., act as potential inhibitor of cancer cells by depolymer-
ization of microtubule assembly (Luesch et al. 2001; Simmons et al. 2006).
A synthetic dolastatin analogue, ILX-651 (tasidotin) (Genzyme
Corporation, Cambridge, MA), a potent anticancer drug, has successfully
reached phase II clinical trials (Mayer et al. 2010). Coibamide A, a cyclic
depsipeptide, isolated from marine cyanobacterium Leptolyngbya, exhibits
high cytotoxicity against lung cancer (NCI-H460) and mouse neuroblas-
toma (neuro-2a) cells (Hau et al. 2013; Medina et al. 2008). Borophycin, a
boric acid containing polyketide, isolated from marine cyanobacterial
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strains of Nostoc linckia and Nostoc spongiae, exhibits potent cytotoxicity
against human epidermoid carcinoma (LoVo) and human colorectal adeno-
carcinoma (KB) cell lines (Scorei 2013). Cryptophycin and its analogues,
isolated from marine cyanobacteria Nostoc sp. ATCC 53789 and GSV 224,
exhibit potent cytotoxicity against drug-sensitive and drug-resistant murine
and human solid tumours, KB and LoVo cells (Smith et al. 1994). However,
due to their high toxicity, these compounds could not enter clinical trials. Its
mode of action is through induction of hyperphosphorylation of antiapop-
totic protein Bel-2. Similar to dolastatin 10, it can bind to the tubulin vinca
domain (Smith and Zhang 1996). Its synthetic analogue (cryptophycin-52)
(LY355703) (Eli Lilly & Co.) had progressed into phase II clinical trials,
but the compound could not go further due to its dose-limiting neurotoxicity
(Edelman et al. 2003).

(iv) Macroalgae (Seaweeds): Marine algae have been widely used as medicine by
ancient Chinese, Egyptians, South Americans, Indians, and Italians for about
2000 years (Chatterji et al. 2010; Dillehay et al. 2008; Liu et al. 2012;
Manivannan et al. 2008). Seaweeds, being the important sources of protein,
iodine, vitamins, and minerals, were amongst the first organisms investigated
by marine natural product researchers in their quest for novel pharmaceutical
compounds. Due to their high polyphenolic content (such as phenolic acids,
flavonoids, anthocyanidins, lignin, tannins, catechin, epicatechin, epigallocat-
echin, and gallic acid), seaweeds display various biological functions as anti-
oxidant, anticancer, antiviral, and anti-inflammatory agents (Damonte et al.
2004; Gupta and Abu-Ghannam 2011; Senthilkumar et al. 2013). They are
used as food supplements in patients with coronary heart disease, cancer, and
several other diseases due to their antioxidative and metal chelating activities
(Dring 2005; Jiménez-Escrig and Sdnchez-Muniz 2000). Polyphenols regener-
ate a-tocopherol (a type of vitamin E) through reduction of the a-tocopheroxyl
radical, which has antioxidative and anticancer properties (Haslam 1996). The
crude extracts from various seaweeds (such as red alga Acanthophora spic-
ifera, green alga Ulva reticulata, red alga Gracilaria foliifera, and brown alga
Padina boergesenii) from the Gulf of Mannar (GoM), India, have also been
reported to exhibit cytotoxic activity (Kolanjinathan et al. 2014).

Brown algae: The first use of seaweed as the anticancer drug was done in the
1960s using a phytocolloid Algasol T 331, isolated from brown alga. The
intramuscular injections of Algasol T331 were found to cure over 68% of
oncologic patients in Italy (Claudio and Stendardo 1966). Heterofucans,
which are composed of fucose, glucose, glucuronic acid, galactose, and sul-
phate, show both anti-proliferative and immunomodulatory functions. For
instance, heterofucans from the brown alga Dictyota menstrualis inhibit
leukocyte migration with a related decrease in the levels of pro-inflammatory
cytokines (Albuquerque et al. 2013). Heterofucans from Sargassum filipen-
dula exhibit anti-proliferative effects on cervical, prostate, and liver cancer
cells (Telles et al. 2018). Fucoidans (sulphated polysaccharides) exhibit
several biological functions such as antitumour, anticancer, antimetastatic,
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anticoagulant, antithrombotic, antiviral, immunomodulatory, anti-
inflammatory, antioxidant, anticomplementary activities, and fibrinolytic
properties (Cumashi et al. 2007; Li et al. 2008). Fucoidans from various
brown algae act as immunostimulants in immunosuppressed individuals by
acting directly on macrophage and T lymphocyte. For instance, fucoidans
from brown alga Laminaria japonica can promote the recovery of immuno-
logic function in irradiated rats by the arrest of lymphocyte apoptosis
(Huang et al. 2010; Wang et al. 2008). Its mode of action is via activation of
the production of interleukin-1 (IL-1), interferon-y (IFN-y), T lymphocyte,
B cell, macrophage, and natural killer cell (NK cell). In addition, it also
promotes the primary antibody response to sheep red blood cell (SRBC)
(Itoh et al. 1995). High-molecular-weight fucoidan, from edible brown
algae Okinawa mozuku, promotes an increase in the proportion of murine
cytotoxic T cells (Shimizu et al. 2005). Fucoidan, from the brown alga
Fucus vesiculosus, acts as an immunostimulating agent by causing matura-
tion of antigen-presenting cells such as dendritic cells (DCs) in the bone
marrow via nuclear factor-kB (NF-xB) pathway (Kim and Joo 2008).
However, sulphation is critical for the biological activity of fucoidan as
desulphated fucoidan does not cause angiogenesis (Koyanagi et al. 2003) or
induce immature CD34+ cell mobilization (Irhimeh et al. 2007). In the case
of the anticancer activity, the degree of sulphation may also have an impor-
tant role. For instance, fucoidan isolated from brown algae Ascophyllum
nodosum shows an anti-proliferative effect on both normal and malignant
cells, including fibroblasts (Hamster Kidney Fibroblast CCL39), sigmoid
colon adenocarcinoma cells (COLO320 DM), and smooth muscle cells
(Jiang et al. 2010). It causes apoptosis effects on human colon cancer cells
(HCT116) by activation of caspases 3 and 9 and the PARP cleavage, thereby
causing changes in the permeability of mitochondrial membrane (Foley
et al. 2011). Fucoidan from the brown alga Ecklonia cava decreased cyclo-
oxygenase-2, nitric oxide, and prostaglandin E2 levels by acting as anti-
inflammatory agent (Kang et al. 2011; Lee et al. 2012). It also induces
apoptosis in human lymphoma (HS-Sultan) and colon cancer (HT-29 and
HCT116) cells by activation of caspase-3 and downregulation of extracel-
lular signal-regulated kinase pathway (Ahn et al. 2015). Fucoidans from the
brown algae Cladosiphon okamuranus show anti-proliferative activity on
myeloid leukaemia cell lines by inducing cell apoptosis and production of
ROS (Atashrazm et al. 2016). Fucoidan from the brown algae Saccharina
gurjanovae inactivates the epidermal growth factor receptor (EGFR), an
important player in cell transformation, differentiation, proliferation, and
cancer prognosis (Nicholson et al. 2001; Vishchuk et al. 2013). Fucoidan
from Cladosiphon okamuranus also inhibits Helicobacter pylori, the main
cause of gastric cancer in rodent Mongolian gerbils (Shibata et al. 2003).
Fucoidans and carotenoids, extracted from brown algae or seaweed (e.g.,
mozuku, kombu, bladderwrack, wakame, and hijiki), modulate angiogene-
sis by enhanced HUVEC migration and fibroblast growth factor-2 (FGF-2)-
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induced vascular tube formation (Delma et al. 2015; Matou et al. 2002;
Matsubara et al. 2005). For instance, the carotenoids, siphonaxantin and
fucoxanthinol, from brown algae (edible seaweed such as Undaria pinnati-
fida and Hijikia fusiformis), exhibit inhibition on HUVECS’ proliferation
and tube formation by reduction of microvessel outgrowth from rat aortic
fragments (Sugawara et al. 2006). Stylopoldione, metabolite isolated from
brown algae Stypopodium sp., kills cancer cells by halting mitotic spindle
formation during the cell division (Varshney and Singh 2013). Meroterpenes
and usneoidone, isolated from brown algae Cystophora sp., control tumori-
genesis in several cancer cell lines (such as murine L929, human MCF7
breast adenocarcinoma, PA1 ovary teratocarcinoma, and PC3 androgen-
resistant prostate carcinoma cells) by the radical scavenging antioxidant
mechanism (Taskin et al. 2010). Phloroglucinol and its different polymers,
isolated from the brown alga Eisenia bicyclis, suppress metastasis of breast
cancer cells by inhibition of epithelial-mesenchymal transition (EMT)
(Hussain et al. 2016). This compound also downregulates a transcription
factor SLUG (SNAIL-related zinc-finger transcription factor), which is cru-
cial for EMT, via inhibition of PI3K/AKT and RAS/RAF-1/ERK signalling
(Kim et al. 2015). CphF, crude polyphenolic fractions from the marine
brown alga Ecklonia cava, inhibits the growth of mouse colon cancer cells
(Athukorala et al. 2006). Dieckol isolated from the same algae shows anti-
inflammatory and antitumour activity on ovarian cancer cells (A2780 and
SKOV3) and also inhibits tumour xenograft in a mouse model. Its mode of
action is through induction of caspase-dependent apoptosis via ROS pro-
duction and the regulation of AKT and p38 signalling. Besides anticancer
activity, dieckol also exerts potent angiosuppressive effects by inhibiting
VEGF-induced EA.hy-926 human endothelial cell proliferation and migra-
tion by suppressing MMP-2 and MMP-9 gene and protein expression. The
mode of action is through inhibition mitogen-activated protein kinase
(MAPK) signalling pathway molecules (ERK and p38) (Li et al. 2015).
Dioxinodehydroeckol, a phloroglucinol derivative from the same algal
species, causes apoptosis in MCF7 breast cancer cells by activating cas-
pase-3 and caspase-9 and deactivating DNA repair enzyme PARP (Kong
et al. 2009b). Laminaran (or laminarin), a polysaccharide from brown
algae Laminaria sp., shows inhibitory effect on colon cancer (HT-29 and
LOVO) cells by modulating ErbB and insulin-like growth factor-IR signal-
ling pathways and increasing intracellular ROS and Ca levels (Ji et al. 2012;
Park et al. 2013). This compound induces cell death in HT-29 cells in a
dose-dependent manner by decreasing mitogen-activated protein kinases
(MAPK) and ERK phosphorylation and inhibiting the heregulin-stimulated
phosphorylation of ErbB2 (Park et al. 2013). Moreover, S-laminaran (sul-
phated) reduces metastasis by inhibition of heparanase, an enzyme required
for metastasis process (Alessandra Gammone et al. 2016). Crude extract
from the brown seaweed Sargassum thunbergii inhibits metastasis in the rat
mammary adenocarcinoma cells (13762 MAT) (Zhuang et al. 1995).
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Phloroglucinol and its polymers such as eckol (a trimer), phlorofucofu-
roeckol A (a pentamer), dieckol, and 8,8-bieckol (hexamers), isolated from
brown algae Eisenia bicyclis, show both antioxidative and inhibitory effects
on enzyme hyaluronidase (HAase), thereby acting as potent anticancer
compounds (Shibata et al. 2002).

Red algae: Several red seaweeds are also used as nutrient supplements due to

its antioxidative and anticancer activities. For example, the edible red algae
Palmaria palmata inhibits cancer cell proliferation in patients due to its
antioxidative activities (Burtin 2003). The crude extracts isolated from sev-
eral seaweeds have also shown antioxidative and anticancer properties. For
instance, the extract of the red alga Acanthophora spicifera exhibits tumou-
ricidal activity on Ehrlich-Lettre ascites carcinoma (EAC) cells in mice
model (Lavakumar et al. 2012). This extract demonstrates an immunomod-
ulatory action through cellular apoptosis involving membrane blebbing and
vacuole formation. Condriamides A and B, novel indolic metabolites from
red algae Chondria sp., act as a potent anticancer agent against colorectal
and nasopharyngeal cancer cells (Palermo et al. 1992). The alkaloids lopho-
cladine A and lophocladine B, isolated from a red alga Lophocladia sp.,
act as an anticancer agent against various cancer cell lines (Zhang et al.
2007). Terpenoids from various red algae show differential cytotoxic pro-
files based on their active functional groups. Polyhalogenated monoter-
penes such as 28-anhydrothyrsiferyl diacetate, 15-anhydrothyrsiferyl
diacetate, magireol A, magireol B, and magireol C, from marine red alga
Portieria hornemannii, exhibit differential cytotoxicity against the NCI-60
human tumour cell lines, depending on its chemical constituents (Fuller
et al. 1992). Laurene-type sesquiterpenes, isolated from the red alga
Laurencia obtusa, possess both antimicrobial against Candida albicans and
antitumour activities against Ehrlich as cites tumour cells (Alarif et al.
2012). Cytotoxic sesquiterpenes, from the red algae Laurencia obtusa and
Laurencia microcladia, show cytotoxicity against chronic myelogenous
leukaemia-derived K-562 cells (Kladi et al. 2006). Diterpenes (amijiol,
amijiol acetate, 10-diacetate) isolated from the red sea brown alga Dictyota
dichotoma var. implexa show high cytotoxicity against WI-38, HepG2, and
MCF-7 cell lines by causing DNA damage (Ayyad et al. 2011). Several
brominated diterpenes, isolated from the organic extract of red alga
Sphaerococcus coronopifolius, show differential cytotoxicity profiles
against the human lung cancer (NSCLCNG6-L16 and A549) cell lines,
depending on their chemical compositions and active functional groups
(Smyrniotopoulos et al. 2010). Squalenoid-derived triterpenoids (such as
laurenmariannol and (21a)-21-hydroxythyrsiferol), isolated from the
marine red alga Laurencia mariannensis, display significant cytotoxic
activity against murine leukaemia (P388) cells (Ji et al. 2008b). Some squa-
lene derivatives (such as squalene-derived brominated triterpenes — dehy-
drothyrsiferol, isodehydrothyrsiferol, and 10-epidehydrothyrisiferol),
isolated from Laurencia viridis, show potential anticancer activities against
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cancer cell lines (Fernandez et al. 1998; Norte et al. 1996). Polyethers
(such as iubol, 22-hydroxy-15(28)-dehydrovenustatriol, 1,2dehydropseu-
dodehydrothyrsiferol, and secodehydrothyrsiferol) from the same alga
exhibit significant cytotoxic activity against a panel of cancer cell lines
(Pacheco et al. 2011). Other compounds, 16-hydroxydehydrothyrsiferol,
thyrsenol A, and thyrsenol B, from the same red seaweed Laurencia viri-
dis, cause cytotoxic effect against P388 cell line by inhibiting enzyme pro-
tein phosphatase (Souto et al. 2003). Two sterol glycosides
(19-O-b-D-glucopyranosyl-19-hydroxy-cholest-4-en-3-one and 19-O-b-
DN-acetyl-2-aminoglucopyranosyl-19-hydroxy-cholest-4-en-3-one) from
red alga Peyssonnelia sp. inhibit several cancer cell lines such as breast
(MDA-MB-468) and lung (A549) cancer cells (Lin et al. 2010). The sulfo-
lipid sulfoquinovosyldiacylglycerol (KM-043) from Gigartina tenella
inhibits DNA polymerases a and b, thereby acting as a potent cytotoxic
agent (lohn Davis and Kumar 2012). Crude extracts of some red algae are
also cytotoxic in nature. For instance, the crude extracts of red alga
Gracilaria tenuistipitata show anti-proliferative effects on Ca9-22 oral can-
cer cells by inducing cellular apoptosis, DNA damage, and oxidative stress
(Yeh et al. 2012), whereas crude extracts of red algae Plocamium telfairiae
inhibit growth of HT-29 colon cancer cells by causing caspase-dependent
apoptosis (Kim et al. 2007).

