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Preface

Cancer is a major cause of mortality all over the globe leading to range of disabilities
and premature deaths among human population. In 2015, around 8.8 million died
due to cancer, and this figure is predicted to upsurge by about 70% over the next two
decades. Experimental and epidemiological studies have revealed that exposure to
environmental and lifestyle factors are major contributors towards cancer incidences
along with inborn genetic defects (10% only). Currently, chemotherapy is consid-
ered as standard medical treatment for cancer, but it has been observed that resis-
tance of cancer cells to various chemotherapeutic agents has increased widely. Also,
many therapeutic agents have serious effects on normal cells, thus increasing the side
effects of chemotherapy. 80–90% of fatalities associated with cancer are because of
the abovementioned reasons. This stimulated scientific community to search more
specific and less toxic anticancer agents that can overcome cancer cell’s resistance
and enhance efficacy of existing medicinal agents. Fortunately, phytochemicals from
plants with varied chemical structures and moieties have been proved to be effective
against several types of cancers as these can avert or restrict the cancer growth by
means of diverse cellular and molecular approaches. Various phytochemicals or
natural compounds have been identified for potent anti-cancerous abilities and are
approved by FDA for cancer management. This book is the compilation of recent
studies providing deep understanding of diverse signaling pathways being targeted
by phytochemicals along with recent advancements and future directions.

The first chapter, compiled by Kumar and Thakur, broadly outlines the relevance
of plant products as therapeutic agents against cancer. In the second chapter, Arora
and coworkers throw light on the concept of cancer chemoprevention and role of
phytochemicals in modulating signaling cascades in cancer. The toxicity associated
with currently available drugs used against cancer is precisely discussed in the third
chapter of the book, suggesting an integrative approach for understanding the
complex interaction of drugs with various signaling networks. The chapter also
emphasized importance of personalized therapy in effective cancer management.
Importance of natural products as chemosensitizers for adjunct therapy in cancer
management has been discussed in detail by Sinha et al. In the next chapter,
Bhattacharjee et al. have reviewed various studies regarding epigenetic potential of
phytochemicals and highlighted significance of in silico studies in epitherapeutic
drug designing. In the sixth chapter, Mandal et al. have discussed various ways in
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which phytochemicals are known to modulate cancer cell metabolism and their
microenvironment. The seventh chapter by Chattopadhyay is focussed on the con-
cept of nutrigenomics and nutrigenetics w.r.t. cancer chemoprevention. In the eighth
chapter, Kalia and coworkers emphasized on the nano-enabled delivery vehicles to
improve bioavailability of phytochemical based anticancer drugs. In the next chap-
ter, Mandal et al. have broadly discussed the biphasic effects of various
phytochemicals and its importance in cancer therapy. In the next chapter, mode of
action and effects of phytochemicals from Zingiberaceae are largely discussed. In
the eleventh chapter, authors discussed the significance and applications of 3D cell
culture techniques and their usefulness in cancer research. The twelfth chapter of the
book throws light on various animal models that can be used in drug discovery
before preclinical trials. The last chapter of the book summarized significance of
natural plant products and their derivatives in clinical trials for treatment of cancer.
The book is compilation of recent studies in the field of cancer research and thus can
aid scientific community working in the field to have deeper and broader insight to
various aspects of cancer therapy.

It is to be noted that the authors of various chapters are responsible and answer-
able for any scientific queries and questions. We are highly grateful to the scientists,
who have contributed their research and made this compilation a unique collection of
recent studies in the field. The book can serve as a handbook for researchers working
in the field of cancer chemoprevention.

Barnala, India Manish Kumar
Mohali, India Ashita Sharma
Haifa, Israel Praveen Kumar
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Phytochemicals in Cancer
Chemoprevention: A Brief Perspective 1
Praveen Kumar and Anita Thakur

Abstract

Cancer is one of the leading causes of deaths globally. There are various treatment
options available to cure cancer such as radiotherapy, chemotherapy, and immu-
notherapy. Despite being the primary choices of usage, current cancer therapies
suffer with tremendous side effects with yet poor patient survival. Further, with
the development of drug resistance in cancer cells, there is requirement to develop
new therapeutics against cancer. A number of studies either on plant extracts or
purified phytochemicals have shown promise towards cancer therapy directly or
in combination with existing drugs. Several plant-derived compounds have been
reported with anti-proliferative activities against various types of cancers by
modulating complex cellular pathways. Since, phytochemicals are generally
regarded as safe and easily available to consume; they are perceived as therapeu-
tic agents with much less side effects. In this chapter we are presenting a very
brief summary of relevance of plant products as therapeutic agents against cancer.

Keywords

Cancer · Cancer chemoprevention · Phytochemicals · Bioavailability · Biphasic
effects

1.1 Introduction

Cancer is a highly morbid disease causing 9.6 million deaths worldwide in 2018.
Lung cancer, breast cancer, and colorectal cancer are the major cancer types and
among top five cancers resulting in the mortality [1, 2]. Various carcinogens present
in the environment cause cancer initiation, e.g. tobacco consumption, ionizing
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radiations, and industrial chemicals. Cancer can also be caused by certain infections
and it can also be genetic. There are several progressive changes that occur in cells
undergoing tumorigenesis in spatio-temporal manner referred to as the hallmarks of
cancer. Cancer hallmarks include modulation of signaling pathways for sustained
proliferation (e.g., PI3K signaling), evading tumor suppressors (p53 and pRB
regulation), activation of invasion and metastasis, enabling replicative immortality,
angiogenesis induction, and resisting death [3]. All of these features help cancer cells
to proliferate rapidly resulting in unchecked growth.

Cancer chemoprevention is the process of chronic administration of a natural,
synthetic, or a biological agent in order to suppress, delay, or reduce the occurrence
of malignancy [4, 5]. The interest in cancer chemoprevention is increased by the
studies elucidating a better mechanistic understanding of the cancer biology, which
led to the development of new drugs. Cancer chemo-preventive agents have been
broadly classified into hormonal, dietary, medications, and vaccines [5]. Anti-
estrogens such as selective estrogen receptor modulators (SERMs) are used against
breast cancer [6]. Medications like aspirin, metformin, and statins have been
implicated with anticancer effects. Several dietary agents such as vitamins and
phytochemicals have shown anti-proliferative activity against various cancers.
There are vaccines against infections that cause cancers, e.g. hepatitis B virus
[5]. Cancer exhibits various progressive stages, viz. initiation, promotion, conver-
sion, progression, invasion, and metastasis. [7]. Most of the drugs target the last
stages of the cancer progression. There are severe limitations to target the advanced
stages, e.g. severe side effects, high cost, and single target. For some tumors
(sarcomas and leukemias), single target is enough for chemoprevention; however,
for others multiple targets are required. Therefore most of advanced therapeutic
strategies suggest targeting more than one stage including multiple targets for cancer
treatment with the aid of computational models [8].

Remarkably high proliferation of cancer cells is contributed by diverse
mechanisms altered in these cells. These alterations also make cancer cells vulnera-
ble to therapeutic interventions. Most of the cancer drugs available in the market
target the abnormally functional pathways to halt the proliferation of cancer cells.
The various classes of anticancer drugs such as kinase inhibitors, metabolic
inhibitors, immune checkpoint inhibitors, radiation therapy (summarized in great
details in the review [9]) are important to mention here but are beyond the scope of
this chapter. Since these drugs also target the normal pathways, patients suffer from
severe side effects from prolonged therapy [10]. Further, currently prescribed ther-
apy promises only a very limited life span for cancer patients. Therefore, despite
achievement of significant advances in medical research aiming at cancer drugs,
there is still shortage of a promising therapy, which can be prescribed to cure or
prevent cancer without causing significant side effects. Since, cancer is a
tremendously heterogeneous disease, one uniform treatment regimen might not be
suitable for all the cancer types. Drug resistance to the existing therapies curbs the
patient life span drastically necessitating the need for the discovery of alternative
drug choices. Plant and plant-derived products are very promising as an alternative
and complementary to the currently available drug options.
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1.2 Phytochemicals in Cancer Therapy

About 25–28% of the currently available drug compounds are derived from higher
plants [11] demonstrating the potential of plant products in cancer therapeutics and
further encourages the scope of research to develop additional drugs from plants.
Phytochemicals are plant derived non-nutritive chemicals synthesized as defense
mechanism against harsh environment including various pathogens [2]. The
phytochemicals exhibiting various medicinal properties are classified as
polyphenols, terpenoids, and alkaloids, which are also a part of human diet.

There is a large number of publications that describe the potential of plant
metabolites against cancers [2, 7, 12]. Many of plant products exhibit a great deal
of activity against various types of cancers (resveratrol). There are several known
phytochemicals exhibiting a specific activity against a tumor, e.g. epigallocatechin-
3-gallate exhibits an increase in caspase-3, p27, and calpain I activities in human
Jurkat T, prostate cancer (PC-3, LNCaP) cells, and breast cancer (MCF-7) [13]. Cap-
saicin showed inhibition of growth and reversal of transformed phenotype in H-ras
MCF-10A as reviewed in [2].

1.3 Potential of Phytochemicals for Cancer Chemoprevention

Phytochemicals exhibit a number of modulatory effects on the cancer cells that make
them suitable as drug candidates. Plant products act as blocking agents to suppress
the interaction of molecules leading to carcinogenic phenotype, e.g. DNA damage or
production of ROS.

1.3.1 Phytochemicals as ROS Scavengers and Redox Modulators

Rapidly proliferating cancer cells result in the production of several free radical
(H2O2, OH

� O2
�) known as reactive oxygen species (ROS). While ROS promote

the cancer cell proliferation, they are deleterious for normal cells inducing DNA
damage and cell death. There are several studies demonstrating the protection
provided by phytochemicals against ROS. For example, Tea polyphenols
normalized the levels of superoxide dismutase (SOD) and catalase; Curcuma
longa normalized SOD and CAT in mice [14] and rats [15], respectively. Some
phytochemicals exploit the fact that cancer cells have high levels of ROS. These
phytochemicals help elevate ROS even further and cause cell death, e.g. gallic acid
mediated cell death due to elevated ROS in DU145 human prostate cancer cells [16].