Green algae: The bromophenolic compound isorawsonol, isolated from green
alga Avrainvillea rawsonii and the glycolipids nigricanosides A and B, iso-
lated from A. nigricans, induce mitotic arrest in several cancer cell lines
(Chen et al. 1994; Williams et al. 2007). Caulerpenyne, a sesquiterpene
isolated from the green algae Caulerpa sp., shows anti-proliferative activity
against tumour cell lines SK-N-SH by modifying the microtubular network
during cell division and migration (Barbier et al. 2001). Some carbohy-
drates (polysaccharides) derived from the green algae are reported to effec-
tively block carcinogenesis. For instance, CRP, a crude polysaccharide
from the green alga Caulerpa racemosa, shows anticancer activity on mela-
noma cells and hepatoma (H22) tumours transplanted in mice by activation
of pro-inflammatory cytokines (IL-2, IL-12, and INF-a), natural killer cells,
Toll-like receptor-4, CD-14, and competent receptor 3, thereby leading to
nitric oxide release and apoptosis (Ji et al. 2007, 2008a). The polysaccha-
ride DAEB, isolated from the green alga Enteromorpha intestinalis, acts as
an immunostimulant by enhancing phagocytosis and secretion of TNF-a
and nitric oxide in peritoneal macrophages as well as concanavalin
A-induced lymphocyte proliferation in mice model (Jiao et al. 2009).
Several polysaccharides from the green alga Ulva rigida activate the pro-
duction of nitric oxide and immunostimulate the release of cytokines (inter-
leukin-1 IL-1, IL-6, and TNF-o) in macrophages in a JNK-dependent
manner (Leiro et al. 2007). The sulphated glycoproteins from the green alga
Codium fragile can act as the potent anticancer drugs with immunostimula-
tory properties. The mode of action of this compound is through the prolif-
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eration of murine macrophage cells (RAW264.7) via NF-kB and MAPK
pathways to release free radical NO that could possibly kill the cancer cells
(Tabarsa et al. 2015). Various steroids from marine green alga Tydemania
expeditionis show significant anticancer activity on the prostate cancer cell
lines (DU145, PC3, and LNCaP) (Zhang et al. 2012). However, the exact
mechanism of action is still under investigation. Astaxanthin, a carotenoid
from Haematococcus pluvialis and Chlorococcum sp., acts as a potent anti-
oxidant, apoptosis promoter, NF-kB inhibitor, and growth inhibitor against
various cancer cell lines (Liu and Lee 1999; Palozza et al. 2009; Seon-Jin
et al. 2003). Other two carotenoids, siphonaxantin and fucoxanthinol,
from green alga Codium fragile exhibit inhibition on human umbilical vein
endothelial cells’ (HUVECsS) proliferation and tube formation in a dose-
dependent manner (Li et al. 2014). The mode of action of both compounds
is through the reduction of microvessel outgrowth from rat aortic fragments
(Ganesan et al. 2010).

(v) Mangroves and halophytes: Medicinal values of mangroves have long recog-

nized by fisherman communities to treat various diseases (Bandaranayake 1998;
Kathiresan 2000). Several mangroves and halophytes have been suggested as
potent sources of anticancer drugs, based on traditional knowledge and prelimi-
nary scientific work. For instance, brugine (A 1,2-dithiolane), a sulphur-con-
taining alkaloid isolated from Bruguiera sexangula (commonly called upriver
orange mangrove), acts as an antitumour agent against sarcoma 180 and Lewis
lung carcinoma (Kathiresan and Qasim 2005). Another compound, tannin, from
this plant also showed anticancer activity against lung carcinoma. A ribose deriv-
ative (2-benzoxazoline) isolated from Acanthus ilicifolius shows anticancer and
antiviral activities against several cancers (Kathiresan and Qasim 2005). Tea
extract from the mangrove plant Ceriops decandra prevents the (DMBA)
dimethylbenz[a]anthracene-induced hamster buccal pouch carcinogenesis
(HBPC) by enhancing beneficial bacteria in its oral cavity (Boopathy et al. 2011).
Tetranortriterpenoids such as xylogranatins A-D, isolated from the man-
grove Xylocarpus granatum, are cytotoxic against various cancer cell lines (Yin
et al. 2006), whereas limonoids and granaxylocarpins A and B from the same
plant show cytotoxic effect against the P-388 leukaemia cells (Yin et al. 2007).
The naphtoquinones 3-chlorodeoxylapachol and stenocarpoquinone B from
Avicennia germinans and A. marina act as the cytotoxic agents against a wide
range of cancer cell line (such as K562 and HeL.a) (Han et al. 2007; Jones et al.
2005). The three cardenolide glycosides (such as 2’-O-acetyl cerleaside A,
17b-neriifolin, and cerberin), isolated from Cerbera odollam, are cytotoxic
against a range of cell lines (KB and NCI-H187) (Laphookhieo et al. 2004). The
flavonoid luteolin from the seagrass Zostera marina possesses strong antioxi-
dant and inhibitory activity on matrix metalloproteinase-1 (MMP-1) (Kim et al.
2004). Another flavonoid isorhamnetin 3-O-b-D-glucopyranoside from halo-
phyte Salicornia herbacea acts as a strong antioxidant by preventing ROS-
induced cellular damage in TNF-a stimulated myeloid cells (Kong et al. 2009a).
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However, the exact mode of action of anticancer products from mangroves and
halophytes has not been described in detail.

7.5 Conclusion

Marine floras are potential sources of various novel anticancer compounds due their
diverse chemical ecology which act as a selection pressure for production of sec-
ondary metabolites with unique characteristics and extraordinary diversity. Marine
flora products possess immunomodulatory potential with desired pharmacological
activity and a limited toxicity. Through their ability to regulate NF-kB, WBC pro-
duction, IL-2, NKs, ROS, ER stress, phagocytosis, macrophages or lymphoid cells,
cell-mediated immunity, specific/nonspecific immune response, apoptosis, and
angiogenesis, these compounds act as the suitable candidates for anticancer drug
development. Advancement in microbial fermentation techniques and aquafarming
provide effective and economical ways for mass cultivation of marine microbes and
seaweeds for the sustainable development of anticancer compounds. Moreover,
through improved functional metagenomics, it has been now possible to discover
novel natural product from uncultured microbiota. With these exciting new tech-
nologies, it is likely to expect that in the future, more novel compounds will be
isolated from marine flora and subsequently developed as anticancer drugs in
a comparatively short span of time.

Acknowledgements We are grateful to the Director, TIFR-National Centre for Biological
Sciences (NCBS), for his support and encouragement. We appreciate the valuable suggestions
given by Dr. Swatantar Kumar (Max Planck Institute for Biogeochemistry, Jena, Germany) and Dr.
Sanjukta Mukherjee (TIFR-NCBS, India) during manuscript preparations. This work was sup-
ported by NCBS.

References

Abraham I, El Sayed K, Chen Z-S, Guo H (2012) Current status on marine products with reversal
effect on cancer multidrug resistance. Mar Drugs 10:2312-2321

Ahn G et al (2015) A sulfated polysaccharide of Ecklonia cava inhibits the growth of colon cancer
cells by inducing apoptosis. EXCLI J 14:294

Alarif WM, Al-Lihaibi SS, Ayyad S-EN, Abdel-Rhman MH, Badria FA (2012) Laurene-type ses-
quiterpenes from the Red Sea red alga Laurencia obtusa as potential antitumor—antimicrobial
agents. Eur ] Med Chem 55:462-466

Albuquerque IRL et al (2013) Evaluation of anti-nociceptive and anti-inflammatory activities of a
heterofucan from Dictyota menstrualis. Mar Drugs 11:2722-2740

Alessandra Gammone M, Riccioni G, Galvano F, Orazio N (2016) Novel therapeutic strategies
against cancer: marine-derived drugs may be the answer? Anti-Cancer Agents Med Chem
(Formerly Curr Med Chem-Anti-Cancer Agents) 16:1549-1557

Andrianasolo EH, Goeger D, Gerwick WH (2007) Mitsoamide: a cytotoxic linear lipopeptide from
the Madagascar marine cyanobacterium Geitlerinema sp. Pure Appl Chem 79:593-602



158 A.Singh and S. Krishna

Atashrazm F, Lowenthal RM, Woods GM, Holloway AF, Karpiniec SS, Dickinson JL (2016)
Fucoidan suppresses the growth of human acute promyelocytic leukemia cells in vitro and
in vivo. J Cell Physiol 231:688-697

Athukorala Y, Kim K-N, Jeon Y-J (2006) Antiproliferative and antioxidant properties of an enzy-
matic hydrolysate from brown alga, Ecklonia cava. Food Chem Toxicol 44:1065-1074

Ayyad S-EN et al (2011) Cytotoxic and protective DNA damage of three new diterpenoids from
the brown alga Dictoyota dichotoma. Eur ] Med Chem 46:175-182

Azuma I, Seya T (2001) Development of immunoadjuvants for immunotherapy of cancer. Int
Immunopharmacol 1:1249-1259

Bae M-A, Yamada K, Tjuin Y, Tsuji T, Yazawa K, Uemura D (1996) Aburatubolactam A, a novel
inhibitor of superoxide anion generation from a marine microorganism. Heterocycl Commun
2:315-318

Bandaranayake W (1998) Traditional and medicinal uses of mangroves. Mangrove Salt Marshes
2:133-148

Barbier P, Guise S, Huitorel P, Amade P, Pesando D, Briand C, Peyrot V (2001) Caulerpenyne from
Caulerpa taxifolia has an antiproliferative activity on tumor cell line SK-N-SH and modifies
the microtubule network. Life Sci 70:415-429

Belofsky GN, Jensen PR, Fenical W (1999) Sansalvamide: a new cytotoxic cyclic depsipeptide
produced by a marine fungus of the genus Fusarium. Tetrahedron Lett 40:2913-2916

Bernardo PH, Chai CL, Le Guen M, Smith GD, Waring P (2007) Structure—activity delineation
of quinones related to the biologically active Calothrixin B. Bioorg Med Chem Lett 17:82-85

Blokhin AV, Yoo H-D, Geralds RS, Nagle DG, Gerwick WH, Hamel E (1995) Characterization of
the interaction of the marine cyanobacterial natural product curacin A with the colchicine site
of tubulin and initial structure-activity studies with analogues. Mol Pharmacol 48:523-531

Boopathy NS, Kandasamy K, Subramanian M, You-Jin J (2011) Effect of mangrove tea extract
from Ceriops decandra (Griff.) Ding Hou. on salivary bacterial flora of DMBA induced
Hamster buccal pouch carcinoma. Indian J Microbiol 51:338-344

Bowers AA (2017) Biosynthesis: methylating mushrooms. Nat Chem Biol 13:821

Bowers A, West N, Taunton J, Schreiber SL, Bradner JE, Williams RM (2008) Total synthesis
and biological mode of action of largazole: a potent class I histone deacetylase inhibitor. ] Am
Chem Soc 130:11219-11222

Bringmann G et al (2005) The first sorbicillinoid alkaloids, the antileukemic sorbicillactones A and
B, from a sponge-derived Penicillium chrysogenum strain. Tetrahedron 61:7252-7265

Bugni TS, Andjelic CD, Pole AR, Rai P, Ireland CM, Barrows LR (2009) Biologically active
components of a Papua New Guinea analgesic and anti-inflammatory lichen preparation.
Fitoterapia 80:270-273

Burja AM, Banaigs B, Abou-Mansour E, Burgess JG, Wright PC (2001) Marine cyanobacteria — a
prolific source of natural products. Tetrahedron 57:9347-9377

Burns A, Rowland I (2000) Anti-carcinogenicity of probiotics and prebiotics. Curr Issues Intest
Microbiol 1:13-24

Burtin P (2003) Nutritional value of seaweeds. Electron J Environ Agric Food Chem 2:498-503

Cao F, Yang Q, Shao C-L, Kong C-J, Zheng J-J, Liu Y-F, Wang C-Y (2015) Bioactive 7-oxabicyclic
[6.3. 0] lactam and 12-membered macrolides from a gorgonian-derived Cladosporium sp. fun-
gus. Mar Drugs 13:4171-4178

Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases. Nature 407:249

Chatterji A, Kassim Z, Hassan A, Therwath A, Shaharom F (2010) Marine living resources in the
practice of traditional medicine. J Coast Environ 1:41-52

Chen JL, Gerwick WH, Schatzman R, Laney M (1994) Isorawsonol and related IMP dehydro-
genase inhibitors from the tropical green alga Avrainvillea rawsonii. J Nat Prod 57:947-952

Chen D, Wu X, Wen Z (2008) Sulfated polysaccharides and immune response: promoter or inhibi-
tor? Panminerva Med 50:177-183

Claudio F, Stendardo B (1966) An experimental contribution to the clinical use of an algal phy-
tocolloid (Algasol T331) in oncology. In: Proceedings of the Fifth International Seaweed
Symposium, Halifax, August 25-28, 1965, Elsevier, p 369



7 Immunomodulatory and Therapeutic Potential of Marine Flora Products... 159

Cumashi A et al (2007) A comparative study of the anti-inflammatory, anticoagulant, anti-
angiogenic, and antiadhesive activities of nine different fucoidans from brown seaweeds.
Glycobiology 17:541-552

D’Ambrosio M, Guerriero A, Pietra F (1987) Sarcodictyin A and Sarcodictyin B, novel diterpe-
noidic alcohols esterified by (E)-N (1)-methylurocanic acid. Isolation from the Mediterranean
Stolonifer Sarcodictyon roseum. Helv Chim Acta 70:2019-2027

Damonte EB, Matulewicz MC, Cerezo AS (2004) Sulfated seaweed polysaccharides as antiviral
agents. Curr Med Chem 11:2399-2419

David B, Wolfender J-L, Dias DA (2015) The pharmaceutical industry and natural products: his-
torical status and new trends. Phytochem Rev 14:299-315

Davidson S, Allen S, Lim G, Anderson C, Haygood M (2001) Evidence for the biosynthesis of
bryostatins by the bacterial symbiont “Candidatus Endobugula sertula” of the BryozoanBugula
neritina. Appl Environ Microbiol 67:4531-4537

Delma CR, Somasundaram ST, Srinivasan GP, Khursheed M, Bashyam MD, Aravindan N (2015)
Fucoidan from Turbinaria conoides: a multifaceted ‘deliverable’to combat pancreatic cancer
progression. Int J Biol Macromol 74:447-457

Devasagayam T, Tilak J, Boloor K, Sane KS, Ghaskadbi SS, Lele R (2004) Free radicals and anti-
oxidants in human health: current status and future prospects. Japi 52:4

Devine DA, Marsh PD (2009) Prospects for the development of probiotics and prebiotics for oral
applications. J Oral Microbiol 1:1949

Dillehay TD, Ramirez C, Pino M, Collins MB, Rossen J, Pino-Navarro J (2008) Monte Verde:
seaweed, food, medicine, and the peopling of South America. Science 320:784-786

Dring MJ (2005) Stress resistance and disease resistance in seaweeds: the role of reactive oxygen
metabolism. Adv Bot Res 43:175-207

Edelman MJ, Gandara DR, Hausner P, Israel V, Thornton D, DeSanto J, Doyle LA (2003) Phase 2
study of cryptophycin 52 (LY355703) in patients previously treated with platinum based che-
motherapy for advanced non-small cell lung cancer. Lung Cancer 39:197-199

Erba E et al (1999) Mode of action of thiocoraline, a natural marine compound with anti-tumour
activity. Br J Cancer 80:971

Fan T (1994) Angiosuppressive therapy for cancer. Trends Pharmacol Sci 15:33-36

Fenical W et al (1999) Marine derived pharmaceuticals and related bioactive compounds. National
Academics Press, Washington, DC

Fenical W, Jensen PR, Cheng XC (2000) Halimide, a cytotoxic marine natural product, and deriva-
tives thereof. Google Patents

Fernandez J, Souto ML, Norte M (1998) Evaluation of the cytotoxic activity of polyethers isolated
from Laurencia. Bioorg Med Chem 6:2237-2243

Ferro V et al (2007) PI-88 and novel heparan sulphate mimetics inhibit angiogenesis. In: Seminars
in thrombosis and hemostasis, vol 5. Stratton Intercontinental Medical Book Corporation,
New York, c1974-, p 557

Fleurence J (1999) Seaweed proteins: biochemical, nutritional aspects and potential uses. Trends
Food Sci Technol 10:25-28

Foley SA, Szegezdi E, Mulloy B, Samali A, Tuohy MG (2011) An unfractionated fucoidan from
Ascophyllum nodosum: extraction, characterization, and apoptotic effects in vitro. J Nat Prod
74:1851-1861

Folmer F, Jaspars M, Dicato M, Diederich M (2010) Photosynthetic marine organisms as a source
of anticancer compounds. Phytochem Rev 9:557-579

Fouillaud M, Venkatachalam M, Girard-Valenciennes E, Caro Y, Dufossé L (2016) Anthraquinones
and derivatives from marine-derived fungi: structural diversity and selected biological activi-
ties. Mar Drugs 14:64

Frenz JL, Kohl AC, Kerr RG (2004) Marine natural products as therapeutic agents: part 2. Expert
Opin Ther Pat 14:17-33

Fuller RW, Cardellina JH, Kato Y, Brinen LS, Clardy J, Snader KM, Boyd MR (1992) A pentaha-
logenated monoterpene from the red alga Portieria hornemannii produces a novel cytotoxicity
profile against a diverse panel of human tumor cell lines. ] Med Chem 35:3007-3011



160 A.Singh and S. Krishna

Ganesan P, Matsubara K, Ohkubo T, Tanaka Y, Noda K, Sugawara T, Hirata T (2010) Anti-
angiogenic effect of siphonaxanthin from green alga, Codium fragile. Phytomedicine
17:1140-1144

Guo Q, Shao Q, Xu W, Rui L, Sumi R, Eguchi F, Li Z (2017) Immunomodulatory and anti-IBDV
activities of the polysaccharide AEX from Coccomyxa gloeobotrydiformis. Mar Drugs 15:36

Gupta S, Abu-Ghannam N (2011) Recent developments in the application of seaweeds or seaweed
extracts as a means for enhancing the safety and quality attributes of foods. Innov Food Sci
Emerg Technol 12:600-609

Haefner B (2003) Drugs from the deep: marine natural products as drug candidates. Drug Discov
Today 8:536-544

Han L et al (2007) Unusual naphthoquinone derivatives from the twigs of Avicennia marina. J Nat
Prod 70:923-927

Haslam E (1996) Natural polyphenols (vegetable tannins) as drugs: possible modes of action. J Nat
Prod 59:205-215

Hau AM et al (2013) Coibamide A induces mTOR-independent autophagy and cell death in human
glioblastoma cells. PLoS One 8:e65250

Huang L, Wen K, Gao X, Liu'Y (2010) Hypolipidemic effect of fucoidan from Laminaria japonica
in hyperlipidemic rats. Pharm Biol 48:422-426

Huang C-H et al (2011) Three bianthraquinone derivatives from the mangrove endophytic fungus
Alternaria sp. ZJ9-6B from the South China Sea. Mar Drugs 9:832-843

Huang C et al (2012) The cytotoxicity and anticancer mechanisms of alterporriol L, a marine bian-
thraquinone, against MCF-7 human breast cancer cells. Appl Microbiol Biotechnol 93:777-785

Huang L et al (2014) Anthraquinone G503 induces apoptosis in gastric cancer cells through the
mitochondrial pathway. PLoS One 9:¢108286

Hussain E, Wang L-J, Jiang B, Riaz S, Butt GY, Shi D-Y (2016) A review of the components of
brown seaweeds as potential candidates in cancer therapy. RSC Adv 6:12592-12610

Irhimeh MR, Fitton JH, Lowenthal RM (2007) Fucoidan ingestion increases the expression of
CXCR4 on human CD34+ cells. Exp Hematol 35:989-994

Itoh H, Noda H, Amano H, Ito H (1995) Immunological analysis of inhibition of lung metastases
by fucoidan (GIV-A) prepared from brown seaweed Sargassum thunbergii. Anticancer Res
15:1937-1947

Janmaat ML, Rodriguez JA, Jimeno J, Kruyt FA, Giaccone G (2005) Kahalalide F induces
necrosis-like cell death that involves depletion of ErbB3 and inhibition of Akt signaling. Mol
Pharmacol 68:502-510

Jaruchoktaweechai C, Suwanborirux K, Tanasupawatt S, Kittakoop P, Menasveta P (2000) New
macrolactins from a marine Bacillus sp. Sc026. J Nat Prod 63:984-986

Ji H-W, Shao H-Y, Zhang C-H, Hong P-Z, Xiong H-P (2007) Antitumor and immunomodulatory
activities of polysaccharides from Caulerpa racemosa [J]. J Food Sci Biotechnol 4:015

JiH, Shao H, Zhang C, Hong P, Xiong H (2008a) Separation of the polysaccharides in Caulerpa rac-
emosa and their chemical composition and antitumor activity. J Appl Polym Sci 110:1435-1440

Ji NY, Li XM, Xie H, Ding J, Li K, Ding LP, Wang BG (2008b) Highly oxygenated triterpe-
noids from the marine red alga Laurencia mariannensis (Rhodomelaceae). Helv Chim Acta
91:1940-1946

Ji YB, Ji CF, Zhang H (2012) Laminarin induces apoptosis of human colon cancer LOVO cells
through a mitochondrial pathway. Molecules 17:9947-9960

Jiang Z, Okimura T, Yokose T, Yamasaki Y, Yamaguchi K, Oda T (2010) Effects of sulfated fucan,
ascophyllan, from the brown Alga Ascophyllum nodosum on various cell lines: a comparative
study on ascophyllan and fucoidan. J Biosci Bioeng 110:113-117

Jiao L, Li X, Li T, Jiang P, Zhang L, Wu M, Zhang L (2009) Characterization and anti-tumor activ-
ity of alkali-extracted polysaccharide from Enteromorpha intestinalis. Int Immunopharmacol
9:324-329

Jiao G, Yu G, Zhang J, Ewart HS (2011) Chemical structures and bioactivities of sulfated polysac-
charides from marine algae. Mar Drugs 9:196-223



7 Immunomodulatory and Therapeutic Potential of Marine Flora Products... 161

Jiménez-Escrig A, Sanchez-Muniz F (2000) Dietary fibre from edible seaweeds: chemical struc-
ture, physicochemical properties and effects on cholesterol metabolism. Nutr Res 20:585-598

John Davis GD, Kumar V (2012) Techniques in anticancer drug discovery marine pharmacognosy:
trends and applications. CRC Press, Boca Raton, p 393

Jones WP et al (2005) Antitumour activity of 3-chlorodeoxylapachol, a naphthoquinone from
Avicennia germinans collected from an experimental plot in southern Florida. J Pharm
Pharmacol 57:1101-1108

Kalan AE, Rad JS, Kafami L, Mohamadnezhad D, Khaki AA, Roushandeh AM (2014) MS14, a
marine herbal medicine, an immunosuppressive drug in experimental autoimmune encephalo-
myelitis. Iran Red Crescent Med J 16:¢16956

Kang S-M et al (2011) Anti-inflammatory activity of polysaccharide purified from AMG-assistant
extract of Ecklonia cava in LPS-stimulated RAW 264.7 macrophages. Carbohydr Polym
85:80-85

Kasai Y, Komatsu K, Shigemori H, Tsuda M, Mikami Y, Kobayashi J (2005) Cladionol A, a
polyketide glycoside from marine-derived fungus Gliocladium species. J Nat Prod 68:777-779

Kathiresan K (2000) A review of studies on Pichavaram mangrove, southeast India. Hydrobiologia
430:185-205

Kathiresan K, Qasim SZ (2005) Biodiversity of mangrove ecosystems. Hindustan Publishing, New
Delhi (India)

Kathiresan K, Nabeel M, Manivannan S (2008) Bioprospecting of marine organisms for novel
bioactive compounds. Sci Trans Environ Technovation 1:107-120

Kim H (1998) Aburatubolactam C, a novel apoptosis-inducing substance produced by marine
Streptomyces sp. SCRC A-20. J Microbiol Biotechnol 8(5):455-460

Kim M-H, Joo H-G (2008) Immunostimulatory effects of fucoidan on bone marrow-derived den-
dritic cells. Immunol Lett 115:138-143

Kim S-K, Wijesekara I (2010) Development and biological activities of marine-derived bioactive
peptides: a review. J Funct Foods 2:1-9

Kim JH et al (2004) Antioxidants and inhibitor of matrix metalloproteinase-1 expression from
leaves of zostera marina L. Arch Pharm Res 27:177

Kim J-Y et al (2007) Methanolic extracts of Plocamium telfairiae induce cytotoxicity and caspase-
dependent apoptosis in HT-29 human colon carcinoma cells. J Med Food 10:587-593

Kim RK et al (2015) Phloroglucinol suppresses metastatic ability of breast cancer cells by inhibi-
tion of epithelial-mesenchymal cell transition. Cancer Sci 106:94-101

Kladi M, Xenaki H, Vagias C, Papazafiri P, Roussis V (2006) New cytotoxic sesquiterpenes from
the red algae Laurencia obtusa and Laurencia microcladia. Tetrahedron 62:182—189

Kobayashi J, Tsuda M (2004) Bioactive products from Okinawan marine micro-and macroorgan-
isms. Phytochem Rev 3:267-274

Kobayashi J, Shigemori H, Ishibashi M, Yamasu T, Hirota H, Sasaki T (1991) Amphidinolides
G and H: new potent cytotoxic macrolides from the cultured symbiotic dinoflagellate
Amphidinium sp. J Org Chem 56:5221-5224

Koehn FE, Longley RE, Reed JK (1992) Microcolins A and B, new immunosuppressive peptides
from the blue-green alga Lyngbya majuscula. J Nat Prod 55:613-619

Kolanjinathan K, Ganesh P, Saranraj P (2014) Pharmacological importance of seaweeds: a review.
World J Fish Mar Sci 6:1-15

Kong C-S et al (2009a) Protective effect of isorhamnetin 3-O-f3-d-glucopyranoside from Salicornia
herbacea against oxidation-induced cell damage. Food Chem Toxicol 47:1914-1920

Kong C-S, Kim J-A, Yoon N-Y, Kim S-K (2009b) Induction of apoptosis by phloroglucinol
derivative from Ecklonia cava in MCF-7 human breast cancer cells. Food Chem Toxicol
47:1653-1658

Konig GM, Wright AD (1996) Marine natural products research: current directions and future
potential. Planta Med 62:193-211

Kovarik JM, Burtin P (2003) Immunosuppressants in advanced clinical development for organ
transplantation and selected autoimmune diseases. Expert Opin Emerg Drugs 8:47-62



162 A.Singh and S. Krishna

Koyanagi S, Tanigawa N, Nakagawa H, Soeda S, Shimeno H (2003) Oversulfation of fucoidan
enhances its anti-angiogenic and antitumor activities. Biochem Pharmacol 65:173-179

Kumar D, Arya V, Kaur R, Bhat ZA, Gupta VK, Kumar V (2012) A review of immunomodulators
in the Indian traditional health care system. J Microbiol Immunol Infect 45:165-184

Laphookhieo S, Cheenpracha S, Karalai C, Chantrapromma S, Ponglimanont C, Chantrapromma
K (2004) Cytotoxic cardenolide glycoside from the seeds of Cerbera odollam. Phytochemistry
65:507-510

Lavakumar V, Ahamed K, Ravichandiran V (2012) Anticancer and antioxidant effect of
Acanthophora spicifera against EAC induced carcinoma in mice. J Pharm Res 5:1503-1507

Lee S-H et al (2012) Molecular characteristics and anti-inflammatory activity of the fucoidan
extracted from Ecklonia cava. Carbohydr Polym 89:599-606

Leiro JM, Castro R, Arranz JA, Lamas J (2007) Immunomodulating activities of acidic sulphated
polysaccharides obtained from the seaweed Ulva rigida C. Agardh Int Immunopharmacol
7:879-888

Levine B, Sinha SC, Kroemer G (2008) Bcl-2 family members: dual regulators of apoptosis and
autophagy. Autophagy 4:600-606

Li B, Lu F, Wei X, Zhao R (2008) Fucoidan: structure and bioactivity. Molecules 13:1671-1695

Li Z-S, Noda K, Fujita E, Manabe Y, Hirata T, Sugawara T (2014) The green algal carotenoid
siphonaxanthin inhibits adipogenesis in 3T3-L1 preadipocytes and the accumulation of lipids
in white adipose tissue of KK-Ay mice 1-3. J Nutr 145:490-498

Li Y-X, LiY, Je J-Y, Kim S-K (2015) Dieckol as a novel anti-proliferative and anti-angiogenic
agent and computational anti-angiogenic activity evaluation. Environ Toxicol Pharmacol
39:259-270

Lin A-S, Engel S, Smith BA, Fairchild CR, Aalbersberg W, Hay ME, Kubanek J (2010) Structure
and biological evaluation of novel cytotoxic sterol glycosides from the marine red alga
Peyssonnelia sp. Bioorg Med Chem 18:8264-8269

Liu B-H, Lee Y-K (1999) Composition and biosynthetic pathways of carotenoids in the astaxanthin-
producing green alga Chlorococcum sp. Biotechnol Lett 21:1007-1010

Liu L, Heinrich M, Myers S, Dworjanyn SA (2012) Towards a better understanding of medicinal
uses of the brown seaweed Sargassum in traditional Chinese medicine: a phytochemical and
pharmacological review. J Ethnopharmacol 142:591-619

Lombé F et al (2006) Deciphering the biosynthesis pathway of the antitumor thiocoraline from a
marine actinomycete and its expression in two Streptomyces species. Chembiochem 7:366-376

Lowe SW, Lin AW (2000) Apoptosis in cancer. Carcinogenesis 21:485-495

Luesch H, Moore RE, Paul VJ, Mooberry SL, Corbett TH (2001) Isolation of dolastatin 10 from
the marine cyanobacterium Symploca species VP642 and total stereochemistry and biological
evaluation of its analogue symplostatin 1. J Nat Prod 64:907-910

Luesch H et al (2006) A functional genomics approach to the mode of action of apratoxin A. Nat
Chem Biol 2:158

Manivannan K, Thirumaran G, Devi GK, Hemalatha A, Anantharaman P (2008) Biochemical
composition of seaweeds from Mandapam coastal regions along Southeast Coast of India.
Am-Eurasian J Bot 1:32-37

Marante FT, Castellano AG, Rosas FE, Aguiar JQ, Barrera JB (2003) Identification and quantita-
tion of allelochemicals from the lichen Lethariella canariensis: phytotoxicity and antioxidative
activity. J] Chem Ecol 29:2049-2071

Maskey RP, Helmke E, Fiebig H-H, Laatsch H (2002) Parimycin: isolation and structure elucida-
tion of a novel cytotoxic 2, 3-dihydroquinizarin analogue of y-indomycinone from a marine
Streptomycete isolate. J Antibiot 55:1031-1035

Maskey RP, Helmke E, Kayser O, Fiebig HH, Maier A, Busche A, Laatsch H (2004a) Anti-cancer
and antibacterial trioxacarcins with high anti-malaria activity from a marine streptomycete and
their absolute stereochemistry. J Antibiot 57:771-779

Maskey RP, Sevvana M, Usén I, Helmke E, Laatsch H (2004b) Gutingimycin: a highly complex
metabolite from a marine streptomycete. Angew Chem Int Ed 43:1281-1283



7 Immunomodulatory and Therapeutic Potential of Marine Flora Products... 163

Matou S, Helley D, Chabut D, Bros A, Fischer A-M (2002) Effect of fucoidan on fibroblast growth
factor-2-induced angiogenesis in vitro. Thromb Res 106:213-221

Matsubara K, Xue C, Zhao X, Mori M, Sugawara T, Hirata T (2005) Effects of middle molecular
weight fucoidans on in vitro and ex vivo angiogenesis of endothelial cells. Int J] Mol Med
15:695-699

Matsuda M, Yamori T, Naitoh M, Okutani K (2003) Structural revision of sulfated polysaccharide
B-1 isolated from a marine Pseudomonas species and its cytotoxic activity against human can-
cer cell lines. Mar Biotechnol 5:13-19

Mayer AM et al (2010) The odyssey of marine pharmaceuticals: a current pipeline perspective.
Trends Pharmacol Sci 31:255-265

Medina RA et al (2008) Coibamide A, a potent antiproliferative cyclic depsipeptide from the
Panamanian marine cyanobacterium Leptolyngbya sp. J Am Chem Soc 130:6324-6325

Millot M, Tomasi S, Studzinska E, Rouaud I, Boustie J (2009) Cytotoxic constituents of the lichen
Diploicia canescens. ] Nat Prod 72:2177-2180

Molinski TF, Dalisay DS, Lievens SL, Saludes JP (2009) Drug development from marine natural
products. Nat Rev Drug Discov 8:69

Montaser R, Luesch H (2011) Marine natural products: a new wave of drugs? Future Med Chem
3:1475-1489

Montero A, Beierle JM, Olsen CA, Ghadiri MR (2009) Design, synthesis, biological evaluation,
and structural characterization of potent histone deacetylase inhibitors based on cyclic o/f--
tetrapeptide architectures. J Am Chem Soc 131:3033-3041

Mshigeni KE (1990) Seaweeds in medicine and pharmacy: a global perspective. In: Proceedings
of an international conference of experts from developing countries on traditional medicinal
plants. The United Republic of Tanzania, Ministry of Health, Dares Salaam University Press

Murti Y, Agrawal T (2010) Marine derived pharmaceuticals-development of natural health prod-
ucts from marine biodiversity. Int ] Chem Tech Res 2:2198-2217

Nagle DG, Zhou YD, Mora FD, Mohammed KA, Kim YP (2004) Mechanism targeted discovery
of antitumor marine natural products. Curr Med Chem 11:1725-1756

Ngo D-H, Wijesekara I, Vo T-S, Van Ta Q, Kim S-K (2011) Marine food-derived functional ingre-
dients as potential antioxidants in the food industry: an overview. Food Res Int 44:523-529

Nicholson R, Gee J, Harper M (2001) EGFR and cancer prognosis. Eur J Cancer 37:9-15

Noguti J, Andersen ML, Cirelli C, Ribeiro DA (2013) Oxidative stress, cancer, and sleep depriva-
tion: is there a logical link in this association? Sleep Breath 17:905-910

Norte M, Fernandez J, Souto ML, Garcia-Gravalos MD (1996) Two new antitumoral polyether
squalene derivatives. Tetrahedron Lett 37:2671-2674