1.3.2 Phytochemicals in DNA Damage and Repair

Cancer cells exhibit continued ROS production, which leads to cancer driving
mutations in cancer cells and DNA damage in normal cells. Phytochemicals exhibit
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dual function of DNA damage and DNA repair depending upon the genomic
stability of the cells and can be selective against cancer. For example, curcumin
induced both mitochondrial and nuclear DNA damage after 72 h incubation in G2
hepatoma cells [17]. Also, there are several reports exhibiting DNA damaging effect
like Tinospora extracts and turmeric [2], sulforaphane exhibited DNA protection on
certain embryonic derived cells [18].

1.3.3 Phytochemicals Control Gene Expression

Oncogenes and tumor suppressor genes dictate whether the outcome of a cellular
phenotype would be cancerous or not. p53 tumor suppressor gene is a master
regulator of cell division and is mutated in a large number of cancer types. Further,
tumor cells hyperactivate various oncogenes, which are responsible for uncontrolled
tumor growth. Plant metabolites exhibit activities to restore or upregulate tumor
suppressor functions and downregulating the oncogene function to keep tumor
growth in check. For example, in a study using 26 medicinal plants on MDR
leukemia cells, many plant extracts such as Leonotis leonurus, Hypoestes aristata,
Salvia apiana showed increased p53 expression and cells death and lower levels of
RAS and EGFR [19]. Similarly growth inhibition of breast cancer cells such as
myoblasts and MCF7 was observed using plant extracts which either upregulate p53
expression or downregulate oncogene function or both [2].

1.3.4 Phytochemicals Modulate Phase 1 and Phase 2 Enzymes

Upon ingestion, a xenobiotic compound undergoes detoxification process in liver.
Three sets of enzymes are involved in detoxification process: phase I enzymes
mainly cytochrome p450 (oxidoreduction step); phase II includes glutathione
S-transferase (conjugation step); and phase III, as example Multidrug Resistance
Protein (MRP) (excretion step) [20]. Typically, phase I enzymes make the non-polar
xenobiotic compound more hydrophilic thereby often increasing the toxicity of the
xenobiotic. Phase II enzymes conjugate with the products of phase I reactions
rendering them less toxic. Phase III enzymes help excretion of the waste products.
Dietary plants contain a number of anti-oxidants that through nuclear (factor ery-
throid 2) related factor 2 (nrf2) pathway induce the production of cytoprotective
antioxidant enzymes such as glutathione S transferase and superoxide dismutase
[21]. Many plant products have been reported to decrease expression of phase I and
increase the expression of phase II enzymes promoting more cytoprotection. For
example, Brassica oleracea increases GST enzymes in nrf2 background mice [22].
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1.3.5 Phytochemicals Inhibit Cell Proliferation

Cancer cells typically exhibit very high proliferation rates, which is responsible for
various manifestations of the cancers. Therefore, major therapeutic aim is to reduce
the proliferation of cancer cells. A number of phytochemicals have been reported
that reduce the proliferation rate of the cancerous cells. For example, MCL (Mantle
cell lymphoma) growth was inhibited in a dose dependent treatment with curcumin
by suppressing cyclin D1, NFkB, and Survivin protein expression, which caused G1
phase arrest [23]. Breast cancer cell line MCF-7 was growth inhibited by treatment
with phenolic compound rich cranberry extract effected by reduction in CDK4 and
cyclin D1 levels [24].

1.3.6 Phytochemicals Promote Autophagy

Autophagy, also known as macroautophagy, is a highly conserved and regulated
process that targets proteins and damaged organelles for lysosomal degradation to
maintain cellular homeostasis at a basal state, as well as during cellular stress
[25]. The role of autophagy in cancer is complex and is primarily dictated by tumour
type and stage. Numerous studies have associated its role constrains to tumor
initiation in normal tissue and to tumor promotion and maintenance in certain
tumor types. Furthermore, several synthetic autophagy modulators have been
identified as potential candidates for cancer treatment. Emerging evidence has allied
phytochemicals targeting the autophagic pathway as promising agent against various
malignancies with minimal side effects. Paclitaxel, a taxane class diterpenoid,
triggers early autophagy in both normoxic and hypoxic conditions in breast cancer
cells and is associated with apoptosis. [26, 27]. In addition, diverse phytochemicals
derived from natural sources, such as curcumin, ursolic acid, apigenin (40,5,7-
trihydroxyflavone), resveratrol, quercetin, thymoquinone, celastrol, and
γ-tocotrienol, also have attracted attention as potential autophagy modulators and
therefore can help to overcome chemoresistance and radioresistance [28].

1.3.7 Phytochemicals Exhibit Anti-inflammatory Effects

Onset of cancer is associated with a systemic inflammatory response. The inflamma-
tory response possibly interferes with drug metabolism as inflammation hinders
cytochrome P450 activity. Therefore anti-inflammatory drugs are given to the cancer
patients. However, they also present patient with side effects over prolonged usage
[29]. There are several phytochemicals that are known to inhibit known pathways
(NFkB, Cox II and iNOS) thereby lowering the inflammation (reviewed in [2]).
Quercetin inhibited NFkB in mouse derived inflamed intestinal epithelial cells and
reduced inflammation [30].

1 Phytochemicals in Cancer Chemoprevention: A Brief Perspective 5



1.3.8 Phytochemicals Modulate Tumor Metabolism

In the recent years it is being increasing clear that tumor cells exhibit remarkably
different metabolism compared to the normal cells due to requirement of unique
pathways operating in tumor cells in order to proliferate at enormous rates. Therefore
recently, targeting the altered cancer cell metabolism is a very attractive target for the
development of cancer therapy. Cancer cells display addiction to glycolytic pathway
even in the presence of oxygen called as the Warburg effect [31, 32]. Various
phytochemicals were shown to modulate cancer cell metabolism, e.g. resveratrol
was shown to partially reverse Warburg effect and resulted in more oxygen con-
sumption and caused cell death [33]. Curcumin and docetaxel treatment lead to an
altered glucose, lipid, and glutathione metabolism in cancer cells [34]. A recent
study demonstrated phloretin specifically inhibited GLUT2 and resulted in cell cycle
arrest in breast cancer cell line, MDA-MB-231, but not in a normal cell line,
MCF-10A [35].

1.3.9 Phytochemicals Modulate Gut Microbiota to Prevent Cancer

The role of gut microbiota in cancer is being gradually discovered. Healthy gut
microbiota leads to healthy metabolism and offers protection from several diseases
including cancer. Dietary phytochemicals such as polysaccharides and phenolic
compounds were found to regulate the gut microbiota under stress conditions
which led in the reduction of stress related diseases such as inflammatory bowel
disease, cancer obesity, and risk of cancer by self-regulation of microbiota [7, 36,
37].

1.4 Limitations of Phytochemicals as Therapeutics
for Chemoprevention

As we covered the potential of phytochemicals briefly as anticancer compounds and
their potential in chemotherapy, phytochemicals do suffer with certain limitations.

1.4.1 Complex Mixture of Metabolites

Phytochemicals are typically isolated using various extraction procedures employing
a variety of solvent systems. When ingested as crude water extract, the efficacy of the
mixture might be limited due to less relative abundance of the active compound.
Therefore, the separation of active ingredients is needed to achieve the desirable
effects. However, it is not always easy to separate and identify the mixture and is a
very complicated process requiring a specific expertise in compound separation and
identification.
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1.4.2 Bioavailability of Phytochemicals

Despite the demonstrated therapeutic potential of phytochemicals, they resulted in
limited efficiency in preclinical or clinical trials. One of the biggest reasons that can
affect the therapeutic potential is the bio-availability of the active compounds to the
target tissues. There are several barriers that affect the bioavailability of the active
compounds: indigestibility, rate of metabolism and kinetic stability, interaction with
other molecules and phytochemicals [38]. Upon administration, the phytochemicals
are subjected to liberation, absorption, distribution, metabolism, and elimination
processes. Using computational models depending upon the necessary parameters
related to the compounds, better bioavailability could be achieved. To enhance the
bioavailability of the compounds, active compounds should be separated, purified,
tested and suitable target delivery strategies should be employed. For example,
delivery of pH sensitive nanoparticles coated with paclitaxel were more effective
compared to neutral nanoparticles [39].

1.4.3 Biphasic Effects

Many plant derived products exhibit biologically opposite effects at different
concentrations (hormesis), i.e. they are biphasic as the response changes according
to the concentration of the phytochemical. As an example, Genistein exhibits
biphasic effects on a number of cell lines. Genistein at lower concentrations
(1 μM) promotes cell proliferation, while higher concentration (10 μM) is cytostatic
for estrogen dependent MCF-7 cells [40]. Therefore, a titration of dose for
phytochemicals is required for desired effects.

1.5 Phytochemicals in Clinical Trials and the Therapies

Although there are enormous reports on anticancer properties of phytochemicals
against a variety of cancers, only a few get to the clinical trials and are prescribed for
the treatment [41]. There are several plant derived compounds that show promise for
cancer treatment in preclinical studies in various models tested, e.g. curcumin,
genistein, allicin, etc. Phytochemicals serve three purposes in clinical trials: to
improve the effects of chemotherapy and radiotherapy, to reduce the side effects
of the drugs, and to check the unwanted drug interactions. Despite the limited
preliminary usage, the phytochemicals have been used in clinical trials,
e.g. curcumin is used in phase II clinical trial for advanced pancreatic cancers
[42]. There are many plant products, which have made it to the different preclinical
and clinical trials based on their antitumor and anti-proliferative effects by virtue of
the pleiotropic effects on numerous pathways in the cells. This has been nicely
summarized in many detailed reviews [41, 43].
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1.6 Future Directions: Filling in the Gaps

Despite the availability of reports on phytochemicals proven to be effective against
various cancers, the studies were not very well organized and typically used crude
plant extracts in a certain solvent systems are documented in popular traditional
medicine systems such as Ayurveda medicine system and Chinese medicine system.