Pacheco FC, Villa-Pulgarin JA, Mollinedo F, Martin MN, Fernandez JJ, Daranas AH (2011) New
polyether triterpenoids from Laurencia viridis and their biological evaluation. Mar Drugs
9:2220-2235

Palermo JA, Flower PB, Seldes AM (1992) Chondriamides A and B, new indolic metabolites from
the red alga Chondria sp. Tetrahedron Lett 33:3097-3100

Pallela R, Na-Young Y, Kim S-K (2010) Anti-photoaging and photoprotective compounds derived
from marine organisms. Mar Drugs 8:1189-1202

Palozza P, Torelli C, Boninsegna A, Simone R, Catalano A, Mele MC, Picci N (2009) Growth-
inhibitory effects of the astaxanthin-rich alga Haematococcus pluvialis in human colon cancer
cells. Cancer Lett 283:108-117

Park H-K, Kim I-H, Kim J, Nam T-J (2013) Induction of apoptosis and the regulation of ErbB
signaling by laminarin in HT-29 human colon cancer cells. Int J Mol Med 32:291-295

Partida-Martinez LP, Hertweck C (2005) Pathogenic fungus harbours endosymbiotic bacteria for
toxin production. Nature 437:884

Piel J, Hui D, Wen G, Butzke D, Platzer M, Fusetani N, Matsunaga S (2004) Antitumor polyketide
biosynthesis by an uncultivated bacterial symbiont of the marine sponge Theonella swinhoei.
Proc Natl Acad Sci U S A 101:16222-16227

Rademaker-Lakhai JM et al (2005) Phase I clinical and pharmacokinetic study of kahalalide F in
patients with advanced androgen refractory prostate cancer. Clin Cancer Res 11:1854—1862



164 A.Singh and S. Krishna

Ray GC (1988) Ecological diversity in coastal zones and oceans. In: Wilson EO, Peter FM (eds)
Biodiversity. National Academies Press (US), Washington (DC), pp 36-50

Reed JC (1999) Dysregulation of apoptosis in cancer. J Clin Oncol 17:2941-2941

Ren H, Liu W-W (2011) Nidurufin as a new cell cycle inhibitor from marine-derived fungus
Penicillium flavidorsum SHK1-27. Arch Pharm Res 34:901-905

Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB (2010) Oxidative stress, inflammation, and
cancer: how are they linked? Free Radic Biol Med 49:1603-1616

Romero F, Espliego F, BAZ JP, de Quesada TG, Gravalos D, De La Calle F, Fernandez-Puentes
JL (1997) Thiocoraline, a new depsipeptide with antitumor activity produced by a marine
Micromonospora. J Antibiot 50:734-737

Rowland S, Belt S, Wraige E, Massé G, Roussakis C, Robert J-M (2001) Effects of temperature on
polyunsaturation in cytostatic lipids of Haslea ostrearia. Phytochemistry 56:597-602

Sabharwal SS, Schumacker PT (2014) Mitochondrial ROS in cancer: initiators, amplifiers or an
Achilles’ heel? Nat Rev Cancer 14:709

Scorei IR (2013) Boron-containing compounds, regulation of therapeutic potential. In: Kretsinger
RH, Uversky NV, Permyako EA (eds) Encyclopedia of Metalloproteins. Springer-Verlag,
New York, pp 301-308

Senthilkumar K, Manivasagan P, Venkatesan J, Kim S-K (2013) Brown seaweed fucoidan: bio-
logical activity and apoptosis, growth signaling mechanism in cancer. Int J Biol Macromol
60:366-374

Seon-Jin L et al (2003) Astaxanthin inhibits nitric oxide production and inflammatory gene expres-
sion by suppressing IkB kinase-dependent NF-kB activation. Mol Cells 16:97-105

Shibata T, Fujimoto K, Nagayama K, Yamaguchi K, Nakamura T (2002) Inhibitory activity of
brown algal phlorotannins against hyaluronidase. Int J Food Sci Technol 37:703-709

Shibata H et al (2003) Preventive effects of Cladosiphon fucoidan against Helicobacter pylori
infection in Mongolian gerbils. Helicobacter 8:59-65

Shimizu J, Wada-Funada U, Mano H, Matahira Y, Kawaguchi M, Wada M (2005) Proportion
of murine cytotoxic T cells is increased by high molecular-weight fucoidan extracted from
Okinawa mozuku (Cladosiphon okamuranus). J Health Sci 51:394-397

Shin HJ, Kim TS, Lee H-S, Park JY, Choi I-K, Kwon HJ (2008) Streptopyrrolidine, an angio-
genesis inhibitor from a marine-derived Streptomyces sp. KORDI-3973. Phytochemistry
69:2363-2366

Simmons TL, McPhail KL, Ortega-Barria E, Mooberry SL, Gerwick WH (2006) Belamide A,
a new antimitotic tetrapeptide from a Panamanian marine cyanobacterium. Tetrahedron Lett
47:3387-3390

Sithranga Boopathy N, Kathiresan K (2010) Anticancer drugs from marine flora: an overview.
J Oncol 2010:214186

Smith CD, Zhang X (1996) Mechanism of action of cryptophycin interaction with the Vinca alka-
loid domain of tubulin. J Biol Chem 271:6192-6198

Smith CD, Zhang X, Mooberry SL, Patterson GM, Moore RE (1994) Cryptophycin: a new antimi-
crotubule agent active against drug-resistant cells. Cancer Res 54:3779-3784

Smyrniotopoulos V, Vagias C, Bruyere C, Lamoral-Theys D, Kiss R, Roussis V (2010) Structure
and in vitro antitumor activity evaluation of brominated diterpenes from the red alga
Sphaerococcus coronopifolius. Bioorg Med Chem 18:1321-1330

Sogawa K et al (1998) Decrease of nuclear protein phosphatase 1 activity and induction of mitotic
arrest and apoptosis by a marine microalgal polysaccharide in human myeloid leukemia U937
cells. Res Commun Mol Pathol Pharmacol 99:267-282

Souto ML, Manriquez CP, Norte M, Leira F, Fernandez JJ (2003) The inhibitory effects of squalene-
derived triterpenes on protein phosphatase PP2A. Bioorg Med Chem Lett 13:1261-1264

Srinivas G, Babykutty S, Sathiadevan PP, Srinivas P (2007) Molecular mechanism of emodin
action: transition from laxative ingredient to an antitumor agent. Med Res Rev 27:591-608

Steele VE et al (2001) Polyphenols and Cancer prevention. In: Chéze C, Vercauteren J, Verpoorte
R (eds) Polyphenols, wine and health. Proceedings of the Phythochemical Society of Europe,
vol 48. Springer, Dordrecht, pp 177-190



7 Immunomodulatory and Therapeutic Potential of Marine Flora Products... 165

Sudrez Y, Gonzdlez L, Cuadrado A, Berciano M, Lafarga M, Muifioz A (2003) Kahalalide F, a new
marine-derived compound, induces oncosis in human prostate and breast cancer cells. Mol
Cancer Ther 2:863-872

Sugawara T, Matsubara K, Akagi R, Mori M, Hirata T (2006) Antiangiogenic activity of brown algae
fucoxanthin and its deacetylated product, fucoxanthinol. J Agric Food Chem 54:9805-9810

Tabarsa M, Park G-M, Shin I-S, Lee E, Kim J-K, You S (2015) Structure-activity relationships of
sulfated glycoproteins from Codium fragile on nitric oxide releasing capacity from RAW264.
7 cells. Mar Biotechnol 17:266-276

Takahashi C, Numata A, Ito Y, Matsumura E, Araki H, Iwaki H, Kushida K (1994) Leptosins,
antitumour metabolites of a fungus isolated from a marine alga. J Chem Soc Perkin Trans
1:1859-1864

Tan LT (2007) Bioactive natural products from marine cyanobacteria for drug discovery.
Phytochemistry 68:954-979

Tanaka H, Nishida K, Sugita K, Yoshioka T (1999) Antitumor efficacy of hypothemycin, a new
Ras-signaling. Inhibitor Cancer Sci 90:1139-1145

Taori K, Paul VJ, Luesch H (2008) Structure and activity of largazole, a potent antiproliferative
agent from the Floridian marine cyanobacterium Symploca sp. ] Am Chem Soc 130:1806-1807

Taskin E, Caki Z, Ozturk M (2010) Assessment of in vitro antitumoral and antimicrobial activities
of marine algae harvested from the eastern Mediterranean sea. Afr J Biotechnol 9:4272-4277

Telles CBS et al (2018) Immunomodulatory effects and antimicrobial activity of heterofucans
from Sargassum filipendula. J Appl Phycol 30:569-578

Thomas NV, Kim S-K (2011) Potential pharmacological applications of polyphenolic derivatives
from marine brown algae. Environ Toxicol Pharmacol 32:325-335

Tsang SW, Bian ZX (2015) Anti-fibrotic and anti-tumorigenic effects of Rhein, a natural anthra-
quinone derivative, in mammalian stellate and carcinoma cells. Phytother Res 29:407-414

Umemura K, Yanase K, Suzuki M, Okutani K, Yamori T, Andoh T (2003) Inhibition of DNA topoi-
somerases I and II, and growth inhibition of human cancer cell lines by a marine microalgal
polysaccharide. Biochem Pharmacol 66:481-487

Usui T et al (2004) Amphidinolide H, a potent cytotoxic macrolide, covalently binds on actin sub-
domain 4 and stabilizes actin filament. Chem Biol 11:1269-1277

Varshney A, Singh V (2013) Effects of algal compounds on cancer cell line. J Exp Biol 1:337-352

Vishchuk OS, Ermakova SP, Zvyagintseva TN (2013) The fucoidans from brown algae of
Far-Eastern seas: anti-tumor activity and structure—function relationship. Food Chem
141:1211-1217

Wang Y-Q, Miao Z-H (2013) Marine-derived angiogenesis inhibitors for cancer therapy. Mar
Drugs 11:903-933

Wang J, Zhang Q, Zhang Z, Li Z (2008) Antioxidant activity of sulfated polysaccharide fractions
extracted from Laminaria japonica. Int J Biol Macromol 42:127-132

Wang L, Wang X, Wu H, Liu R (2014a) Overview on biological activities and molecular char-
acteristics of sulfated polysaccharides from marine green algae in recent years. Mar Drugs
12:4984-5020

Wang Y, Qi X, Li D, Zhu T, Mo X, Li J (2014b) Anticancer efficacy and absorption, distribution,
metabolism, and toxicity studies of aspergiolide A in early drug development. Drug Des Devel
Ther 8:1965

Wijesekara I, Pangestuti R, Kim S-K (2011) Biological activities and potential health benefits of
sulfated polysaccharides derived from marine algae. Carbohydr Polym 84:14-21

Williams AB, Jacobs RS (1993) A marine natural product, patellamide D, reverses multidrug resis-
tance in a human leukemic cell line. Cancer Lett 71:97-102

Williams DE, Sturgeon CM, Roberge M, Andersen RJ (2007) Nigricanosides A and B, antimitotic
glycolipids isolated from the green alga Avrainvillea nigricans collected in Dominica. ] Am
Chem Soc 129:5822-5823

Wollowski I, Rechkemmer G, Pool-Zobel BL (2001) Protective role of probiotics and prebiotics in
colon cancer. Am J Clin Nutr 73:451s-455s



166 A.Singh and S. Krishna

Xie G et al (2010) SZ-685C, a marine anthraquinone, is a potent inducer of apoptosis with antican-
cer activity by suppression of the Akt/FOXO pathway. Br J Pharmacol 159:689-697

Xu J et al (2009) Chromones from the endophytic fungus Pestalotiopsis sp. isolated from the
Chinese mangrove plant Rhizophora mucronata. J Nat Prod 72:662-665

Yang F et al (2010) A novel sesquiterpene hirsutanol A induces autophagical cell death in
human hepatocellular carcinoma cells by increasing reactive oxygen species. Chin J Cancer
29:655-660

Yang F et al (2012) Hirsutanol A induces apoptosis and autophagy via reactive oxygen species
accumulation in breast cancer MCF-7 cells. J Pharmacol Sci 119:214-220

Yeh C-C et al (2012) Anti-proliferative effect of methanolic extract of Gracilaria tenuistipitata on
oral cancer cells involves apoptosis, DNA damage, and oxidative stress. BMC Complement
Altern Med 12:142

Yin S, Fan C-Q, Wang X-N, Lin L-P, Ding J, Yue J-M (2006) Xylogranatins A—D: novel
Tetranortriterpenoids with an unusual 9, 10-s eco scaffold from Marine Mangrove Xylocarpus
g ranatum. Org Lett 8:4935-4938

Yin S, Wang X-N, Fan C-Q, Lin L-P, Ding J, Yue J-M (2007) Limonoids from the seeds of the
marine mangrove Xylocarpus granatum. J Nat Prod 70:682-685

You X, Feng S, Luo S, Cong D, Yu Z, Yang Z, Zhang J (2013) Studies on a rhein-producing endo-
phytic fungus isolated from Rheum palmatum L. Fitoterapia 85:161-168

Yue PY et al (2017) Angiosuppressive properties of marine-derived compounds — a mini review.
Environ Sci Pollut Res 24:8990-9001

Zhang L-H, Longley RE, Koehn FE (1997) Antiproliferative and immunosuppressive properties of
microcolin A, a marine-derived lipopeptide. Life Sci 60:751-762

Zhang A, Ding C, Cheng C, Yao Q (2007) Convenient synthesis of 2, 7-naphthyridine lophocla-
dines A and B and their analogues. J] Comb Chem 9:916-919

Zhang J-L, Tian H-Y, LiJ, Jin L, Luo C, Ye W-C, Jiang R-W (2012) Steroids with inhibitory activ-
ity against the prostate cancer cells and chemical diversity of marine alga Tydemania expedi-
tionis. Fitoterapia 83:973-978

Zhang G, Zhang Z, Liu Z (2013) Scytonemin inhibits cell proliferation and arrests cell cycle
through downregulating Plk1 activity in multiple myeloma cells. Tumor Biol 34:2241-2247

Zhuang C, Itoh H, Mizuno T, Ito H (1995) Antitumor active fucoidan from the brown seaweed,
umitoranoo (Sargassum thunbergii). Biosci Biotechnol Biochem 59:563-567



Check for
updates

Ligand-Based Designing of Natural
Products

Vandana Singh, Deepak Kumar, Sheemona Chowdhary,
Kunal Maniar, Meenu Narwal, Rajasri Bhattacharyya,
and Dibyajyoti Banerjee

Abstract

Cancer is the second leading cause of mortality according to the current WHO
report, which states that 30-50% of cancer cases can be prevented by maintain-
ing a healthy lifestyle. One of the ways to maintain a healthy lifestyle is by con-
sumption of healthy food containing antioxidant molecules and enzymes.
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molecules. The structures of these molecules are the reason for their anticarcino-
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Abbreviations

EGCG Epigallocatechin gallate

GSH Reduced glutathione

GST Glutathione-S-transferase

LPO Lipid peroxidation

QSAR  Quantitative structure activity relationship
ROS Reactive oxygen species

SOD Superoxide dismutase

8.1 Introduction

Cancer is still one of the significant causes of mortality in the world (Ferlay et al.
2008). The most common feature of cancer is the rampant cell proliferation that
cannot be controlled by the normal cell checkpoint regulators (Devi 2004). The
management of cancer involves several conventional therapies, including radiother-
apy, chemotherapy, hormonal therapy, and immune therapy, along with bone mar-
row transplantation and surgery as the treatments of choice (Rahman 2016).
Currently, these main treatments for cancer have been accompanied by several
unwanted effects, such as hair loss, suppression of bone marrow, and drug resis-
tance, and a large number of patients suffer from poor prognosis (Rajesh et al.
2015). Therefore, the search for new anticancer drugs with better efficacy and fewer
side effects has continued. It has been seen that natural compounds are a good
source for the treatment of cancer as they are reported to have anticancer effects
(Demain and Vaishnav 2011). They have been shown to decrease cell proliferation,
induce apoptosis, retard metastasis, and inhibit angiogenesis (Rajesh et al. 2015).
Epidemiological studies have revealed that a diet rich in fruits and vegetables
reduces the risk of several types of cancer, and it prevents diseases associated with
oxidative stress conditions (Boeing et al. 2012). For example, the discovery and
development of Paclitaxel, isolated from Taxus brevifolia bark, was the first antican-
cer drug originated from a natural product (Cragg 1998).

The natural products have become an essential area of drug discovery, and they
are used in the treatment of various diseases. For example, diets rich in fiber, vita-
mins A, C, and E, beta-carotene, retinols, alpha-tocopherol, polyphenols, flavonoids,
and minerals like selenium and zinc have cancer chemopreventive effects (Borek
2004). The anticarcinogenic activities of these natural products are gaining attention
as they can be a cost-effective alternative for cancer treatment (Rajesh et al. 2015).

The development of new technologies and the harnessing of the various sources
of information facilitate the development of new drugs that modulate the protein
target (Prada-Gracia et al. 2016). Computer-aided drug discovery and design are
used to provide computational tools and sources for the storage, management, anal-
ysis, and modeling of compounds. They have been used in every stage of drug



8 Ligand-Based Designing of Natural Products 169

discovery from target identification to lead identification, validation, and even pre-
clinical trials (Prada-Gracia et al. 2016).

8.2 The Development of Cancer: Carcinogenesis

Carcinogenesis is a multistage process (Fantini et al. 2015) and some intrinsic and
extrinsic factors have been associated with the development of tumors (Podolskiy
and Gladyshev 2016). It develops as a function of age, environment, diet, and
genetic makeup. It may result from the action of any one or a combination of physi-
cal, chemical, biologic, or genetic insults to cells (Oliveira et al. 2007). The trans-
formation of a normal cell into a cancer cell involves three distinct phases: initiation,
promotion, and progression (Hosseini and Ghorbani 2015). The first stage of carci-
nogenesis involves an irreversible genetic alteration in somatic cells, such as transi-
tion, transversion, deletion, etc., that arises spontaneously or is induced by exposure
to a carcinogen. It predisposes the affected cell, and its progeny, to develop neoplas-
tic transformation (Devi 2004). The activation of one or more oncogene is vital for
the development of neoplastic transformation, thus proving the two-hit model for
cancer development (Hutchinson 2001). The mutations such as a gain of function
observed in proto-oncogene leading to abnormal proliferation and loss of function
mutation in the tumor suppressor gene are responsible for suppression of cell dif-
ferentiation and apoptosis leading to cancer development (Hall and Giaccia 2006).
This results in dysregulation of genes involved in biochemical signaling pathways.
In the second stage of carcinogenesis, promotion affects the altered expression of
the genome and requires repeated and prolonged exposure to promoting stimuli
(Devi 2004). The final, irreversible stage of progression involves the successive
changes in neoplasm and gives the malignant growth of a tumor (Pitot 1993). As a
tumor grows in size, the cell may undergo further mutations that result in increased
heterogeneity of the cell population. As the tumor progression advances, the cells
lose their adherence property, and they detach from the tumor mass and invade the
neighboring tissues (Valastyan and Weinberg 2011). It is this metastatic effect that
is mainly responsible for the lethal effect of human tumors. The tumor vasculature
results in impaired vessels and prevents the infiltration of immune cells in the tumor
microenvironment (Barker et al. 2015). The anticarcinogenic roles of different phy-
tochemicals at different stages of cancer are listed in Table 8.1.

8.3 Chemopreventive Agents

There are extensive studies where different compounds from fruits, vegetables,
spices, tea, herbs, and extracts from medicinal plants have exhibited anticarcino-
genic activities (Rahman 2016; Huang et al. 2009). Many herbal medicines contain
bioactive constituents possessing antioxidant properties that protect cells against the
damaging effect of reactive oxygen species (ROS) (Lobo etal. 2010). Phytochemicals
have been considered as complementary medicine in the treatment of these



170

V.Singh et al.

Table 8.1 A list of currently known phytochemicals along with their important anticancer proper-
ties and mechanism of action(s)

S.

no. | Phytochemicals Source Properties Mechanism of action

1. | Curcumin Present in Antioxidant and Inhibits
(diferuloylmethane) rhizomes of anti-inflammatory cyclooxygenase-2,

turmeric properties lipoxygenase (LOX),
and inducible nitric
oxide synthase. Inhibits
carcinogen bioactivation
via suppression of
specific cytochrome
P450 isozymes (Menon
and Sudheer 2007; Surh
and Chun 2007)

2. | Resveratrol (trans-3, Present in skin | Antioxidant, Inhibits tumor necrosis
S, of red grapes anti-inflammatory, | factor-a-mediated matrix
4-tryhydroxystilbene) | and red wine and antiproliferative | metalloproteinase-9

effects expression in HepG2
cells by downregulation
of the nuclear factor-kB
signaling pathway (Yu
et al. 2008)

3. | Apigenin (plant Present in Antioxidant, Promotes metal

flavone) common fruits | antimutagenic, chelation, scavenges free
and vegetables | anticarcinogenic, radicals, and stimulates
anti-inflammatory, | phase II detoxification
antigrowth, and enzymes (Middleton
antiprogression et al. 2000)
properties
4. | Quercetin (dietary Present in Potent antioxidant, | Inhibits oxidative
flavonoid) foods, anticancer agent species generating

including enzymes, such as
apples, berries, xanthine oxidase, LOX,
brassica and nicotinamide
vegetables, adenine dinucleotide
grapes, onions, phosphate oxidase,
shallots, tea, tyrosine kinase
and tomatoes inhibition (Rajesh et al.
as well as many 2015)
seeds, nuts,
barks, and
leaves

5. | Genistein (isoflavone) | Present in Cancer Increases apoptosis,
soybean and chemotherapeutic including cell cycle
related agent delays and modulating
products, such intercellular signaling
as tofu, soy pathways (Rajesh et al.

milk, and soy
sauce

2015)

(continued)
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Table 8.1 (continued)

S.
no. | Phytochemicals Source Properties Mechanism of action
6. | Ursolic acid Present in food, | Antioxidant, Enhances the activity of
(pentacyclic medicinal antitumor, liver detoxification
triterpene) herbs (Tulsi), anti-inflammatory enzymes, which
apple peel activities deactivates toxic
chemicals (Cohen 2014)
7. | Isothiocyanates Present in Potent chemo reducing the activation
cruciferous protective effect, of carcinogens and
vegetables, anticarcinogenic increasing their
such as activity detoxification (Rajesh
watercress, et al. 2015)
brussel sprouts,
broccoli,
cabbage,
horseradish,
radish, and
turnip
8. | Epigallocatechin Present in Potent Induces significant cell
gallate (polyphenol) green tea antiproliferative apoptosis and cell cycle
effect and arrest (Du et al. 2012)
chemopreventive
effect

diseases. It has been claimed that phytochemicals isolated from natural compounds
are more effective as anticancer drugs than synthetically manufactured drugs
(Rahman 2016). Phytochemicals belong to a class of non-nutritive agents that have
shown great potential in fighting cancer and other diseases. The combined effect of
curcumin and quercetin provides antioxidant and anticarcinogenic properties (Liu
et al. 2015). It significantly decreases the levels of LPO and ROS and decreases the
activity of drug metabolizing enzymes (cytochrome P,s5, and b5) in a lung carcino-
genesis induced model. It improves the levels of SOD, GSH, and GST resulting in
enhancement of activity of the detoxification system which in turn protects against
the damaging effect of carcinogens (Liu et al. 2015). In Table 8.1, phytochemicals
along with their mechanism of action against targeting tumor cells are listed.

8.4 Computer-Aided Drug Designing and Discovery

In the discovery of new drug leads, the structure-based drug designing is an integral
part of most industrial drug discovery programs (Baldi 2010). The computational
approach of drug design is based on two types of methods: (1) ligand- and (2)
structure-based methods (Martis and Somani 2012). In ligand-based methods, the
existing knowledge of active compounds is used against the target to predict the new
molecule representing similar behavior (Prada-Gracia et al. 2016). In contrast, the
structure-based methods rely on targeting structure information to determine
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whether a new compound is likely to interact and bind with the target (Anderson
2003). In this method, no prior knowledge of active ligands is required. Recently,
the combination of ligand- and structure-based methods has become a common
approach in virtual screening (Prada-Gracia et al. 2016).

The drug discovery process involves the improvement of an existing drug or
discovery of a new chemical entity, which should be more potent than the existing
drug (Martis and Somani 2012). This process of drug discovery (Fig. 8.1) includes
the following steps: (1) Identification of targets: this involves the identification of
the function of a possible therapeutic target (gene/protein) and its role in the disease
(Prada-Gracia et al. 2016). This is done by data mining using databases. (2)
Validation of biological target: in this step the molecular target which is directly
involved in the disease process will be validated and the possible modulation to
target molecule will show therapeutic effect that will be noted down for further
screening of lead (Martis and Somani 2012). (3) Lead structure search: in this
step, small molecule hits from a high throughput screening are evaluated (Martis
and Somani 2012). (4) Lead optimization: this involves the synthesis of lead com-
pound with improved potency, reduced off target activities, and physiochemical and
metabolic properties (Lounnas et al. 2013). This optimization is achieved by chemi-
cal modification of Hit molecule structure and by employing knowledge of the
structure—function relationship and is also based on ADMET tools (Verma et al.
2010). (5) Preclinical studies: this step is necessary to ascertain the safety of newly
developed molecules and to study the pharmacokinetic (PK) and pharmacodynamic
(PD) properties of the molecule along with the toxicology data of the molecule. (6)

«Identification of drug target *Evaluating a structure of drug target «Identification of Target site
+(Genomics, Gene expression profile, *(Evaluation of target structure; structure *(Potential ligand binding site using
proteomics) determination of target via X-ray crystallography, _— program PROSITE)

NMR, or homology modeling; structure evaluation

program PROCHECK)

v

«Identification of Lead molecule

*Experimental «Computer aided:
<High ing with i i 1.Inspection (known molecules that bind the site)
chemistry «Virtual screening (docking with databases of available small
molecules)
*De novo generation (created in silico then synthesized in
laboratory)
t ’

v

+Lead optimization
+(Medicinal chemistry driven optimization,
QSAL, ADMET profile)

|
el

Fig. 8.1 The process of drug designing using modern techniques and algorithms
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Clinical trials: this step involves actual testing of the molecule in human volunteers
for assessing the safety and efficacy of the new molecule (Martis and Somani 2012).

Today, the computational method has become the crucial component for the drug
discovery program. Discovering a novel drug is an expensive time-consuming pro-
cess as it requires around 10-15 years (Leelananda and Lindert 2016). Therefore,
the development of new strategies to make the process of drug development more
efficient and less time consuming involve computer programs combined with the
prior knowledge and experience of researchers (Prada-Gracia et al. 2016). The pro-
cess of screening more compounds in less time with low cost is only possible by
virtual screening of compounds from large databases by using computational tools
rather than physically screening each of them (Xue and Bajorath 2000).

Owing to the absence of the 3D structure of potential targets, the ligand-based
method has become an important tool in drug discovery (Martis and Somani 2012).
Methods such as pharmacophore modeling and quantitative structure activity relation-
ship (QSAR) provide information about target-ligand interaction that in turn results
in predicting a suitable model for lead discovery and optimization (Prada-Gracia et al.
2016). The QSAR has been applied to find a statistically significant correlation
between physiochemical properties of chemical substances and their biological activi-
ties (Verma et al. 2010). This methodology of drug discovery is known as an indirect
method as it is usually used when the 3D structure of the target is unknown and cannot
have been predicted. The physiochemical properties of the active ligand molecule are
used as descriptors to compare the reference molecule or a set of molecules present in
a library at very low cost (Prada-Gracia et al. 2016). In contrast to ligand-based meth-
ods, structure-based methods work directly with the 3D structure of a molecular target
and target-ligand complex (Prada-Gracia et al. 2016). In this, the target is used as a
mold, where the interaction with the small molecule present in the library is computa-
tionally simulated. The ones that show the better fit in the binding site are selected.
The best possible way of drug design using the structure-based method is by using
docking algorithms (Lounnas et al. 2013), which is a molecular simulation technique
used to research the interaction between the ligand and target.

The chemopreventive effect of green tea, which is one of the most common bev-
erages consumed around the world, is because of antioxidants (Cabrera et al. 2006).
The major constituents in green tea are polyphenols, which possess anticancer
activities. There are ten polyphenols present in green tea and out of them
Epigallocatechin gallate (EGCG) showed the most potent antiproliferative effect
(Du et al. 2012). The increased antiproliferative effect is due to the presence of gal-
lic acid, which significantly enhanced the anticancer potential of catechin. EGCG
has also been seen to enhance the antiproliferative effect of panaxadiol on human
colorectal cancer cells (Du et al. 2012). The antiproliferative effect of EGCG is by
cell cycle arrest as it increased the percentage of cells in the G1 phase, which
resulted in cancer cell growth inhibition. EGCG also shows its effect by inducing
significant cell apoptosis in cancer cells (Gupta et al. 2004). The results from this
study will provide more information regarding the use of natural products in the
treatment of cancer and to develop novel anticancer agents using both structure- and
ligand-based drug designing techniques.
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Abstract

Cancer is an age-old malady that has claimed millions of lives across the globe
and the death toll is ever increasing. Despite intensive research for over a decade,
contemporary anticancer treatment regimens still suffer from certain shortcom-
ings, with drug resistance posing as a major hurdle. In this aspect, natural anti-
cancer products have attracted attention as suitable chemopreventive agents over
other synthetic compounds. However, the potential application of such natural
compounds has been restricted due to their low bioavailability, poor efficacy
amongst other limitations. An exciting advancement in the field of medicine has
been the advent of nanoparticles that have reformed the usage of natural products
as innovative anticancer therapeutics. This chapter elaborates the role of nanopar-
ticle based natural products as potent and efficacious therapeutic agents for treat-
ment and management of cancer.
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9.1 Introduction

In the combat against a deadly menace popularly known as cancer, natural products
have had a massive contribution, especially over the past few decades. Natural anti-
cancer products have procured preference as particularly suitable candidates for
chemoprevention over other synthetic compounds, largely because the associated
adverse side effects are reported to be minimal. However, such natural anticancer
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products come with their own limitations, such as low bioavailability, requirement
of higher dosage for their effectivity, and other issues. With the advent of nanosci-
ence and nanotechnologies, there has been breakthrough transformation in its appli-
cation in research areas, including innovation of novel pharmaceutics that has
yielded development of successful nanodrugs. Nanoparticles (NPs) have revolu-
tionized the implementation of natural products as therapeutics by circumventing
their shortcomings and enhancing their targeted efficacy by impressive folds. This
chapter basically provides an overview of natural anticancer products and the excep-
tional promise of their nanoformulations for improved treatment of cancer.

9.2  Overview on the Current Status of Drug Resistance
in Cancer

Drug resistance is a global crisis that threatens the health benefits of most of the
drugs. It is primarily driven by inappropriate use of drugs and paucity of new drugs.
The concept of resistance against chemotherapeutics emerged when bacteria failed
to respond to certain antibiotics, but over time similar mechanisms were realized in
other diseases, including cancer.

Cancer therapy is a broad area with multiple treatment options and combinations
available. For solid tissue tumors, such as liver cancer, surgical resection is a good
option, although there is a risk of cancer recurrence in case it is a metastatic tumor.
Radiation therapy is a common treatment modality, but it comes with a huge list of
inadvertent side effects, since it lacks the ability to distinguish cancer cells from their
neighboring normal population. Some newer methods that have come up in recent
years after decades of research include immunotherapy, targeted therapy, hormone
therapy, stem cell transplant, and precision medicine; however, these are relatively
less frequently employed treatment options, owing to their cost, time, and other crite-
ria. Overall, nevertheless, for a significant number of metastatic cancers, the most
effective, and often the only, treatment regimen is usage of anticancer drugs for
improved quality of life and/or palliate the symptoms, rather than to cure the patient.

Back in 1961, a clinical trial administering high-dose four-drug combination was
set up by Frei and Freireich for the treatment of pediatric leukemia (Frei et al. 1965).
The initial success proved to be short-lived as almost all the patients eventually
exhibited reemission of cancer, and what was a matter of concern was that these
cancer cells were no longer responsive to chemotherapy. This was the first reported
incident of resistance to chemotherapy, and over the following years, multidrug
resistance has become an incredibly arduous impediment in the treatment and cure
of cancer. But how do cancer cells develop resistance to available drugs? Tolstoy
had mentioned in the opening lines of Anna Karenina, “normal cells are all alike in
their response to drugs, but cancer cells each respond in their own way.” The genetic
makeup of one cancer cell may vary from another, and this is dependent on a vast
array of factors, including tissue origin, differential expression pattern of oncogenes
and tumor suppressors, and, most importantly, random mutations. The consequent
phenomenon is an enormous amount of heterogeneity when it comes to drug resis-
tance. For the past millennium, extensive research has been able to accumulate the
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potential mechanisms by which cancer cells can become resistant to anticancer
drugs (Cree and Charlton 2017). The common mechanisms usually constitute of
loss of a cell surface receptor or transporter for the drug, changes in metabolism of
the drug, or alteration of the specific drug target owing to mutation. But since this
usually results in resistance development against one particular drug or its related
group, use of a multidrug regimen that employs alternate mechanisms can over-
come its infirmities. However, the more notorious mechanism of resistance is mul-
tidrug resistance (MDR) that confers simultaneous resistance to multiple structurally
and functionally unrelated drugs (Zahreddine and Borden 2013). The causative
effects of MDR are diverse (Fig. 9.1) ranging from cellular changes that constrain
accumulation of drugs within cells by limiting their uptake, enhancing their efflux,
or affecting membrane lipids, resulting in hindered apoptosis which is the primary
mechanism of action of cell cytotoxicity engaged by most anticancer drugs, activa-
tion of general response mechanisms for drug detoxification and repair of the origi-
nal damage stimuli, and amendments in cell cycle that render the cells relatively
resistant to the cytopathic effects of drugs on cancer cells.