There are several reports indicating the ability of phytochemicals to act as
signaling molecules against cancers, reviewed in [2]. However, there are only
limited studies that properly document the isolation of bioactive phytochemicals in
preclinical studies to be used in clinical trials [41]. The complex mixture of the crude
plant extracts needs to be separated using suitable separation techniques, such as
HPLC or other separation methods. Individual bioactive components should be
tested for their biological activities against cancer in preclinical studies and their
dosage should be established. High-throughput testing of compounds will enable
faster results and should be considered wherever possible. Further, combinations of
phytochemicals in addition to the individual screening should be done to check the
effects. To enhance the bioavailability of the compounds for optimal effects targeted
delivery strategies such as nanoparticles; liposomes or similar strategies should be
tested and developed. Further, combination of different phytochemicals or existing
therapies should be examined for better efficacy.

1.7 Conclusions

Plants not just constitute our daily food but are sources of valuable phytochemicals
with demonstrated potential for cancer chemoprevention in different in vitro, in vivo,
preclinical and clinical studies. There are several factors making phytochemicals an
attractive choice for the development of an alternative or synergistic approach with
conventional cancer therapies. However, to develop a suitable drug from plants
organized studies are required. Identification of the bioactive constituents, separa-
tion, in vitro and animal testing are required before the clinical studies. The selected
plant derived drug candidates should be tested for several pharmacotherapeutic
parameters such as pharmacokinetics, drug metabolism, stability, drug–drug
interactions dosage, and other required screening.
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Role of Phytochemicals in Modulating
Signaling Cascades in Cancer Cells 2
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Abstract

Dietary and environmental factors have been known to affect human health, for
good or for bad. Diet plays a crucial role in modulating the disease state in an
individual. Among the different chronic diseases, cancer has been the most
researched topic due to its wide associations and high mortality rate. Efforts
have been made to elucidate molecular mechanisms capable of altering pathways
of carcinogenesis. Though chemical drugs have proved their worth as anticancer
drugs, the side effects far exceed the benefit they confer. In contrast, plants are
considered as the highest source of phytochemicals that offer great potential of
acting as an anticarcinogenic agent with minimal side effects. They help in
upregulating cytoprotective genes, encoding carcinogenic detoxifying enzymes,
and antioxidant enzymes. Higher consumption of berries, vegetables, and whole
grains has been associated with reduced cancer risk and other chronic diseases. In
general, it has been shown that phytochemicals modulate oncogenic processes by
their antioxidant and anti-inflammatory activities and their capacity to replicate
the chemical structure and hormone production. Phytochemicals act as anticancer
agents that target signaling pathways at different levels, such as transcriptional
and post-transcription control, protein activation, and intercellular communica-
tion. These compounds have been known to modulate coding as well as
non-coding RNAs such as microRNAs and short non-coding RNAs. Other
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mechanistic pathways for chemoprevention involve the initiation of cell cycle
arrest and apoptosis and disruption of signal transduction pathways mainly of
mitogen-activated protein kinases, phosphoinositide 3-kinase, protein kinases C,
glycogen synthase kinase contributing to pathological cyclooxygenase-2, activa-
tor protein-1, nuclear factor kB, and c-myc expression. The Warburg effect is
another interesting target for chemotherapeutics. A logical approach for chemo-
prevention is to address malfunctioning molecules along the compromised signal
transduction pathway in cancer. Another crucial chemotherapeutic strategy is to
counter the pathways involved in controlling the invasiveness and angiogenesis
of tumors. Therefore, cell signaling cascades and their influencing factors have
become important targets of chemoprevention, and in this direction the plant
extracts are showing promising leads.

Keywords

Cancer · Phytochemicals · Signaling cascade · Proteins · Plants

2.1 Introduction to Cancer Pathophysiology

Transition of a normal phenotype into a cancerous phenotype requires multiple
genetic and epigenetic modifications, with each phase resulting in some kind of
growth and/or cell survival benefit. Important changes in this multistage cycle
include: mutations in tumor suppressor genes (TSGs), (Proto)oncogenic activation,
apoptosis and telomerase control deregulation, enhanced angiogenesis, and tissue
invasion. Mutations in the germline cells results in the failure of the activities of
tumor suppressor genes and the subsequent introduction of oncogenes
in somatic cells. Somatic mutations involves mutations, rearrangements between
intra-chromosomes, and changes in copy numbers. In addition, genomic instability
at a chromosomal level, such as chromosomal translocations and microsatellite
instability (MI), characterizes malignant transformation.

Somatic mutations are often related to “passenger mutations” and “driver muta-
tion” but passenger mutations do not specifically participate in oncogenesis and do
not offer a growth gain [1]. A driver mutation, in contrast, gives cancer cells
significant survival and increase benefit and can lead to clonal expansion. The
number of driver mutations is expected to be five or more per common adult
epithelial cancer, but fewer incidents in hematologic cancer are required.

Oncogenes are mutated in order to enable the constitutive expression of genes in
conditions were wild type is not. For example, a valine changes to glutamate at
codon 599, which is the most common activatory mutation of BRAF in human
cancer, a residue in the kinase domain. In adjacent residues, phosphorylation
(Thr598 and Ser601) is usually the control of the activation loop. Glutamate
substitution in codon 599 mimics and constitutes an active enzyme even in the
absence of stimuli that normally cause phosphorylation in threonine or serine
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residues to its analogous form. On the other hand, genetic changes affect tumor
suppressor genes in the opposite way where the gene product/function decreases due
to mutations. The possible reasons for these inactivations include insertions or
deletions of different sizes, formation of truncated protein due to mutations, mis-
sense mutation of necessary residue, or gene expression silencing due to epigenetic
modifications (methylation, acetylation, etc.). At the normal physiological levels,
mutations in both the oncogene and tumor suppressor genes occur equally. By
inducing cell growth or by halting cell death, they contribute to the neoplastic
cycle by increasing the number of tumors. This can be achieved by activating
genes that promote cell cycle by inhibiting normal apoptotic processes or by
enhanced angiogenesis. Another class of genes defined as resilience genes facilitates
tumorigenesis in a different fashion. This includes the base-excision repair (BER),
mismatch repair (MMR), and nuclear excision repair (NER), which are accountable
for the repair of fine errors throughout regular DNA replication and mutagen
exposure. There are some other genes that regulate translocations, mitotic recombi-
nation, and chromosomal segregations such as BRCA1, ATM, and BLM. The
sporadic tumors may result in mutations in these three genetic classes that lead to
hereditary cancer predictions or to single somatic cells, respectively. The first
somatic mutation in an oncogene or tumor suppressor gene transforms a normal
cell into neoplastic cell. The subsequent somatic mutations contribute to further
cycles of clonal expansion (and thus growth of the tumor). Mutations of these genes
are predisposed to disease, not to cancer per se: the neoplastic cycle is a leading
example, because a mutation that can support cancer has already occurred in all their
cells.

2.2 Cancer and Phytochemicals (Dietary and Non-dietary)

Although there is no single drug that can cure cancer completely but certain types of
cancer may be avoidable. Preventing carcinogenic chemicals—or at least
minimizing their intake—can reduce the chances of cancer occurrence, but such
key avoidance can be hard to implement without full knowledge of the associated
risk factors. In addition, reducing certain risk factors can require significant lifestyle
changes that are not easy to implement.

It is estimated that 10–70% (average 35%) of mortality in humans is due to diet
[2]. The findings are mainly based on the epidemiological and statistical concerning
risk related dietary factors. There are numerous epidemiological, medical, and
laboratory research evidences that relate the risk of cancer to dietary factors,
however, the exact percentage is not known.

Thus, many dietary constituents increase cancer risk, however, there is an accu-
mulation of scientific proofs to support a negative correlation between daily intake of
fruits and vegetables and the risk of particular cancers. World Health Organization
(WHO), the American Cancer Society, the American Institute of Cancer Research
(AICR), and the National Cancer Institute (NCI) have provided dietary regulations to
reduce the cancer prevalence. Some nutritional supplements and modified diets to
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prevent cancer are under clinical trials. In the near future, it is possible that the people
may only need to take formulated medicines containing chemotherapeutic products
extracted from edible plants to prevent or postpone its onset of cancer [3]. A detailed
mechanistic evaluation of the fruit and vegetable products that prevent cancer is
needed before their use in dietary supplements or in human intervention trials.

Phytochemicals are non-nutritional plant based components of diet with effective
anticarcinogenic and antimutagenic activities. It is not practicable to classify
structure-activity interactions, or to determine their fundamental molecular
mechanisms, due to the enormous structural complexity of phytochemicals. A
simpler solution is to examine their impact on the cancer-associated signal transduc-
tion networks.

Numerous population-based studies have demonstrated that the nutrients
(carbohydrates, proteins, fat, fiber, antioxidant, vitamins, and trace minerals) of
vegetable and fruits have the potential to act as anticancer agent. Vitamins and
precursors present in green leafy vegetables and yellow/orange fruits have shown
promising anticancer activity. The spotlight recently shifted to non-nutritious
phytochemicals. The NCI (National Cancer Institute) reported more than 1000
specific phytochemicals having cancer-preventive efficacy in laboratory studies. It
is estimated that almost 100 different phytochemicals can be present in single
serving of vegetables. A multistage progression known as carcinogenesis is devel-
oped through different molecular and cellular changes. From the study of studies
including experimentally induced carcinogenesis in rodents revealed that the tumor
growth consist of different but closely linked stages, i.e. initiation, promotion, and
progression. While these phases are an over-simplification of carcinogenesis, when
contemplating potential opportunities for chemoprevention, it is useful to think at
these levels.