The most noted cause of MDR is attributed to drug efflux resulting in drug accu-
mulation that is accomplished by different cell membrane transporter proteins (Cree
and Charlton 2017). The best characterized transmembrane proteins implicated in
cancer drug resistance are multidrug resistance protein 1 (MDR1), multidrug
resistance-associated protein 1 (MRP1), and breast cancer resistance protein
(BCRP). The most extensively studied among these is MDRI1, better known as the
P-glycoprotein (p-gp) (Chen et al. 1996), that is actively involved in the transport of
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Fig. 9.1 Resistance mechanisms adopted by cancer cells to chemotherapeutics. Cancer cells
adopt an array of mechanisms to develop resistance against chemotherapeutics that involve mul-
tiple pathways and a cascade of molecular targets
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several compounds, including anticancer agents, from cytosol to the extracellular
space of a cell. Overexpression of such proteins is documented to cause cancer
resistance and thereby poor clinical outcome in patients suffering from neuroblas-
toma, lung cancer, and breast cancer (Gottesman 2002). MDR1 overexpression has
been correlated with chemoresistance in carcinoma of the breast, lung, prostate,
kidney, colon, and liver and in leukemia and lymphomas. Erlotinib, imatinib, suni-
tinib, and nilotinib are substrates of MDR1 and are being reported for drug resis-
tance (Housman et al. 2014).

The uptake of drugs by the cell is mediated through various groups of trans-
porters that are normally involved in different physiological processes, and cancer
cells are often reported to develop resistance to drugs by maneuvering these trans-
porters. Resistance to methotrexate is due to mutation in the folate transporters.
Cisplatin resistance has several diverse mechanisms, but reduced uptake of cispla-
tin is a common phenomenon in cisplatin-resistant cells (Gottesman 2002;
Housman et al. 2014).

An important criterion that affects the efficacy of a drug is its molecular target and
any alteration, mutation, or modification in that target or the signaling cascade
involved can adversely influence the drug activity and ultimately result in resistance.
The best example is of the anticancer drugs that act by inhibiting topoisomerase
II. These drugs act by stabilizing the usually transient complex formed between topoi-
somerase II and DNA, causing DNA damage and halting the mitotic phase. Cancer
cells can become resistant to such drugs by mutating the topoisomerase Il encoding
gene (Holohan et al. 2013). Imatinib resistance in leukemic patients is brought upon
by mutations in the ABL gene or amplification of the fused BCR-ABL gene (Housman
et al. 2014). Resistance to paclitaxel and other taxanes found across ovarian cancer
cells is predominantly due to drug target alterations (Giaccone and Pinedo 1996).
Many patients who were initially found to respond well to Herceptin treatment of
HER2-positive breast cancer later developed resistance, associated with various
changes in the signal transduction process, including PI3K/Akt pathway activation.
Tumor resistance is also acquired through HER2 amplification that can cause tamoxi-
fen resistance in breast cancer patients (Giaccone and Pinedo 1996).

Many anticancer drugs undergo metabolic activation to exert their cytotoxic
effects. Cytarabine (Housman et al. 2014), used in leukemic treatment, requires a
phosphorylation event in order to get activated. Cancer cells have developed mecha-
nisms to manipulate the expression of the enzymes involved in the activation of this
compound and acquire drug resistance. Other examples include methotrexate and
5-fluorouracil.

The highly prevalent mode of action of cytotoxicity caused by anticancer drugs
is through induction of apoptosis. Any dysregulation in the expression of the major
proteins involved in apoptosis, such as Bax, Bcl2, Bad, etc., can thus impede the
process of apoptosis and contribute to tumor drug resistance (Holohan et al. 2013).
Tumors with mutant p53 are less sensitive to a diverse spectrum of anticancer drugs,
such as doxorubicin, cisplatin, and 5-fluorouracil.

Anticancer drug resistance is strongly shaped by DNA damage response, and this
is especially applicable for drugs that act directly or indirectly by damaging
DNA. The efficiency of such drugs is therefore dependent on the failure of the DNA
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damage repair methods of the cancer cells. Cisplatin, for example, stimulates cancer
cell apoptosis by damaging the DNA. However, nucleotide excision repair and other
DNA damage repair mechanisms can reverse the platinum damage and give rise to
resistance to platinum-based therapy (Housman et al. 2014).

Resistance development is posing an extreme challenge since the efficacy of sev-
eral promising drugs that otherwise demonstrate strong tumor-suppressive effect is
hampered by this rising menace. Many chemotherapeutic drugs that have been in use
in treatment of different cancers are now being eliminated due to tumor cell resis-
tance. A new drug has to undergo a time-consuming and cumbersome process for
clearance and approval for medical use, hence causing a marked delay in the therapy
of cancer patients. Efforts are underway for better comprehension of the mechanisms
of drug resistance to come up with effective options for therapy that are tailor-made
for patients with lower chance of cancer reemission. Rational drug design and agents
that selectively target different signaling pathways offer more efficient options as
they have much lesser avenues for acquiring tumor drug resistance. High-throughput
techniques like microarray and next-generation sequencing and discovery of bio-
markers have enabled stratification of patients into categories based on their differen-
tial sensitivity to certain chemotherapy or combination therapy. In this regard, natural
products that exhibit anticancerous properties have gained popularity, owing to their
safety profile and lower chance of resistance procurement.

9.3  Natural Products: A Rising Army in the Fight
Against Cancer

The application of natural products in the cure for cancer is not a novel area of
research, and there is an overwhelming rate of successful eviction of cancer using
natural product-based therapy that is worth applause. The increasing attraction gar-
nered by plant-derived natural products for use in cancer chemotherapy is due to
their higher safety profile and minimal off-target effects (Mishra and Tiwari 2011).
According to a report, more than 3000 plant species are documented to possess
anticancer properties, and of the isolated compounds, several are being tested for
clinical usage. Various classes of plant-derived metabolites, including polyphenols,
flavonoids, and brassinosteroids, have been under thorough research since a long
time for their potential use as anticancer agents, with considerable number of them
progressing into clinical trials. The most common mechanism of tumor suppression
induced by plant-derived anticancer drugs includes induction of apoptotic cell
death, either dependent or independent of pathways involving caspase and p53
(Gali-Muhtasib et al. 2015). Recent studies have also hinted toward the role of
autophagy, necrotic cell death, mitotic catastrophe, and senescence leading to cell
death, as alternative modes of action. This section gives an overview on some well-
known plant-derived natural compounds with promising anticancer effects.

As emphasized before, plants have been a popular source of avant-garde tradi-
tional medicine system with the earliest records of usage of plant extracts for allevi-
ating symptoms of inflammation and certain infections dating to several centuries
ago. The Chinese civilization has been a resilient follower of nature-based
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traditional medicines, and even in this modern era, a mammoth proportion of their
chemotherapeutics are actually based on the age-old traditional medicine system.
Likewise, the Indian Ayurveda is another classic archetype, which boasts of imple-
menting natural extracts for therapeutic purposes. Interestingly, in 1985, the World
Health Organization had documented the utilization of plant-based traditional medi-
cines by 65% of the global population for primary healthcare. Mention must be
made here of Papaver somniferum that provided us with valuable painkillers, such
as morphine that proved exceptionally pragmatic in several sectors of healthcare.
Another noteworthy drug from traditional medicinal plants is the antihypertensive
agent, reserpine, from the plant Rauwolfia serpentina. Nevertheless, the discovery
and development of effective antimalarial, namely, quinine and artemisinin, is a
brilliant achievement when it comes to natural product-based therapy, since malaria
used to wreak havoc in older times and could somewhat be brought under control
with the isolation of these drugs, although it continues to be a confrontational health
challenge in developing countries even today (Greenwell and Rahman 2015).

It is intriguing to know that about three-quarters of antitumor compounds cur-
rently used in medicine are natural products or related to them (Basmadjian et al.
2014). The most commonly used practices for treating solid tumors are surgical
removal of the affected area with adjuvant radiotherapy and chemotherapy. But
these inadvertently come with severe side effects and dramatically reduce the qual-
ity of life of patients. Additionally, the toxicity of some treatments is a major hurdle
in their use and effectiveness. The cost of chemotherapeutic drugs is exorbitantly
high as well, and their effectiveness is limited due to the exhaustingly long clinical
testing procedure before they are available in the market. The most severe impedi-
ment in most cases is emergence of resistance of the tumor to a particular drug, or
even more dangerous, a combination of several drugs. The dire need of the hour,
therefore, is development of novel and efficient anticancer drugs with reduced off-
target effects and who better than nature herself as a promising source for such
entities. Coming to factsheets, recent analysis reports that 36% of the first-in-class
small molecules approved by the US Food and Drug Administration between 1999
and 2008 alone were natural products or their derivatives (Newman and Cragg
2016) and 60% of the currently available anticancer drugs have their source from
natural products. Plant-based anticancer therapeutics (Mann 2002) started with the
introduction of vinblastine and vincristine (Greenwell and Rahman 2015; Cragg
and Pezzuto 2016), isolated from Catharanthus roseus, in the late 1960s for effec-
tive treatment of childhood leukemia, testicular teratoma, Hodgkin’s disease, and
many other cancers. This product was shown to increase patient survival rate to 80%
(Evans et al. 1963). Vincristine functions primarily by inhibiting tubulin polymer-
ization resulting in the disruption of the mitotic spindle assembly and thereby induc-
ing mitotic suppression (Almagro et al. 2015). Etoposide has shown great promise
in providing relief to patients suffering from testicular teratoma and small-cell lung
cancer (Demain and Vaishnav 2011) primarily by targeting DNA topoisomerase II
activities that culminates in DNA breakage and ultimately deregulated cellular
metabolisms (Montecucco et al. 2015). Nonetheless, the discovery of paclitaxel,
from Taxus sp., proved a milestone event as it showed efficacy against refractory
breast, lung, and ovarian cancers (Cragg and Pezzuto 2016) and is one of the
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bestselling anticancer drugs in contemporary times (Greenwell and Rahman 2015).
The blockbuster success of this drug, sold under the brand name Taxol® since 1963,
was followed by extensive studies for the design and development of its synthetic
analogues. The basic mode of its antitumor activity is through targeting DNA repair,
mitotic spindle assembly formation, and cell proliferation (Weaver 2014). More
recent times witnessed a spike in the unearthing of several essential phytochemicals
in conventional day-to-day Indian spices. The combination of phenethyl isothiocya-
nate and curcumin, a polyphenol present in the rhizomes of turmeric, is nowadays
being used for prostate cancer treatment as this particular product is reported to
regulate tumorigenesis through multiple cell signaling pathways that control cell
proliferation, cell survival, caspase activation, tumor suppression, and mitochon-
drial and protein kinase pathways (Demain and Vaishnav 2011). The therapeutic
efficacy of curcumin has been well-established in tumors of the brain, pancreas,
lung, breast, liver, prostate, colorectum, head and neck, and skin and leukemia
(Perrone et al. 2015). Curcumin functions mainly by executing cell cycle arrest
(Dasiram et al. 2017), apoptosis (Schwertheim et al. 2017), and caspase-dependent
mitotic catastrophe (Gali-Muhtasib et al. 2015) and by inhibiting tubulin polymer-
ization (Haris et al. 2017). This compound was also documented to act as a chemo-
sensitizer for several clinically used anticancer drugs, such as gemcitabine,
paclitaxel, and 5-fluorouracil, and displays a synergistic effect when combined with
other natural products, including resveratrol, honokiol, and others, thus implying a
superior therapeutic index for curcumin in combination for better anticancer ther-
apy (Di Martino et al. 2017). Resveratrol (Demain and Vaishnav 2011; Juarez 2014),
a naturally found phytoalexin concentrated in red grapes, possesses antioxidant,
anti-inflammatory, and antiproliferative properties on a diverse group of cancers. In
fact, resveratrol has been identified as an efficient potential candidate for cancer
prevention of liver by inhibiting cellular events associated with cancer initiation,
promotion, and progression (Rauf et al. 2018). Soybean and its products such as
tofu, soy milk, and soy sauce are a rich source of an isoflavone compound genistein
with promising tumor-suppressive action (Cragg and Pezzuto 2016) that is achieved
through modulation of genes involved in cell cycle regulation and apoptosis, angio-
genesis, and metastasis (Sarkar and Li 2002). Honokiol is one more bioactive natu-
ral product extracted from Magnolia spp. (Juarez 2014). This polyphenol promotes
apoptosis of countless human cancer types, including carcinoma of the lung, colon,
liver, and breast (Arora et al. 2012).

Reports have revealed anti-inflammatory, anti-angiogenic, antioxidative, and
anticancer properties of honokiol by targeting multiple signaling pathways, includ-
ing nuclear factor kappa B (NF-«kB), signal transducers and activator of transcrip-
tion 3 (STAT3), epidermal growth factor receptor (EGFR), and mammalian target of
rapamycin (m-TOR) (Arora et al. 2012). The well-known antimalarial, artemisinin,
isolated from the plant Artemisia annua L., is now a sought-after anticancer drug
(Slezakova and Ruda-Kucerova 2017). This super herb is now recorded to demon-
strate remarkable improvement in the prognosis of cancer patients, particularly by
inhibiting cancer proliferation, metastasis, and angiogenesis (Crespo-Ortiz and Wei
2011). And since it utilizes a mechanism that gives it a selective preference for
attachment to cancer cells, the side effects are negligible, while the tumor
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suppression is superb. It is important to remember here that we have just mentioned
a relatively small number of members of plant-derived anticancer therapeutics, and
the list is impressively long, more of which are enlisted in Table 9.1.

Some anticancerous natural molecules are currently under investigation for their
application as chemotherapy. Flavopiridol, isolated from Dysoxylum binectarif-
erum, with broad antitumor activity against tumors, leukemia, lymphomas, and
solid tumors, is currently under phase 1 and phase 2 clinical trials. A derivative of
olomucine, roscovitine, derived from Raphanus sativus, is in phase 2 and phase 3
clinical trials in Europe. Combretastatin from Combretum caffrum is documented to
have suppressive effects for lung and colon cancers and leukemia. Betulinic acid
isolated from Zizyphus spp. has selective cytotoxicity against human melanoma cell
lines. Silvesterol isolated from the fruits of Meliaceae family is known to act signifi-
cantly against breast and lung cancer cells. Apart from such natural products, there
are several common plants that have proved effective in exhibiting anticancerous
properties in in vitro and in vivo systems, but their medical usage is still a thought
of the future. A commonly encountered roadside herb in our country is Achyranthes
aspera Linn. (family, Amaranthaceae) whose methanol extract is reported to show
pronounced cytotoxic activity in cancer cells. A component of raw garlic, allicin,
has displayed antitumorigenic effects in human primary fibroblasts and a tumor-
genic lymphoid cell line. Extract of Andrographis paniculata contains several phy-
tochemical compounds with potent tumor inhibitory functions in cancer cell lines.
An intriguing observation was obtained with acetogenins from Annona muricata; it
targets the pump involved in removal of anticancer drugs from the cell, allowing
chemotherapy to be more effective in various cancer cell lines, including carcinoma
of the lung, breast, pancreas, prostate, colon, lymphoma, and liver (Prakash et al.
2013). Other examples include Bidens pilosa, Bolbostemma paniculatum, Mangifera
indica, Nervilia fordii, Salvia miltiorrhiza, Oroxylum indicum, Rubia cordifolia,
Silybum marianum, Taraxacum officinale, Terminalia chebula, Zingiber officinale,
Vernonia amygdalina, Cannabis sativa, Centaurea ainetensis, and Camellia sinen-
sis (green tea) (Prakash et al. 2013).