According to the standard classification of chemopreventive agents, there are two
main categories—blocking agents and suppressing agents. Chemicals which prevent
entry of carcinogens to target sites, i.e., from metabolic activation or from eventually
interacting with necessary cellular macromolecules (e.g., DNA, RNA, and proteins)
while the suppressing agents are those which hinders the malignant transformation
of already initiated cells, either in the stage of promotion or progression. The
premalignant phase of multistep carcinogenesis can be prevented or reversed by
certain chemopreventive phytochemicals. These can also interrupt the production
and growth of precancer cells into malignant ones or at least delay them. Recent
advances in the mechanistic studies of carcinogens at the cellular and molecular level
have shown that blocking and suppressing classification is an over-simplification.
For more precise classification the numerous cellular molecules and activities that
could be potential targets of chemopreventive agents should be described [4–
6]. Consequently, the ability of any phytochemical to inhibit tumor growth should
be regarded as the result of combining multiple distinct sets of intracellular effects
instead of a specific biological response.

14 D. Singh et al.



Figure 2.1 shows the chemical structures and nutritional origins of common
dietary phytochemicals considered to have chemopreventive potential. Such
chemopreventive phytochemicals inhibit cellular and molecular activities including
carcinogenic activation/detoxification through xenobiotic-metabolizing enzymes,
apoptosis, DNA damage repair, cell cycle progression; angiogenesis, metastasis,
oncogene or tumor suppressor gene expression, and hormonal regulation.

Fig. 2.1 Some chemopreventive phytochemicals
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2.3 Molecular Targets Involved in Cancer Progression

In past two or three decades, a marked improvement has been made in the field of
corealting of biochemical processes with multistage carcinogenesis cycle and now
we realized the role of phytochemicals in changing the mechanisms. The significant
development in the field of carcinogenesis includes molecular and cellular genetics
such as discovery of oncogenes, tumor suppressor genes, unique carcinogen
metabolizing genes, DNA repair proteins and enzymes, and regulators of apoptosis
and cell cycle. All these advancement in the field of studying carcinogenesis has
provided the new and better outlook of the mechanism involved in neoplastic
transformation. Advances have been made in diagnosing and identifying the factors
that mediate tumor formation, invasion, metastasis, and angiogenesis. Advances in
identifying factors that mediate tumor invasion, metastasis, and angiogenesis have
also been developed.

The major factors of intracellular network of signaling which preserves homeo-
stasis is serine threonine kinase group of proline like mitogen activated kinase
(MAPKs). Abnormal activation of the MAPK pathway may lead to unregulated
cell growth, contributing to malignancy. MAPKs pathway has major role in proper
regulated growth of a cell but abnormality in the activation or silencing of pathway
or its improper downstream signaling, transcription factor can lead to unregulated
cell growth, contributing towards malignancy. Many phytochemicals turn on or off
the basic signaling molecule(s), depending upon the nature of the signaling cascade
which they bind, preventing cell from excessive proliferation and growth [4–11]
(Fig. 2.2). MAPKs is a cell signaling kinase just like other kinases such as protein
kinase c (PKC) and phosphatidylinositol 3-kinase (PI3K) which acts as an active
targets of certain chemopreventive phytochemicals. Such upstream kinases stimulate
a distinct array of transcription factors, including the nuclear factor-kB (NF-kB) and
the activator protein 1 (AP1) activator enzyme.

2.4 Signaling Cascades

2.4.1 NF-kB and AP1

The NF-kB signaling system concentrates on the signalosome multiprotein complex
with IkB kinase (IKK), contributing to IkB phosphorylation, ubiquitylation, and
eventual 26S proteasome degradation. The NF-kB is activated and translocated into
the nucleus, then it attaches different genes to similar promoter regions. IKK
complex is triggered by the NF-kB-inducing kinase (NIK). NF-KB-inducing kinase
(NIK) triggers an IKK complex. NIK is regulated by upstream signaling of extracel-
lular signal-regulated kinase (ERK), MAPK/ERK kinase (MEK1/2), and p38
MAPK by a group of mitogen-activated protein kinases (MAPKs), such as MAPK
kinase-1 (MEKK1). Previous literature shows that the AKT signaling pathway also
controls the activation of NF-kB [12, 13]. PI3K stimulates AKT/protein kinase B by
3-phosphoinositide-dependent kinase-1 (PDK1) protein phosphorylation. Genistein
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directly prevents the activation of AKT and AKT-mediated NF-kB activation
[12, 13]. PI3K and AKT can be inhibited by epigallocatechin gallate (EGCG)
[14]. Crosstalk is present between the signaling pathways of AKT and NF-kB—
AKT phosphorylation leads to the activation of NF-kB by initiating the activity of
IKK [15]. Curcumin, EGCG, and resveratrol also target the IKK for chemopreven-
tion [16–20]. The proteins of MAPK family also control the expression of API which
are heterogenous group of dimeric proteins composed of c-FOS, c-JUN, and ATF
family members. This results in activation of target genes transcriptionally. The
specific form of isoform of PKC is activated by the external stimulus like ultraviolet
radiation and phorbol ester, they can stimulate the signaling pathway p21 RAS-ERK
with the help of MEK1/2. The upstream kinase MEKK mediated the activation of
c-JUN N-terminal kinase (JNK), MAPK kinase-4 (MKK4) and p38.

2.4.1.1 Plant Products in the Modulation of NF-kB and AP1 Signaling
Curcumin—a yellow pigment present in the turmeric rhizome (Curcuma longa L.)
and related species—is one of the most widely studied phytochemicals with regard
to the potential for chemoprevention Curcuma longa L. A turmeric rhizome contains

Fig. 2.2 Effect of phytochemicals on cell signaling cascades in cancer
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a yellow pigment called curcumin which is thoroughly studied phytochemicals for
its chemopreventive activity. Topical application of curcumin blocked
PMA-induced activation of both NF-kB and Ap1 [21]. The activity of NF-kB can
be inhibited by decreased translocation of p65 into nucleus and decreased phosphor-
ylation of IKBα which blocks the degradation of NF-kB [22]. Curcumin blocks the
TNF-α-induced nuclear translocation and the hydrogen-peroxide-induced activation
of NF-kB in a human myeloid leukemia cell line by suppressing phosphorylation
and eventual deterioration by curcumin therapy [23]. The PMA is responsible for the
activation of NFKB and attenuation of hydrogen peroxide by treatment with
curcumin. [6]-Gingerol—a phenolic compound responsible for ginger spice flavor
(Zingiber officinale Roscoe)—has been report to suppress tumor development and
PMA-induced decarboxylase (ODC) activity and Tnf-α output in the skin tissue of
the mouse [24]. Capsaicin is thought to be a co-carcinogen in animal’s study due to
its unpleasant properties, but somehow recent literature shows that the compound
has chemopreventive and chemoprotective effects [25–27]. The topical application
of capsaicin blocked the development of PMA-induced mouse-skin tumors and the
activation of NF-kB [28]. Due to the blockage of IkBα degradation and translocation
to the nucleus of NF-kB skin tumors are inhibited. Epigallocatechin gallate (EGCG)
is a polyphenol present in green tea that is antioxidant and chemopreventive. PMA
stimulated mouse epidermal cell line (JB6) shows inhibition in malignant transfor-
mation of cells by inducing blockage of Ap1 or NFKB activation [29, 30]. EGCG
inhibited the constitutive activation of NF-kB and STAT-3 this completely blocks
the development of vascular endothelial growth factor (VEGF) but not Akt
pathway [31].

Genistein, an isoflavone derived from soy is suspected to possess
chemopreventive property against breast and prostate cancer. Genistein blocks the
PMA-induced AP1 expression through c-FOS and ERK activation in certain human
mammary cell lines. Genistein therapy revoked NF-kB DNA interaction in human
hepatocarcinoma cells activated by hepatocyte growth factor [32]. In androgen-
sensitive (LNCaP) and androgen-insensitive (PC3) cells, genistein at apoptogenic
concentrations blocked the H2O2, or TNF-α activated NF-kB by reducing IkBα
phosphorylation and NF-kB nuclear translocation [33]. Resveratrol treatment
inhibited PMA-induced cyclooxygenase-2 (COX-2) expression and catalytic behav-
ior, via the cyclic-AMP response component (CRE), in human mammary epithelial
cells. The levels of prostate-specific antigen (PSA) and P65 are downregulated with
p53, p300/CBP and activation of APAF1 are related with treatment of androgen
sensible prostate cancer (LNCaP) cell line with resveratrol [34]. Resveratrol-induced
apoptosis was associated with p53 phosphorylation in mouse JB6 epidermal cells,
which appeared to be regulated by Erk and p38 activation [35]. Resveratrol targets
the suppression of NF-kB dependent transcription, nuclear translocation in p65, and
TNF-α-induced phosphorylation in myleiod cells [36]. TNF-dependent activation of
MAPK kinases (MEK) and JNK and TNF-dependent activation of caspases were
also inhibited by resveratrol [36]. Caffeic acid phenethyl ester (CAPE), sulforaph-
ane, silymarin, apigenin, emodin, quercetin, and anethole are compounds can lead to
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the blockage of chemical prevention and cytostaic effect by the activation of
AP1 [37].