9.4  Hurdles in Application of Natural Products

The method of development of new products from natural sources, however, is not
entirely free of obstacles. For instance, it is often difficult to access the source of the
samples, obtaining appropriate amounts of the sample is a big issue as well, identi-
fication and isolation of the bioactive compound out of a vast array of constituents
in the sample is a lengthy and labor-intensive process in itself, and there are several
problems in synthesizing the necessary amounts of the compound of interest.
Although intensive research is still a need of the hour to conquer all the limita-
tions of natural products, nanotechnology has helped in ruling out many of the
obstacles. Most of these natural compounds happen to be highly lipophilic in nature
and are not ideal for drug delivery since they have extremely low solubility in the
bloodstream. These compounds are thus characterized with a low bioavailability,
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and therefore large quantities of the compounds need to be administered in order to
achieve the desired therapeutic effects. Such high doses can lead to toxicity or low
patient compliance. Encapsulation of these highly lipophilic compounds can
improve the bioavailability and lower the dose needed to obtain a therapeutic effect.
One more major benefit in utilizing NPs in drug delivery of natural compounds is
their ability to target specific tissues or organs that enhances drug bioavailability
and reduces toxic side effects of the drug as it is mainly being released in a localized
area of the body. A third gain that NPs provide is controlled release of the drug.
Also, one can tailor-make these NPs to make them more favorable for our inten-
tions. The important technological advantages that NPs deliver are high stability,
high carrier capacity, and feasibility of incorporation of both hydrophilic and hydro-
phobic substances and the choice of variable routes of administration, including oral
application and inhalation. Particularly as nanomedicines, NPs confer benefits such
as protection of the loaded drug from the harsh environment of the GI tract, release
of the drug in a controlled manner at target sites, prolongation of the residence time
in the gut by mucoadhesion, and inhibition of efflux pumps to improve the drug
accumulation. In the field of cancer, researchers aim to selectively and accurately
target the tumor cells avoiding interaction of the NPs with the healthy cells. Above
all, NPs assist therapeutic agents to pass through biologic barriers, mediate molecu-
lar interactions, and identify specific molecular targets.

9.5 Nanoparticles: Good Things Come in Small Packages

Modern nanotechnology is an interdisciplinary approach that deals with the tiniest
of particles and their special chemical, physical, and mechanical properties at the
convergence of physics, chemistry, biology, medicine, electronics, and information
technology. The terminology “nano” originated from the Greek word ‘nanos,”
which means petite or extremely small. NPs typically possess three distinct layers
on the basis of its structure: the outer most layer is the surface layer to which various
molecules, tags, or proteins are added; the middle layer serves as the shell; and the
core constitutes the actual volume of the NP. These tiny particles are steadily becom-
ing an indispensable part of our life. A well-known application of early nanotech-
nology is the ruby red color that was used for making attractive stained glass
windows during the Middle Ages — as found in many Gothic European cathedrals.
Presently, the application of NPs is not only restricted to the field of science; it has
diverse applications in a multitude of arenas. For instance, zinc oxide NPs have
found utility in imparting protection to wood and plastic, whereas iron NPs are
being used to clean up carbon tetrachloride pollution in groundwater. In the field of
electronics, coating anodes of lithium-ion batteries with silicon NPs have improved
battery power and reduced recharge time (Khan et al. 2017). NPs have also emerged
as a cutting edge technology in the field of medicine recently (Zhang et al. 2008).
Designing of NPs needs careful consideration of several crucial factors that can
influence their overall behavior. These properties of NPs are important for determin-
ing the degradation rate and drug release kinetics (Gaumet et al. 2008). Factors such
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as size and polydispersity index (PDI) are assessed using electron microscopy. The
smaller the size of the NPs, the larger the surface area, and this results in fast drug
release. However, smaller particles also tend to aggregate during storage and trans-
portation of NP, thereby limiting its potential. Therefore, a balance between maxi-
mum stability and the size of the NP is necessary. Likewise, PDI tells about the
homogeneity of the NP population. The lower the PDI, the more similar are the NPs
sizes within a population. Correspondingly, the shape of the NP influences its circu-
lation in the body of the organism. For example, spherical-shaped NP tends to move
more freely compared to the other tubular- or irregular geometry-shaped NPs.
Surface charge is another important parameter that is known to influence the inter-
action of NPs with the biological environment as well as their electrostatic interac-
tion with bioactive compounds that in turn modulates their stability.

When it comes to classification, NPs exist in various forms; here we have dis-
cussed about a few. The different types of NPs have varying applications, depending
on their specific properties.

1. Polymeric micelles are the primitive type of NP. They are self-assembled core-
shell nanostructures formed in an aqueous solution consisting of amphiphilic
block copolymers that associate when they cross the critical micelle concentra-
tion (CMC) (Zhang et al. 2014a). They provide an alternative to other nanosys-
tems due to some inherent properties like biocompatibility, nonimmunogenicity,
nontoxicity, and biodegradability. They are the ideal candidates for cancer
therapy, delivery of vaccines, contraceptives, and delivery of targeted antibiot-
ics (Elsabahy and Wooley 2012). An example of this is Genexol-PM that has
shown promising results under FDA study against advanced malignancies (Lee
et al. 2008).

2. Liposomes are small vesicles of spherical shape that can be produced from
cholesterols, nontoxic surfactants, sphingolipids, glycolipids, long-chain fatty
acids, and even membrane proteins (Davis and Shin 2008). These are closed
structures that can carry both hydrophobic and hydrophilic drugs on the mem-
brane and inside the vesicle, respectively. They have been successfully exploited
in tumor therapy, asthma problems, ophthalmic drug delivery, leishmaniasis,
pulmonary delivery, and so on (Saad et al. 2012). There is a study wherein sci-
entists have discovered the potential role of combination therapy of the natural
agents curcumin and resveratrol given in combination with liposomes in treat-
ment of prostate cancer (Narayanan et al. 2009).

3. Biodegradable/biocompatible NPs are usually prepared from proteins, polysac-
charides, and synthetic biodegradable polymers. Being biodegradable, they are
protected from the immune response of the host patient (Mahapatro and Singh
2011). They have gained increased attention for their property to be used as
delivery molecule for carriers such as drugs, vaccines, and genes. Recently, a
biodegradable calcium phosphate NP has been developed for efficient delivery
of small interfering RNA (Li et al. 2010) used as anticancer therapeutic
regimen.
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4.

Dendrimer is usually a single core formation of central shell that is followed by
repetitively branched treelike structure known as dendrons. The exterior of a
dendrimer can be functionalized using various surface groups that contribute to
drug targeting, solubility, and chelation (Madaan et al. 2014). They are used in
drug delivery, diagnosis of disease, chemotherapy, gene therapy, treatment of
cancer, and anti-retroviral therapy (Saad et al. 2012; Pan et al. 2007; Tomalia
et al. 2007). A novel approach using dendrimers has been established where
biotin-dendrimer conjugates are shown to have substantially higher cellular
uptake in cervical cancer HeLa cells as compared to the uncongujated one
(Yang et al. 2009a).

. Artificial DNA nanostructures are complex mesoscopic structures based solely

on DNA. It is self-assembled by the complementary binding of the sticky ends
of the DNA molecules. The lattice so formed serves as a scaffolding material
for biological molecule (Sun and Kiang 2005). Apart from their clinical signifi-
cance, they have been found to be extensively used as biosensors (Pei et al.
2010). Interestingly, aptamer-conjugated DNA icosahedral nanocarriers carry-
ing the drug doxorubicin proved significantly effective in treatment of epithelial
cancer (Chang et al. 2011).

Drug-NP conjugates are useful for simultaneous targeting of multiple subcel-
lular organelles in the target cells to improve the therapeutic efficacy of the free
drugs. This drug delivery system greatly decreases the leakage of drug in intra-
vascular system, while the NP is in circulation (Qi et al. 2017). This has been
shown by Basu et al. wherein they have prepared dual drug conjugate that can
simultaneously target the mitochondria and nucleus. These were internalized
into the acidic lysosomal compartments of cervical cancer HeLa cells and
induced cancer cell cytotoxicity through enhanced apoptosis (Mallick et al.
2015).

Stimuli-based drug-releasing NPs help in controlled release of the encapsulated
material in response to stimuli such as pH, temperature, light, redox, and oth-
ers. This reduces the toxic effect of the drug and also enhances the drug efficacy
(Tang et al. 2018). The studies related to stimuli-based NPs are in initial stages,
but one striking example is the chitosan-grafted copolymers that have been
improved by adding magnetite that responds to the magnetic field. Presently,
only the drug release kinetics has been thoroughly studied for such nanoformu-
lations (Yuan et al. 2008), but they certainly show promising properties that can
be exploited in therapeutics.

Silica NPs are a recent addition to the field of nanotechnology. They are prom-
ising for biological applications due to their higher stability and low toxicity
and ability to be functionalized with a range of molecules and polymers (Ryu
et al. 2014). Research is in the initial stage to study their toxic response upon
normal cells; nevertheless, they possess potential in acting as delivery vehicle
for antibodies, antibiotics, and enzyme delivery (Bhatia 2016).

Metal NPs are generated from metal atoms such as Au, Ag, Cu, Pt, Pd, Ru, and
Re. These metal atoms are obtained from bulk metals that are allowed to
coalesce to NPs. These NPs have also shown to act against resistant strain of
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bacteria (Slavin et al. 2017). They have been used in active delivery of bioactive
and various drugs, bioassays, detection, and imaging (Bhatia 2016). Taratula
et al. showed that simultaneous delivery of doxorubicin and Bcl2 siRNA in
such NPs can enhance the efficacy of chemotherapy even in MDR cases (Chen
et al. 2009).

Carbon NPs are nanosized carbon elements created through various methods
including carbonization, heating, activation, and grinding. Being the most
abundant element in the universe, carbon has gained attention as a drug delivery
system (Zhang et al. 2014b). They are also used in gene silencing and diagnos-
tic purposes. Studies have suggested that delivery of telomerase reverse tran-
scriptase small interfering RNA in complex with positively charged
single-walled carbon nanotubes considerably suppresses tumor growth (Sinha
and Yeow 2005).

Magnetic NPs can be manipulated using magnetic field. They are usually made
up of iron, nickel, and cobalt and a chemical component that has functionality
(Akbarzadeh et al. 2012). Based on the stability and the size of these NPs, they
serve various industrial functions in biotechnology, biomedical, material sci-
ence, engineering, and environmental areas. For example, magnetic cobalt spi-
nel ferrite NPs coated with biocompatible polygalacturonic acid was
functionalized to target ovarian cancer cells. With the help of magnetic field,
such NPs are able to target and extract exclusively malignant cells (Scarberry
et al. 2008).

Targeting ligand-modified NPs are basic NPs that have been modified to target
a particular ligand. This selective targeting of cells helps in intracellular deliv-
ery of therapeutics overcoming a major challenge of pharmaceutical interven-
tion in cancer (Jahan et al. 2017). Such nanoformulations are presently being
explored as a link for diagnostics to therapeutics for the development of person-
alized medicines (Jain 2006). Additionally, there are reports where magnetic
iron oxide NPs have been developed conjugated with urokinase-type plasmino-
gen activator (uPA) that specifically targets uPA receptor, which is overex-
pressed in breast cancer tissues (Yang et al. 2009b).

Protein-drug nano-conjugates are conjugates between a protein and a NP that
selectively binds to the interacting partner of the protein. A popular example of
such type of NPs is the gold NPs that have gathered great attention due to their
high affinity for sulthydryl group that can be readily conjugated for antibodies
and proteins. Such nano-conjugates are not only used for drug delivery but also
to study the function of the conjugated protein and diagnostic studies (Munir
et al. 2017). For instance, sensors based on gold NPs are being developed that
can distinguish between the breath of lung cancer patients and healthy individu-
als (Peng et al. 2009).

Nanospheres/nanocapsules — Nanocapsules are systems in which the drug is
confined to a cavity surrounded by a unique polymer membrane, while nano-
spheres are matrix systems in which the drug is physically and uniformly
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dispersed (Cavalli et al. 2014). Among all the nanocapsules, carbon nanotubes
are the most extensively studied. They are not only used as drug delivery vehi-
cles but also in semiconductor devices, energy storage, and conversion devices
and in probes and interconnects (Baughman et al. 2002). Moreover, nano-
spheres are increasingly being used for anticancer therapy, such as the cur-
cumin-loaded PLGA nanosphere is being recently studied for tumor therapy
(Mukerjee and Vishwanatha 2009).

In order to utilize such varied NPs in the field of medicine, a crucial step is their
delivery at the target site of action and that is usually mediated through active or
passive means of delivery (Elkhodiry et al. 2016). Most nanomedicine products
attempt to reach the target sites passively which relies on nonspecific accumulation
in diseased tissue through the enhanced permeability and retention (EPR) effect — a
greatly pursued quality to overall increase drug efficacy (Shi et al. 2017). It is well
known that tumor cells grow and proliferate faster than normal cells. This cellular
proliferation is associated with an increased metabolic rate that necessitates more
nutrients and oxygen supply. In order to compete for the nutrients, the architecture
of normal cells becomes disrupted as well as displaced by tumor cells. Passive tar-
geting allows NPs to accumulate in the neoplastic tissue through EPR effect that
includes increased permeability of blood vessels in combination with poor lym-
phatic drainage. The normal vasculature is impermeable to molecules of size
>2-4 nm (Bertrand et al. 2014), whereas tumors have leaky vasculature facilitating
the retention of NPs in the circulation due to its high density-associated outer defec-
tive porous vasculature structure.

Active targeting of the therapeutic molecules is accomplished by coupling the
drug or nanocarrier with cell-specific targeting moiety called ligands. For targeted
therapeutics, the internalization process should accumulate higher amount of drug
in the tumor cells following recycling of the receptor back onto the cancer cells.
Ligand-based NP, hypoxia-targeted NP, and magnetic, ultrasound, and temperature-
and pH-sensitive NP systems are few examples of newly engineered NPs that have
been developed to provide additional physical stimuli to achieve targeted therapy
(Zhou and Kopecek 2013). The actively targeted NPs, however, face a major chal-
lenge of being exposed to the reticuloendothelial system (RES) due to which they
get majorly hoarded in unwanted organs such as liver and spleen. Loss of NPs in the
RES leads to extravasation of the drugs with no effective response at the tumor site.
To minimize this, scientists have developed “stealth” NPs that have an inert coating
of polyethylene glycol (PEG). PEG coating is believed to shield the NPs from
aggregation, opsonization, and phagocytosis, thereby prolonging their circulation
time. In conclusion, PEG is believed to overcome cancer drug resistance and to
minimize the interaction of NPs with RES (Markman et al. 2013). Although NPs
have established a toehold in the clinical practice, it requires more effort to occupy
the market with full-fledged successful research.
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9.6 Nanomedicine: A Boon for Modern Medicine

Cancer is now addressed as a high profile disease in both the developed and devel-
oping nations, but its treatment is still a struggle. The chemotherapeutics in clinical
use are limited due to their toxic side effects on nontargeted tissues that majorly
hinder the quality of life of the patients, apart from the possibility of MDR and dis-
ease recurrence. This has created a demand for alternative treatments, and this is
where naturally derived anticancer agents are regarded as the best choice.
Intriguingly, studies have verified that natural compounds have the ability to inhibit
P-gp, which is usually overexpressed in tumor cells and cause efflux of chemothera-
peutic drugs from targeted tissues, consequently reducing the efficacy of cancer
thereby by several folds (Di Pietro et al. 1999). Natural products like flavonoids,
such as quercetin and genistein, are known to inhibit P-gp and MRP1 (Borska et al.
2012). Administration of a combination of genistein, quercetin, morin, and kaemp-
ferol in pancreatic carcinoma line resulted in disruption of MRP1-mediated trans-
port (Nguyen et al. 2003). However, such natural agents lack in their clinical
maturity due to the reasons discussed previously in this chapter. Herein comes the
utility of potent drug carriers that impart high stability, high carrier capacity, feasi-
bility of incorporation of both hydrophilic and hydrophobic substances, opportunity
of variable routes of administration, and sustained drug release. Thanks to advances
in the field of nanotechnology, the use of NPs, as a delivery system for drugs to
reach target sites, is the novel approach being adopted by many (Casals et al. 2017).
NPs are perceived as promising drug delivery system in the field of medicine as they
are able to convert poorly soluble, inadequately absorbed, labile biologically active
substances with low therapeutic index into promising deliverable substances
(Ahmad et al. 2016). NPs in their use for anticancer treatment are of growing inter-
estand show promise as an effective alternative to current treatments. Nanomedicines
combine nanotechnology with therapeutic agents to provide controlled biodistribu-
tion, enhanced efficacy, minimal toxicity, high drug loading capacity, feasibility of
functionalization with ligands, controlled drug release capacity, biocompatibility,
storage stability, and flexibility in the route of administration. Nanomedicine is a
young field, which has been researched merely since the 1990s. There is no clear
definition of nanomedicine yet, but such medicines are taken as nanoscale or nano-
structured materials within 300 nm size (Etheridge et al. 2013). Despite a rising
number of scientific articles describing nanotherapeutics, the number of marketed
nanomedicine products only represents one-tenth of them (Fornaguera and Garcia-
Celma 2017). During the past two decades, a growing number of nanomedicines
have received regulatory approval (Pillai 2014), and many more show promise for
future clinical translation (Bregoli et al. 2016).