2.4.2 NRF–KEAP1 Complex

NRF2 is an antibody controlling transcription factor for many detoxification
enzymes or antioxidants. Kelch-like ECH-associated protein 1 (KEAP1) is a cyto-
plasmic NRF2 repressor which prevent it from translocating into the nucleus. The
domains which are rich in both glycine and hydrophilic regions are present in NEH2
domain of NRF2 and they communicate and interact with each other. The numerous
cysteine residues are contained in KEAP1.These cysteine residues are vulnerable to
oxidation or covalent modifications by phase II inducers [38]. Oxidation and cova-
lent modification leads to the separation of NRF2 from KEAP1. In addition, NRF2
phosphorylation of serine and threonine residues is thought to allow dissociations of
NRF2 from KEAP1 and subsequent translocations into the kinase by kinases such as
PI3K, PKC, JNK, and ERK [39]. The NRF2 translocation can both be activated and
prevented by p38. The center is composed of a heterodimer that attaches to the
antioxidant-responsive component (ARE) for the induction of gene expression. The
term is derived from musculoaponeurotic fibrosarcoma. NRF2/MAF main genes
encode either Phase II or antioxidants enzymes, including glutathione S-transferase-
α2 (GSTA2) NAD(P)H: quinone oxidoreductase (NQO1) and heme-oxygenase-1
(HO-1) cysteine ligase Ś-GCLC and glutamate-cysteine ligase modified (GCLM). In
combination with an NRF2 and ARE-binding element, PI3K also phosphorylates the
CCAAT/enhancer-binding protein-β (C/EBPβ), inducing its nucleus translocation
and the CCAAT gene C/EBP-β answer component (XRE) [40]. ARE is activated by
human PI3K neuroblastoma cell transfection, attenuated by a PI3K or NRF2 phar-
macy inhibitors [41]. The phenethyl ester (CAPE) of curcumin and caffeic acid
disrupts the complex NRF2-KEAP1 which leads to increased NRF2 binding to ARE
[42, 43]. By covalent binding to its thiol groups, Sulforaphane interacts directly with
KEAP191. The NRF2 nuclear translocation, which ultimately stimulates ARE, is
activated by 6-(methylsulfinyl)hexyl isothiocyanate (6-HITC), a Japanese version of
horseradish wasabi [44].

2.4.2.1 Plant Products in the Modulation of NRF-KEAP1 Signaling
HepG2 exposure to green tea extract induces a phase II expression of enzymes
through ARE [45]. This upregulation was supported by ERK2 and JNK1 activation
and immediate early c-JUN and c-FOS gene activation. Follow-up experiments have
shown EGCG to activate the enzyme production of Phase II in HepG2 cells
transcriptionally, calculated from the ARE Reporter-Gen Assay [46]. An evaluation
of the oligonucléotide microarray gene-expression profiles indicated that NqO1, Gst,
and Gcs were increased in the small intestines of wild-type mice, whereas Nrf2-null
mice displayed significantly lower rates of those enzymes [47]. Morimitsu and
colleagues identified the analog sulforaphane (6-methyl sulphinylhexyl isothiocya-
nate, 6-HITC) as a key GST inducer in Japanese horseradish, wasabí (wasabia
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japonica or eutrema wasabi Max) during the extensive screening of vegetable
extracts in cultured rats’ liver epithelial cells RL-34 [44]. Oral administration of
6-HITC succeeded in inducing more than sulforaphane detoxification enzymes in
phase II hepatic induction, whereas NRF2-null mice reversed this induction
[44]. The Nrf2 complex, which was correlated with a significant increase in Ho-1
development and transcription in pork renal epithelial cells, both the curcumin and
CAPE induced the Nrf2 expression [42]. Curcumin-induced Ho-1 gene induction
seems to involve MAPK which is upstream of the NRF2. It is notable that the
occurrence of α, β-unsaturated ketone moieties in both curcumin and CAPE, which
can serve as accepters to Michael reaction that can alter cysteine thiols found in
Keap1. Sulforaphane also interacts explicitly with thiol groups of Keap-1.

2.4.3 b-Catenin

β-catenin (β-cat) mediates pathways of signaling through both growth factor and
WNT. The association of a WNT ligand with its transmembrane receptor—a “friz-
zled receptor”—recruit disheveled protein which is inactivated by phosphorylation
at serine-9 by the glycogen synthase kinase-3β (GSK-3β). On the other side, the
association of growth factor with receptor tyrosine kinase (RTK), which in turn
causes phosphorylation of AKT/protein kinase B (PKB), is activated by
phosphatidylinositol 3-kinase (PI3K). GSK-3β is also inactivated by serine-9 phos-
phorylation through phosphorylated AKT. The AKT-mediated GSK-3β inactivation
is blocked by a tumor suppressor protein phosphatase and a tensin homolog on
chromosome 10 (PTEN). GSK-3β—a component of multiprotein complex
consisting of adenomatous polyposis coli (APC), axin and conductin—regulates
the intracellular fate of β-catenin, which functions as a component of cell–cell
adhesion machinery, in its membrane-bound form and as a signaling molecule in
its free cytosolic form. GSK-3β. In the absence of a growth factor, the cytosolic
β-Catenin phosphorylates GSK-3β are targeted for ubiquitylation followed by
proteasomal degradation, with the amino end serine or the threonine residue being
amino-terminal residues. The inactivation of GSK-3β contributes to the cytosolic
stabilization of the β-catenin in reaction to the above stimulus. In contrast to GSK-3β
inactivation, the mutation of APC or axin and β-catenin also induces cytoplasm
stabilization. This stabilized cytosolic β-catenin further binds to the T-cell factor
(TCF) in the nucleus. This complex (β-catenin-TCF/LEF) activates a gene transcript
that regulates the process of cellular growth.

2.4.3.1 Plant Products in the Modulation of b-Catenin Signaling
Throughout their molecular chemical prevention process, many dietary
phytochemicals demonstrated to decrease the β-centered signaling pathway. In the
multiple intestinal neoplasms (min/+) mouse model, curcumin and CAPE inhibited
tumorigenesis and decreased β-catenin expression [48]. Curcumin also reduced
β-catenin’s cellular levels by the cleavage caused by caspases [49]. Resveratrol
also regulates the production of β-catenin in human colon cancer cell line
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[50]. The pattern of β-catenin mutation has been altered by indole-3-carbinol in
chemically induced colonic rat tumors, inhibited adhesion, transition and invasion of
human cultured breast carcinoma cells along with upregulation of E-cadherin and
β-catenin [51, 52]. Tangeretin from citrus has shown a similar effect [53]. COX
inhibitors were found also to suppress signaling of β-catenin and transcriptional
activity of β-catenin—TCF/LEF [54–56]. As COX-2 upregulation induces
tumorigenesis, and β-catenin controls COX-2 expression, β-catenin signaling control
may be a potential molecular goal for dietary phytochemicals chemoprevention.

2.4.4 MAPK

The MAPK cascade is an intracellular signaling pathway that controls numerous
cellular functions such as cell proliferation, cell cycle, etc. The cascade is described
as a linear signaling pathway mediated by receptor tyrosine kinases at the cell
surface. Activation of Ras is the first step in the MAPK cascade. Upon Ras activa-
tion, Raf (A-Raf, B-Raf, or Raf-1) is recruited by Ras binding into the cell membrane
and triggered in a complex process involving phosphorylation and several cofactors
that are not fully understood. Raf proteins activate MEK1 and MEK2 directly by
phosphorylation of multiple serine residues. MEK1 and MEK2 are themselves
tyrosine and threonine/serine dual-specific kinases which ultimately result in activa-
tion of phosphorylating threonine and tyrosine residues in Erk1 and Erk2. While
MEK1/2 has no identified targets other than Erk proteins, Erk has multiple targets
like Elk-1, c-Ets1, c-Ets2, and Erk2 [57].

2.4.4.1 Plant Products in the Modulation of MAPK Signaling
Bromelain, a vital ingredient of Ananas comosus, induced apoptosis in MCF-7 cells
apparent by cell aggregation in the G1 process, formation of apoptotic body and
fragmentation of nucleus [58]. Camellia sinensis’s main polyphenols are theaflavins
and thearubigins. In malignant melanoma A375 cells, mostly JNK and p38MAPK
but not ERK is triggered as a consequence of treatment with theaflavins and
thearubigins [59]. Combinatorial strategy involves application of E-piplartine
along with curcumin enhances cytotoxicity in tumor cell. Piplartine alone arrested
the G1 phase of cell cycle by inactivating cdk2 and destabilizing cyclin D1 which
outpace the arrest of G2/M induced by curcumin. Piplartine and the mixture of
curcumin disrupted the activation of ERK1/2 and Raf-1, cell cycle progression and
enhanced expression of HSP-90 [60]. Plumbago zeylanica a traditional Indian plant
produces a molecules called 3-hydroxy-20(29)-ene27,28-dioic acid (PZP) which
shows a potential to induce apoptosis in breast cancer cells regulated by
mitochondria [61]. It blocked cell adhesion, prevented wound healing migration
and invasion of MDA-MB-231 cells by downregulating metalloproteinase-2 and
metalloproteinase-9 expression, and stimulated MAPK protein levels (JNK, ERK1/
2, PI3 K, Akt, MMP-2, MMP-9, VEGF, and HIF-1). Withaferin A stimulated the
intrinsic apoptosis pathway in leukemia cells by phosphorylation of p38MAPK.
Inhibition of p38MAPK by siRNAs resulted in reduced Bax expression and
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decreased apoptosis suggesting MAPK’s crucial role [62]. PI3K/Akt and
Erk/MAPK are inhibited by tocotrienols and β-tocopherol [63]. Colchicine
upregulates the COX-2 production, Erk phosphorylation and dual specificity phos-
phatase (DUSP1) gene in stomach carcinogenesis [64, 65]. It also inhibits hepato-
cellular carcinoma cell growth by upregulating protein 12 (AKAP12) and converting
beta-2 (TGF-β2) proteins [66].

2.4.5 PI3K-AKT Pathway

PI3K is a kinase which phosphorylates the plasma membrane inositols and is
involved in the transduction of cellular signaling [67]. All tyrosine kinases receptors
and tyrosine kinases nanoreceptors results in PI3 K activation, which releases the
second messenger phosphatidylinositol (3–5)-trisphosphate (PIP3) from
phosphatidylinositol 4,5-bisphosphate [68]. The pleckstrin homology domain-
containing proteins are recruited to the cell membrane by PI3K-AKT pathway
including AKT/PKB kinases and they induces conformational change which results
in their phosphorylation by the constitutively active phosphoinositide dependent
kinase 1 and 2 [69, 70]. Activated Akt translocate from cytoplasm to nucleus and
triggers downstream targets that include replication, cell cycle regulation, production
of growth factors, migration and angiogenesis. Akt regulates the phosphorylation
and activation of mammalian rapamycin complex1 receptor, a serine/threonine
kinase that plays vital roles in controlling the translation and synthesis of proteins,
angiogenesis, and progression of the cell cycle.