The advantages furnished by nanoformulations of chemotherapeutics include a
wide spectrum (Fig. 9.2), as stated, and the pharmaceutical industry has a strong
intention of applying nanomedicines for cancer therapy for enhanced efficacy of
treatment. Combination of targeted methods of treatment with potent drug delivery
systems, such as NPs, lowers the likelihood of propagation of cancer cells, includ-
ing resistant populations. Targeted nanomedicines enhance the therapeutic index of
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Fig. 9.2 Benefits of encapsulation of drugs in nanoformulations. Among the several advantages
offered by nanomedicines over free drugs, a few essential features have been highlighted here,
such as more targeted effect in cancer cells with minimal impact on surrounding normal cells,
higher circulation time thereby presenting better bioavailability, higher drug retention with lower
clearance rate, and the possibility of usage of higher dosage of drugs without the associated
toxicity

chemotherapeutics by specific targeting of the drug through ligands or through
improved pharmacokinetics consequent to their privileged accumulation in tumors
via EPR effect and also by reducing drug efflux and other resistance mechanisms.
The characteristic specifications like prolonged systemic circulation, reduced non-
specific cellular uptake, active and passive targeting potential, controlled drug
release, and multidrug encapsulation are few of the studied modes that permit nano-
medicines to hinder MDR (Ahmad et al. 2016). Extensive research centered around
drug delivery systems has concluded that surfactant-based formulations, liposomes,
polymer and lipid nanocapsules and NPs, polymer-drug conjugates, and micelles
can successfully overcome P-gp-mediated drug resistance and enhance drug uptake
in tumor cells (Dong and Mumper 2010). Also, the use of more than a single che-
motherapeutic agent ensures targeting of multiple oncogenic pathways, which is
achieved using multiple payload nanocarriers. Targeted therapy brought upon by
nanoformulations also allows usage of much lower doses of the drugs while admin-
istering the same efficacy specifically in tumor cells. Doxil was the first FDA-
approved nanodrug back in 1995 (Barenholz 2012), and the following years have
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witnessed several nanoformulations receiving clinical approval and others still
undergoing the procedure.

Bromelain, isolated from Ananas comosus, a well-known anticancer phytothera-
peutic agent, exhibited higher efficacy in its anticancer mechanisms when adminis-
tered in formulation with NPs than its free form (Sameer et al. 2016). Cellular
uptake of the nanoformulation was severalfold higher in different carcinoma cell
lines compared to the free drug, and its activity was preserved upon oral administra-
tion (Bhatnagar et al. 2014). The study strongly concluded that NPs furnish a safe
and biocompatible method that allows sustained release of drugs at target sites
while prolonging the shelf life of the drug. The particular research also construed
that the bromelain-loaded NPs induced apoptosis of benign cells in mice more viv-
idly than free bromelain (Bhatnagar et al. 2014).

Despite the long history of clinical application of vincristine as an anticancer
therapeutic, three factors diminish its impact in its tumor-suppressive role: (i) its
antitumor mechanism is cell cycle-specific, and the duration of its exposure to
tumor cells can significantly affect its antitumor activity; (ii) the pharmacokinetic
behavior of vincristine in human blood characteristically shows a very fast initial
distribution half-life followed by a longer elimination half-life, and it has a large
volume of distribution, suggesting diffuse distribution and tissue binding; and (iii)
it may induce temporary or permanent peripheral neuropathy, influenced by several
variables such as age, race, genetic profile, and administration method, and older
children, in particular Caucasian, seem to be more susceptible. Some of these fac-
tors could be mitigated by encapsulation of vincristine into liposomes, which is
intended to increase the circulation time, optimize delivery to target tissues, and
facilitate dose intensification without increasing toxicity. One study depicted that
nanoformulation of vincristine significantly upregulated its cellular uptake and
imparted greater cytotoxicity in MCF-7 and MCF-7/Adr cells compared to its free
form through enhanced drug accumulation in the resistant tumor population by
escaping the P-gp-mediated drug efflux. Thus, vincristine in conjugation with a
nanocarrier proved beneficial to overcome MDR (Wang et al. 2014).

FDA-approved liposomal anthracyclines, pegylated liposomal doxorubicin
(Doxil®/Caelyx®) (Kapse-Mistry et al. 2014), which is the first FDA-approved
nanodrug for cancer treatment, and liposomal daunorubicin (DaunoXome®), are
currently used for the treatment of Kaposi’s sarcoma due to their preferential local-
ization in tumor tissues through the abovementioned EPR effect that is an asset to
mend drug resistance. At present, liposomes of paclitaxel, camptothecins, and vin-
cristine are in clinical development (Kapse-Mistry et al. 2014). Liposome co-
encapsulating doxorubicin and verapamil conjugated with human transferrin had
higher cytotoxicity, uncanny targeting, and reversal of P-gp-mediated drug resis-
tance in resistant leukemia K562 cell line. Doxorubicin liposomes resulted in rapid
internalization and release of the potent drug inside the cells that led to significantly
higher cytotoxicity on HL60 cells and vincristine-resistant HL60 cells (Gokhale
et al. 1996). According to a study by Robert Lee, there was a remarkable surge in
uptake of folate-PEG-liposomal doxorubicin by KB cells than nontargeted liposo-
mal doxorubicin (Lee and Low 1995). An interesting finding was that doxorubicin
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in conjugation with liposomes succeeded in disabling drug resistance even in brain
tumors due to endothelial P-gp efflux mechanism (Zhou et al. 2002).

Polymeric NP based nanodrugs are known to prolong circulation time and cap
toxicity to normal limits by enabling targeted release of drugs within tumor cell
endosomes. NPs accelerated drug accumulation in drug-resistant tumor cells and
renders chemotherapeutic agents more effective to overcome MDR. A recent study
by Yang et al. unveiled a P-gp blocking imidazole derivative, loaded in combination
with vincristine into polymeric micelles, led to a fivefold higher re-sensitization of
resistant KB-V200 cells (Yang et al. 2008). Paclitaxel given in polymeric NP for-
mulation was reported to have better target specificity and therefore refined ability
to inhibit carcinogenesis with reduced side effects. Co-delivery of Paclitaxel and
survivin shRNA NPs enhanced efficacy of Paclitaxel induced apoptosis and cell
cycle in Paclitaxel resistant A549/T lung cancer cells (Shen et al. 2012). The nano-
formulations had raised drug accumulation in tumor cells that reduced the apoptosis
threshold of drug-resistant cells and helped to overcome MDR. Docetaxel loaded
NPs had an increased drug uptake and improved cytotoxicity in Docetaxel-resistance
human breast cancer cell line compared to its free form, indicating its potential to
overcome MDR (Mei et al. 2009). The poor solubility and minimal systemic bio-
availability of Curcumin was resolved by encapsulating it in a polymeric NPs
(Kapse-Mistry et al. 2014), thus proffering an opportunity to exploit the clinical
repertoire of this valuable nanodrug in targeting MDR cancer. In 2010, a consider-
able inhibition of tumor growth, suppression of P-gp and mdrl gene levels and
overcoming of prevalent drug resistance was achieved in KB-A-1 cells implanted in
Balb/c-nu/nu mice using folic acid conjugated antisense oligodeoxynucleotides-
hydroxypropyl-chitosan NPs (Das and Sahoo 2012). RNAi-mediated silencing of
P-gp expression in human drug-resistant breast MCF-7/ADR cancer cells utilizing
polymeric NPs loaded with iMDR1-pDNA plasmid displayed heightened transfec-
tion efficiency and lower cytotoxicity. There was a remarkable boost in cellular drug
accumulation and cytotoxic effects of Vincristine (Zhang et al. 2011) when loaded
in nanoassemblies and a subsequent rescue from MDR through clathrin and caveo-
lae mediated endocytic pathways as reported in MCF-7 and MCF-7/ADR cells.
Docetaxel loaded NPs augmented drug uptake and elevated cytotoxicity in DOX-
resistance human breast cancer cell line strengthening its potential to overcome
MDR in breast carcinoma. A combination NP formulation of Doxorubicin with
Curcumin resulted in vanquishing MDR in multiple in vivo models including mul-
tiple myeloma, acute leukemia, prostate and ovarian cancers. Pramanik et al. showed
that these NPs were found to have negligible cardiac toxicity and bone marrow sup-
pression compared to free Doxorubicin (Pramanik et al. 2012). NPs loaded with
doxorubicin and chemosensitizer (GG918) bespoke nuclear drug localization and
effective anticancer activity toward MDR breast cancer cells. Currently, two poly-
mers, polylactide (PLA) and poly (lactideco-glycolide) (PLGA), serve as polymeric
biodegradable nanoplatforms used for synthesis of FDA-approved nanomedicines,
with many undergoing clinical trials.

Doxorubicin in PLGA NPs exhibited significantly higher drug accumulation and
improved nucleus targeting in MCF-7 cells and P-gp overexpressing resistant
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MCF-7/ADR cells and, more importantly, reversed P-gp-mediated drug resistance
in human breast cancer (Li et al. 2012). Doxorubicin in conjugation with solid lipid
NPs had a good potential in overcoming P-gp-induced MDR as it exhibited a lower
ICs, value, longer survival duration, higher drug accumulation, enhanced cellular
uptake, and intense cellular apoptosis, all of which negatively affected MDR in
P388/ADR leukemic mice. Similar observations were seen in ADR-resistant human
breast cancer cell lines using the same formulation. Additionally, solid NPs led to
reduction in drug cell resistance by augmenting cellular internalization and cytotox-
icity of doxorubicin and paclitaxel in leukemic HL60 and breast carcinoma MCEF-7
cells (Miglietta et al. 2000). The cellular uptake of doxorubicin NPs was multiple
times better than its free form, thus indicating its potential in diminishing P-gp-
mediated drug efflux (Kang et al. 2010). Docetaxel use in brain cancer therapy is
hindered due to P-gp efflux at the brain that has been circumvented using NPs
loaded with docetaxel and a P-gp inhibitor (Vinay Kumar et al. 2013). Docetaxel
administered in combination with hepatome-targeting solid lipid NPs had increased
cellular uptake, better biodistribution, heightened drug accumulation, and better
efficacy in murine models of metastatic hepatocellular carcinoma (Xu et al. 2009).

Micelles are widely known drug carriers that are characterized by EPR effect,
active internalization, endosomal-triggered release, and drug escapade that aid in
inhibiting MDR. Micelles loaded with anticancer drugs include Genexol®-PM,
NK105, NC-6004, NC-4016, NK012, NK911, and SP1049C, all of which are cur-
rently in clinical trials (Varela-Moreira et al. 2017). Doxorubicin micelles had high
cytotoxicity in doxorubicin-resistant MCF-7 cells due to internalization via folate
receptor-mediated endocytosis to overcome P-gp. Micelles co-encapsulating pacli-
taxel paraded greater cytotoxicity and higher cellular uptake in drug-resistant
MCF-7 and MDR MCF-7/ADR cells through efflux mechanism to overcome drug
resistance in tumor cells (Wang et al. 2011a). Doxorubicin loaded in polymeric
micelles boosted cell accumulation and cytotoxicity in MDR ovarian cells (Lu et al.
2011). Micelles containing methotrexate curbed tumorigenesis in KBv MDR cells
(Chen et al. 2013). Vincristine sulfate nanocarriers ameliorated cellular uptake,
cytotoxicity in MCF-7, and P-gp overexpressing MCF-7/ADR-resistant cancer cell
(Zhang et al. 2011) through bypassing the P-gp mechanism. A combination of
camptothecin and doxorubicin in nanoformulation had a synergistic effect in over-
coming tumor drug resistance in breast cancer through enhanced cellular drug
uptake (Chen et al. 2015).

Several clinical trials are underway for the application of dendrimer to deliver
paclitaxel for the suppression of carcinoma of the breast, lung, and pancreas. DOX
has also been used in combination with dendrimer that proved tenfold less toxic
than free DOX toward colon carcinoma cells. A combination of doxorubicin and
dendrimer demonstrated high cytotoxicity against both sensitive and resistant
strains of human ovarian adenocarcinoma cell (Lim and Simanek 2012; Webster
et al. 2013).

A novel variety of anticancer compound containing both tumor-targeting anti-
bodies and NPs, called fullerenes, allows loading of several molecules of an anti-
cancer drug, thereby magnifying the potential to carry multiple drug payloads, such
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as Taxol in addition to other chemotherapeutic drugs. This innovative immunother-
apy gives the exceptional advantage of overcoming drug resistance against one
drug, since multiple drugs are being administered simultaneously. Modern
approaches to nanotubes include the incorporation of drugs such as doxorubicin and
paclitaxel, but this technology is still in its virgin state, requiring full-fledged
research to reach clinical trials. DOX carbon nanotubes resulted in controlled and
sustained release of DOX that successfully mitigated MDR in resistant human leu-
kemia K562R cells (Gao et al. 2011).

Of the different array of NPs available, the application of metallic NPs, espe-
cially gold NPs (Au NPs), ranks topmost as they offer several advantages over oth-
ers, such as biocompatibility, high stability, tissue permeability, and their nontoxic
nature. Recently, TNFa used in conjugation with colloidal gold as a therapeutic
option for advanced solid tumors, for instance, sarcomas and melanomas, is being
considered for practical usage and is in clinical trial (Shenoi et al. 2013). Au NPs of
DOX has yielded increased intracellular drug uptake in resistant liver cancer
HepG2-R cells (Gu et al. 2012). DOX Au NPs has a higher intracellular uptake and
minimized efflux, triggering a significantly greater cytotoxicity in resistant breast
cancer MCF-7/ADR cells due to uptake of NPs by the caveolae- and clathrin-
mediated endocytosis, thus avoiding the P-gp pathway and subsequent release of the
drug into the tumor cells (Wang et al. 2011b).

Given the emerging conspicuous contributions of natural products as potent anti-
cancer agents, it is not surprising that several nanomedicines for cancer treatment
have been generated utilizing natural molecules. A major portion of the anticancer-
ous natural compounds, including curcumin and resveratrol, are highly lipophilic in
nature and therefore not ideal for drug delivery, due to the associated low bioavail-
ability and the requirement for high doses to achieve the desired therapeutic effects,
culminating in acute toxicity and low patient compliance. Encapsulation of such
products in NPs helps to improve solubility of the drug and overcome the accompa-
nying shortcomings. Improved pharmacokinetic properties of the nanoformulations
of natural products result in better therapeutic effect, without high-dose-induced
toxicity. The major natural product-based nanomedicines that have either been clin-
ically approved for use or those that have their clinical evaluation underway have
been highlighted in Table 9.2 to provide a comprehensive insight into the clinical
significance of natural product-based nanomedicines in providing an effective inter-
vention alternative and in overcoming drug resistance in cancer.

9.7 Future Prospects

Although nanomedicine is a new discipline, its translation into clinics has been expo-
nential. Nanomedicine is no longer simply a tool; it is a mushrooming field that can
be exploited as a revolutionary cutting-edge platform for development of future medi-
cine. There is tremendous research underway for generation of NP-based chemothera-
peutics that is expected to completely change our perception about cancer treatment,
by not only providing the market with novel drugs but by enhancing the efficacy of
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established therapeutics. Increased circulation time, precise multiple targeting mecha-
nisms, enhanced drug accumulation at the tumor site, targeted delivery to the site of
action in cancer cells, and ability to carry combinations of therapeutic payloads are
few of the several opportunities that nanomedicines have offered us with.
Nanomedicines have especially proved invaluable for treating MDR patients. Well-
defined criteria and comprehensive strategies for both regulatory approval and large-
scale industrial production are a need of the hour to make nanomedicine available to
the mass. Although the recent focus of the scientific organizations has been centered
around cancer therapy, the only objective for application of nanomedicines is expected
to cater to a broad range of diseases, including neurodegenerative diseases. Here, pen-
etrating the blood-brain barrier is the ultimate challenge, which can actually be cir-
cumvented using nanodrugs; metabolic diseases, such as diabetes, to provide a less
invasive platform for treatment; and certain rare and viral-borne diseases.

However, apart from the unequivocal advantages, there still exist certain short-
comings in this virgin field. For instance, broader-reaching efforts are necessary for
a distinct definition of “nanomedicine,” track key data, and facilitate coordination
among agencies in this complex arena. A set of paradigms are in need for toxicoge-
nomic and nanotoxicological data in order to predict drug toxicities and compre-
hend the mechanisms of toxicity, so that more specific therapeutic targets which are
essentially devoid of side effects could be selected. This requires more in-depth
understanding of the molecular mechanisms underlying carcinogenesis. Similar to
small molecule inhibitor library, the design of safe and effective nanomedicine
could be assisted by the development of safety assessment tests and high-throughput
screening platforms that would yield predictive information about structure-activity
relationships. It is absolutely essential to biologically characterize the NPs and eval-
uate their health hazards before clinical use. Therefore, detailed investigations on
the behavior of these NPs inside the human body are the need of the hour.

Yet, nanoscience is now ushering in a long-awaited era of personalized cancer treat-
ment that appears closer to reality than ever before. Personalized medicine is attributed
as a healthcare strategy focused at development of specific intervention strategies cus-
tomized for each patient or a group of patients, considering the genetic, phenotypic, and
environmental factors that could influence the outcome of the therapy.
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