2.4.5.1 Plant Products in the Modulation of PI3K-AKT Signaling
The in vitro study in case of food plant like plethora produces compound like
polyphenols have potential to affect MAPK, AKT, and AKT signaling cascades
targetting cell proliferation of cancerous cells [71]. In this case, [6]-gingerol inhibits
the cell growth, activate caspase-3, and increase cancer cell MAPK and Akt activity
[72]. Sulforaphane, an isothiocyanate extracted from broccoli inhibits PI3K/AKT
and MAPK signaling pathways regulated by extracellular kinases that leads to cell
cycle arrest and apoptosis [73]. Additionally, allicin has been shown to significantly
impede cancer cell development by inhibiting the signaling of p38/MAPK [74]. Pre-
viously, emodin from aloe and cranberry myricetin have been shown to produce a
negative effect on the PI3/Akt signaling pathway [75]. Dietary polyphenols like
quercetin, green tea, polyphenols, and EGCG in low concentrations stimulate
MAPK pathways by ERK and JNK which contributes to survival gene expression
(c-fos, c-jun). HL-60 cells in the human-acute promyelocytic leukemia are inhibited
by fisetin and hesperetin through the modification of several signaling networks,
i.e. MAPK, NF-Fraktion, JAK/STAT, PI3K/Akt, Wnt, and mTOR pathway [76]. In
pancreatic cells, kaempferol acts on the receptors of proto-oncogenic tyrosine-
protein kinase (Src), Erk 1/2, and Akt, and delays development and migration
[77]. Additionally, PI3K/Act pathway in pancreatic cancer cells is activated by
lycopene. The inhibition of Erk and Bcl-2 signaling prevents gastric carcinogenesis
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[78]. This stimulates antioxidant enzymes in cancer cells (e.g., GST, GSH, and GPx)
and prevents the oxidative damage from carcinogenic agents.

2.4.6 Wnt Cell Signaling

Signaling is initiated by the wnt proteins that are secreted and further binds to seven-
pass transmembrane receptors encoded by the frizzled genes [79]. This binding
results in phosphorylation of the dishevelled protein whose interaction with axin
inhibits essential substrates of glycogen synthase kinase 3β (GSK3β) [80]. The
inactivation of GSK3β in vertebrates may result from its association with Frat-1
[81]. Β-catenin, Axin, and APC act as GSK3β substrates. Unphosphorylated
β-catenin escapes detection by ubiquitin E3 ligase member TRCP and translocates
to the nucleus where it binds with various transcription factors, i.e. TCF and LEF
[82]. Discrete components in the process include casein kinases-I and II (CK-I,
CK-II) which were both introduced for disheveled phosphorylation. The serine/
threonine phosphatase PP2A interacts with axin and APC even though its biological
position in the system remains unclear [83].

2.4.6.1 Plant Products in the Modulation of Wnt Signaling
It is indicated that genistein increased GSK-3β expression, GSK-3β binding to
β-catenin, and β-catenin phosphorylation which proposed its ability to inhibit the
prostate cancer through inhibition of Wnt/β-catenin signaling. It also decreased
proliferation caused by Wnt 1 and also the Wnt targets. As a flavonoid, apigenin
was the first identified as an inhibitor of the Wnt pathway because it down regulates
the CK2 [84]. In breast, lung, and colon cancer cell lines, EGCG inhibited the Wnt
signaling in a dose-dependent manner, whereas in normal cells Wnt signaling is fully
active [85]. In breast cancer, treatment of EGCG (25 to 100 μM) stabilizes the HBP1
mRNA which is a suppressor of Wnt signaling. It decreases both the division and
invasiveness of the breast cancer cells by HBP1 activation and subsequent suppres-
sion of Wnt signaling. Although EGCG’s inhibition of Wnt is indirect, Quercetin’s
influence directly controls the Wnt pathway by influencing pathway molecules in
several cell types. Quercetin (50 μM) decreased the β-catenin/Tcf complex after the
treatment in SW480 cells (colon cancer cells [86]. Fisetin-treated melanoma cells
with G1-phase arrest and suppression of Wnt/β-catenin signaling resulted in reduced
cell viability. This pattern was accompanied by a decrease in the expression of Wnt
proteins and their co-receptors and a corresponding increase in the development of
endogenous Wnt inhibitors. Isoquercitrin (quercetin 3-O-β-d-glucopyranoside), a
glycosylated analog of Quercetin, prevents the proliferation of Glioblastoma
(Gbm) cells through means of control mechanisms for the Wnt/β-catenin pathway.
This study has shown that 23% of β-catenin expression was found in the nuclei of
control Gbm cells. However, with the treatment of isoquercitrin at the concentration
of 100 μM the expression of nuclear β-catenin dropped considerably to 4%, whereas
non-nuclear β-catenin rose to 77%, highlighting that isoquercitrin therapy changes
β-catenin distribution in Gbm cells [87]. Genistein therapy upregulates the
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expression of GSK-3β and stabilizes the relationship between GSK-3β and
β-catenin, contributing to phosphorylation and degradation of β-catenin. Genistein
also abolished dose-dependent β-catenin/Tcf transcriptional involvement in SW480
cells [88].

2.4.7 mTOR Pathway

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase, belongs to a
class of kinases similar to phosphoinositide 3-kinase (PI3K). There are two types of
multiprotein complexes known as mTOR complex 1 (mTORC1) and 2 (mTORC2)
[89]. In general, mTORC1 regulates autonomous cell growth in reaction to the
supply of nutrients and growth factors, while mTORC2 is responsible for cell
division and survival. mTORC1 comprise five components known as mTOR, the
catalytic subunit, regulatory-associated mTOR (Raptor) protein, mammalian lethal
with Sec13 protein8 (mLST8), proline-rich Akt substrate (PRAS40); and DEP-
domain-containing mTOR-interacting protein (DEPTOR) [90]. However, according
to the type and position of the cell, the exact components of the mTORC1 complex
can vary [91]. Raptor controls the function of mTOR positively and provides a
scaffold for the recruitment of mTORC1 substrates, while PRAS40 and DEPTOR
are negative regulator of mTORC1 [92, 93]. Recent studies suggest that Raptor’s
phosphorylation status may control the mTORC1 response [94]. The mLST8 binds
to mTOR’s kinase domain, which positively controls mTOR kinase activity; it
appears capable of sustaining a rapamycin-sensitive relationship between Raptor
and mTOR [95]. Some research indicates that mLST8 is also essential to maintain
the Rictor–mTOR relationship in the mTOR2 complex, which contributes to the
likelihood that mLST8 could be crucial for switching mTOR between the two forms
[96]. Such a function would be dependable with the active equilibrium known to
exist in mammalian cells in these complexes [97]. As already mentioned above,
mTORC1 was defined by PRAS40 and DEPTOR as distinct negative regulators
[98]. On the downregulation of mTORC1 activity, PRAS40 and DEPTOR recruited
into the network, where they facilitate mTORC1 inhibition [99]. It has been pro-
posed that PRAS40 controls kinase expression in mTORC1 by acting as a strong
substrate-binding inhibitor [99]. The mTORC1 specifically phosphorylates PRAS40
and DEPTOR after activation, which decreases their physical interaction with
mTORC1 and further enhances mTORC1 signals [99]. DEPTOR communicates
adversely with mTORC1 and mTORC2, controlling their behaviors [93].

2.4.7.1 Plant Products in the Modulation of mTOR Signaling
Curcumin downregulates the protein and mRNA expression of mTOR and both the
analytical and regulatory subunits of mTOR in HCT 116 cells. This indicates its
antiproliferative effect by suppressing the signaling cascade of mTOR and can
therefore represent a novel type of mTOR inhibitor [100]. Curcumin immediately
blocks the phosphorylation of mTOR and its downstream effector proteins,
i.e. p70S6 and 4E-BP1 in Rh1, Rh30, DU145, MCF-7, and Hela cell lines indicating
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its anticancer function mainly by suppressing mTOR signaling pathway
[101]. Another polyphenol, resveratrol blocks PI3K/Akt signaling pathway and
induces apoptosis in human LNCaP prostate carcinoma cells [102]. Resveratrol
has also been shown to downregulate the signaling pathway for PI3K/Akt/mTOR,
and together with rapamycin further improves resveratrol-induced cell death in
human U251 glioma cells [103]. Resveratrol blocks the activation of the mTOR
pathway in smooth muscle cells through PI3K/Akt pathway and thus suppresses the
proliferation of oxLDL-induced cancer cells [104]. Resveratrol reduces mTOR and
p70S6 K phosphorylation in human breast cancer cells (MDA-MB-231, MCF-7),
and in conjunction with rapamycin, it also suppresses Akt’s phosphorylation. The
studies on pomegranate extract in the lung murine tissue sample shows that it can
reduce mTOR signaling by inhibiting PI3K/Akt, pathway and its downstream
molecules, i.e. p70S6 K and 4E-BP1 [105]. In phase II clinical trial, patients with
high PSA (prostate serum antigen) levels post-surgery were treated with daily
8 ounce of pomegranate juice which shows statistically significant persistence of
13 months on doubling time for PSA [106]. The importance of slow PSA doubling
time remains unclear [107]. Genistein inhibits MAPK pathway and Akt phosphory-
lation in Hela and CaSKi cells [108]. It lowers the protein expression of total and
phosphorylated Akt in MCF-7 cells, indicating its potential to downregulate the
PI3K/Akt signaling pathway against breast cancer [109]. In HT-29 colon cancer
cells, the synthesis of genistein and indol-3-carbinol induces apoptosis and
autophagy by inhibiting act and mTOR phosphorylation [110]. Synergistically, it
also increase the potency of cisplatin by reducing the Akt expression in pancreatic
cancer [111].

2.4.8 Phytochemicals as Modulators of Antioxidant
and Anti-Inflammatory Stress

Dietary phytochemicals found in the human diet including grains, vegetables, fruits,
and beverages have been well documented for their antioxidant, chemopreventive,
and anticancer activities [112, 113] (Fig. 2.3). Clinical and nutritional studies
strongly suggest the use of phenolic compounds to cure as well as lower the risk
of different diseases including diabetes, cancer, and neurodegenerative diseases.
Phenolic compounds are basically hydroxyl derivatives of aromatic carboxylic
acids making them good electron/hydrogen donors to neutralize reactive oxygen
species and other free radicals [114].

The antioxidant potential of phenolic compounds can be ascribed to the number
of hydroxyl groups present in its chemical structure. Also, hydroxyl aromatic rings
(–OH at ortho and para positions) are reported to have high antioxidant potential,
e.g. flavonoids. The phenolic compounds are mainly the secondary metabolites of
the plants produced in response to stress stimuli or with the attack of a pathogen in
the form of a defense mechanism [115]. This property may be responsible for its
similar action in mammalian systems upon the stress stimuli. The phenomena are
termed as xenohormesis, demonstrating the physiological relevance to human health
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[116, 117]. Based on their chemical structures, the literature review confirmed the
antioxidant and anti-inflammatory activities of phenolic compounds [118, 119].

Several factors such as physical and chemical stimuli including injury, the
metabolic disorder can contribute to redox imbalance causing localized
inflammations in the body. However, long-term persistent redox imbalances due to
pollutants, xenobiotics, heavy metals, etc. leads to oxidative stress which can cause
irreversible damage to lipids, proteins, and DNA and ultimately tumorigenesis
[120]. In such conditions, phenolic compounds interrupt the auto-oxidation of
biomolecules through donating electrons/hydrogens to free radicals ultimately
reducing the oxidative stress. The cell has its own integrated enzymatic redox system
to maintain redox homeostasis which includes catalase (CAT), superoxide dismutase
(SOD), glutathione reductase (GR), and peroxidase (GPx), etc. [121]. The molecular
signaling transduction pathway regulated by reactive oxygen species (ROS) mainly
includes MAPK’s, NFkB, and Nrf2 pathways [122]. Activation of MAPK’s and
NFkB pathways stimulates the upregulation of various inflammatory cytokines (e.g.,
TNF-α, IL-6, IL-1, etc.), thus inducing pro-inflammatory signal transduction. The
other pathway involved is the Nrf2 pathway, which involves a key transcription
factor, i.e., Nrf-2 (nuclear factor erythroid-related factor). This factor potentially able
to modulate the expression of antioxidant enzymes, i.e. CAT, SOD, GR, GPx, GSH,
etc., involved in scavenging the ROS. The enzymes directly or indirectly scavenge
ROS and suppress the pro-inflammatory cytokines released as a result of ROS
mediated NFkB pathway [123]. The underlying mechanism involved which is
responsible for the modulation of antioxidant enzymes is ARE (antioxidant-
responsive elements) mediated transcriptions via Nrf2 regulation. Translocation of
Nrf2 to the nucleus stimulates ARE-mediated gene expressions. Further, the Nrf2-
Keap1 pathway is responsible for maintaining ROS equilibrium in cells due to the

Fig. 2.3 Phytochemicals as
modulators of cancer
progression
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action of xenobiotics [124]. Dietary phytochemicals such as flavonols and
isoflavones interact agonistically with aryl hydrocarbon receptor (AhR) present in
the cytoplasm. Consequently, activating the Nrf2 pathway mechanism to enhance
antioxidant enzyme expressions to overcome oxidative stress.

These phytochemicals such as polyphenols also have been reported to induce
Keap1/Nrf2 complex dissociations. In cell culture studies, quercetin, rutin induced
activation of AhR in HepG2 cells; kaempferol and quercetin in Caco-2 cells (benzo
(α)pyrene-induced) combined AhR/Nrf2 activation [125]. Luteolin successfully
overexpressed the drug-metabolizing enzymes via., AhR/Nrf2 activation
[125]. Thus, the observed multiple potential mechanisms of this plant secondary
metabolite make an interesting target to overcome oxidative stress in the human
body. Further, the ROS overproduction has been correlated with the enhanced
release of inflammasomes via NLRP3 activation. Consequently, these
inflammasomes elicit the release of cytokines in the extracellular environment
which results in the activation of another signaling pathway mediated by Toll-like
receptors (TLR-1) located on the cell membranes. The activation of this pathway
further provoke the release of cytokines, i.e. IL-6, IL-8, TNF-α, etc. via
pro-inflammatory signaling pathway which leads to inflammation [126].

The induced inflammation further may lead to the expansion of various types of
degenerative diseases, i.e. Alzheimer’s disease. Literature perusal suggested the
neutralizing effects of dietary phytoconstituents (apigenin, procyanidin B2, and
resveratrol) on production of ROS, which ultimately inhibited NLRP3 (a gene
which makes cryopyrin) activation in both in vitro and in vivo experiments
[127]. In addition, these phytochemicals also have been reported to inhibit the
underlying mechanism/pathway via pro-inflammatory cytokines NFkB and
MAPK’s responsible for the activation of NLRP3 via blocking RelA/B
translocations and stimulating PPARγ/SIT1 signaling pathways to alleviate inflam-
mation [125]. Various chemopreventive phytochemicals including Gingerol from
ginger (Zingiber officinale Roscoe.), resveratrol from grapes and red wine, curcumin
from turmeric (Curcuma longa L.), sulforaphane, and erucin from cruciferous
vegetables such as broccoli and Eruca sativa have been reported to target NFkB
and Nrf2 pathways [128, 129]. The phenolic compounds, i.e. quinones on the one
hand, act as a strong antioxidant via., donating for scavenging free radicals to
overcome oxidative stress but on the other hand, during the process of losing
electron/hydrogen, the molecule itself becomes a free radical in severe oxidative
stress conditions [130]. The oxidized compounds start acting as pro-oxidants and can
induce adverse effects on human health. This usually happens as a result of ingesting
a high amount of phytochemicals in diet and usually occurs in the GI tract possibly.

2.4.9 Cell Cycle Modulators

Progression of the cell cycle is mainly regulated by cyclin-dependent kinases
(CDKs) depending upon the individual phase, i.e. G1, S, G2, and M phase.
Cyclin-dependent kinases consist of two subunits, i.e. regulatory and inhibitory
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subunit. CDK holoenzyme is produced by the association of cyclins with the
catalytic subunit through non-covalent binding. The complex is activated by
CDK7/cyclin H after phosphorylation of associated subunit (catalytic). For G1
phase progression, CDK4 and CDK6 bind with cyclin D; for S phase, CDK2
complex with cyclin A; for G2 phase, but transition of G1-S phase requires complex
of CDK2 with cyclin E; transition from G2-M phase, requires complex of CDK1
with cyclin B. In cancer cells, regulatory units involved in the activation and
progression of cell cycle, i.e. CDKs, p53 (tumor suppressor gene), pRb (retinoblas-
toma protein), etc. are altered by several cell survival and mitogenic signaling
pathways [131, 132].

This further induces the activation of the transcription factors from E2F family.
The free form of E2F depends upon the phosphorylation of retinoblastoma
(Rb) protein which is regulated by CDK4/6-cyclin D1 and CDK2-cyclin E
complexes. This further facilitates the transition of the G1-S phase. However,
unphosphorylation of pRb and its related protein leads to inhibit cell division by
seizing the E2F family [133]. Furthermore, overexpression of cyclin or CDKs, as
well as their activators phosphatases, has been reported in cancer cells, e.g. the stage
of the tumor initiation phase, cyclin D1 has been reported with increased expression
responsible for cell proliferation. Another family specifically is known to inhibit the
CDK4/6 is the INK family (p16/ink4a, p15/ink4b, etc.) helps in the inhibition of
tumorigenesis. But recurrent mutations in the INK family may result in its inactiva-
tion or lack of expression leading to initiation of tumor development. Cdc25-family
(protein tyrosine phosphatases) act as mitotic activators and mediates the transition
of G2 to M phase, thus act as a checkpoint. It mediates the process by forming a
complex with cyclin B after dephosphorylating cdc2/p34 present on tyrosine residue
and gets activated. Chk/2, an upstream kinase checks the dephosphorylation of a
tyrosine residue in order to inhibit the cell transition from G2 to M phase in case of
tumorogenesis [134, 135]. Here, the CDC family plays a crucial role as genetic
changes in cdc2/p34 kinase have been reported to its overexpression which can be
related to oncogenic consequences. The above mentioned regulatory cascades thus
could act as an effective therapeutic target to control tumor initiation and its
progression.

Flavopiridol, a flavonoid alkaloid, has been reported to be a CDK4 and CDK7
inhibitor and is currently under investigation. This compound has shown
antiproliferative activity against various types of cancers including breast, lung,
bladder, and myeloid leukemia [136, 137]. Indirubin, a chemical compound used
in traditional Chinese medicine known as Danggui Longhui Wan has been reported
to be a CDK1 and CDK2 inhibitor [138]. Chebulagic acid isolated from Terminalia
chebula has been reported for the induction of cell cycle arrest in G1 phase mediated
anticancer activity against cancerous cell lines. It also reduced the pro-inflammatory
NFkB levels in cells [139]. Wogonin from Scutellaria radix has been reported to
decrease the expression of cyclin A, E, D1, CDK2, and CDK4 in a human colorectal
cell line [140]. Mannose-binding agglutinin from bulbs of Lycoris aurea arrested the
cell cycle in the G2/M phase via downregulating CDK/Cyclin A in the A549 cell line
[141]. Fangchinoline isolated from roots of Stephaniae tetrandrine has shown its
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antiproliferative activity in breast cancer cell lines, i.e. MCF-7, MDA-MB-231 via.
Cell cycle arrest in the G1 phase. It effectively enhanced levels of p21WAF1 and
p27KIPI (cyclin-dependent kinase inhibitors) and decreased the expression of cyclin
D and E [142, 143].

Berberine isolated from Berberis spp., an isoquinoline alkaloid showed
antiproliferative activity against various cancer cell lines, i.e. breast cancer, lung
cancer, prostate cancer, etc. in a dose-dependent manner as well as in animal models
via. Arresting cell cycle at the G0/G1 phase, inhibiting CDK2 and CDK4, reduced
the activity of cyclinD1 [144, 145]. Triterpenoids from citrus spp. termed as
limonoids possess remarkable anticancer activity against SW480 cells via arresting
cell cycle at the G0/G1 phase and inhibiting CDK4 and CDK6 [146]. Polyphenols
present in leaves extract of mulberry inhibited tumor growth, activated p53, blocking
Rb (retinoblastoma protein) phosphorylation to reduce free E2F, arrested cell cycle
at G1/S phase [147]. A flavonoid chalcone, isoliquiritigenin isolated from licorice,
bean sprouts, etc. showed anticancer activity against DU145 cell line, inhibited
cyclin D1 and cyclin E and activated CDC family proteins via inducing phosphory-
lation at TYR15 [127]. Quercetin, a flavonoid induced cell cycle arrest in G1 phase
and decreased the expression of CDK2 and CDK6. It also inhibited Rb phosphory-
lation to inhibit cell cycle transition from the G1-S phase. Isoquercetin and rutin
combined with quercetin present in seeds of buckwheat induced cell cycle arrest at
G2/M phase, activate p53 gene, downregulated cyclin D1, CDK2, and CDK7.
Epigallocatechin-3-gallate (EGCG) isolated from green tea showed broad range
anticancer effects on human cancers, induced G0/G1 phase arrest, downregulate
the expression of pro-inflammatory cytokines such as NFkB combined with
activating CDKs inhibitors [148, 149].

The methanolic extract of Maytenusroyleanus leaves induced cell cycle arrest in
G2 phase and increased the expression of CDK inhibitors [150]. Proanthocyanidins
present in Vitis vinifera were found to be effective as an antiproliferative agent and
inhibited CDK2, CDK4, and CDK6 with cell cycle arrest at the G1 phase. Cyclin D
and E expressions were also reduced by the action of proanthocyanidins
[151]. Another constituent resveratrol (polyphenol) from grapes was found to be
effect against cancerous cell lines such as LNCap, PC-3, A431, C4-2B, and DU-145
via arresting cell cycle progression at G1 phase and reducing the expressions of
cyclin/CDKs [152–155]. Genistin (flavonoid) showed a substantial antiproliferative
activity among the reported flavonoids in modulating cancer cell signaling cascades.
It inhibited the cell cycle progression at the G2/M phase and activated various CDKs
inhibitors (CDKN1A, CDKN1C, CDKN2A, CDKN2B, CDKN2C) [156]. Curcumin
from turmeric showed antiproliferative activity against immortalized umbilical vein
endothelial cells via enhancing CDK1A, 1B and tumor suppressor gene (p53)
[157]. From the above literature, we can conclude that the natural compounds can
act as an efficient anticancer candidate in the modulation of the cell cycle.
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2.4.10 Tumor Suppressor Genes Activation and DNA Repair
Mechanism

Various molecular alterations have been linked with the incidence of neoplastic
transformation followed by abnormal growth and differentiation of cells. Thus,
underlying molecular epidemiology regarding the inactivation of important genes
involved in the initiation of carcinogenesis can be analyzed through mutation
spectrum analysis to study individual DNA patterns. The analysis is effective to
observe changes triggered due to endogenous as well as exogenous mutagens
[158]. Tumor suppression gene (p53) is involved in DNA synthesis, transcription,
DNA repair, and induction of programmed cell death. Mutated tumor suppressor
genes (p53) can provide effective hints regarding the etiology and molecular
cascades involved in carcinogenesis. Alteration of p53 expression in normal cells
due to missense mutations or frameshift mutations leads to the initiation of uncon-
trolled division of cells or neoplasia. Missense mutation alters the p53 expressions
and activates oncogenic activity but the frameshift mutation results in loss of p53
genes [159, 160].

Further, the p53 gene is linked with various other cellular proteins forming a
cascade, and the activated oncoproteins block p53 via binding to the same conse-
quently altering its functions. Ina study, loss of p53 function rusted in the incidence
of the Warburg effect via repressing the GLUT1 and GLUT4 transporters. But its
activation (p53) leads to activation of the TIGAR gene and decreased glycolytic
enzymes activity while enhancing the TCA cycle and ATP synthesis via oxidative
phosphorylation. Activation of p53 genes in cancer cells further enhance
cytochrome c activity to induce apoptosis [161]. Some studies confirmed the role
of p53 protein in arresting cell growth via restore wild type p53 expression via
transfection procedures due to its transactivation activity of the acidic domain at the
amino-terminal region. It is also known to specifically bind DNA sequences and
binds to the mdm2 gene to suppress tumor proliferation. Mdm2 gene is
overexpressed by tumor cells and it can result in the inactivation of the
transactivation cascade of p53 [162]. Further, p53 activates WAG1/Cipl/sdil which
can deactivate cyclin-dependent kinase 2 activity, thus, arresting cell cycle through
inhibition of DNA synthesis. In another study, p53 expression was elevated in
irradiation treated cells and resulted in an arresting cell cycle at the G1 phase and
prevented them to enter the S phase [163]. Gene p53 also induces certain repair
genes such as GADD45, possibly playing a role to arrest the cell cycle in the G1
phase until the damage has been repaired [164]. As explained earlier, the mutation in
the p53 gene leads to its inactivation or loss of function but there are shreds of
evidence of gain of functions also.

Missense mutation occurred in conserved domains consisting of five regions of
amino acids relative to particular cell types as well as tissue. But the mutant p53 can
become oncogenic and is able to transform normal growing cells via interaction with
RAS protein. Also, the mutant p53 is able to complex with wild type p53 as observed
in fibroblast cell cultures resulting in its immortalization. In vivo studies further
confirmed the oncogenic ability of the mutant p53 gene as observed in transgenic
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mice with overexpressed mutant p53 forms [164, 165]. About more than 30% of
mice were developed with carcinomas including lymphomas, osteosarcomas, etc.
Another model used was p53 knock out mouse. Mice deficient in p53 also developed
various kinds of carcinomas, most prevalent were lymphomas. This model provided
greater insights into the role of p53 as its loss can induce tumor formation in
individuals [166]. Another gene is the retinoblastoma gene (Rb), it binds to DNA
but there is sequence-specific binding. The transcription factor E2F initially discov-
ered as an adenovirus E2 promotor activator. This factor interacts with the Rb gene
and is known to regulate the expression of several genes related to the growth of cells
and promote cell growth. It consists of a binding domain that binds to DNA and a
transcription activating domain. Overexpression of Rb has been reported with
inhibition of growth of cells and thus shows its growth-inhibiting properties via
inhibiting E2F factor through forming a complex with it. Rb protein also affects
other growth factors including E2F, the others are the TGF family [167].

Mutations in the Rb gene thus result in loss of its ability to suppress growth in
cancer cells. Furthermore, in cancer cells such as osteosarcoma cells, bladder cancer,
prostate cancer cells, introducing wild type Rb resulted in partial recovery of its
growth inhibition property and was able to inhibit partially the growing cancer cells.
The Rb gene occurs in two forms, i.e., phosphorylated and unphosphorylated forms.
The unphosphorylated form dominates in the G1 phase and phosphorylated form in
S phase, G1 and M phase. The phosphorylation of Rb protein occurs at serine and
threonine residues. The growth inhibition potential of Rb proteins is inhibited by its
phosphorylation as it leads to its inability to bind with E2F protein. Elevated cyclin
levels further enhance the growth of cells. A complete understanding of the tumor
suppressor genes could provide significant diagnostic information that can help in
unraveling specific gene therapy to inhibit carcinogenesis [168, 169]. Keeping in
view the effects of mutations in tumor suppressor genes, certain strategies are
required to preserve the functioning of DNA.

Environmental factors such as UV radiation can damage individual nucleotide,
leads to crosslinking or dimer formation of pyrimidine residues. It blocks the normal
transcription of DNA. Other factors are alkylation or methylation. Due to internal
thermal decomposition, urine nucleotides break off from nucleotide DNA backbone
which can lead to the addition of uracil residues, which will block the transcription
further. This type of error is required to be repaired to avoid lethal consequences.
One type of repair system is the nucleotide excision repair system, also called a short
patch repair. The uvrA and uvrB protein (as studied in E. coli) binds to damaged
DNA fragment in an ATP dependent manner. Further, the uvrC protein removes the
damaged DNA segment at 12 bp part distance. Helicase II acts on the strand and
unwinds it for polymerase I to resynthesis the strand. DNA ligase seals the strands
and the process of repair is completed [1]. The second type of DNA repair is
mismatch repair. This type of error is repaired via the proofreading system. DNA
polymerase pairs adenine with thymine and cytosine with guanine. The proteins
mutS bind to DNA mismatch sequence with mutL and mutH proteins. mutH looks
for a nick in the strand and helicase II unwinds the DNA. Bidirectional exonuclease
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removes mismatched bases and DNA polymerase binds the pairs. In the end DNA
ligase seals the strand which is a mismatch free strand [170].

2.4.11 Inducing Programmed Cell Death/Apoptosis

The word apoptosis is derived from the Greek word “apo” means from and “ptosis”
means falling. Apoptosis is an energy-dependent biochemical mechanism of
programmed cell death. It is a genetically programmed cell death naturally occurring
in all the organisms especially during the phases like embryogenesis, metamorpho-
sis, and aging. One of the best examples of this is the human fingers differentiation
observed during developmental stage of embryo, where the cells between the fingers
are required to undergo apoptosis for separating the fingers. Apoptosis is a part of
cell defense mechanisms like immune reactions. The apoptotic process is regulated
and sequential events. Apoptotic cells become more compact, blebbing of the
membrane occurs, chromatin becomes condensed and DNA is fragmented.
Macrophages recognize the changed cellular surface of apoptotic cells and ulti-
mately engulf them. One of the major changes which occur in the plasma membrane
of apoptotic cells is the flipping of negatively charged phosphatidylserine from inner
leaflet to the outer leaflet of the cell membrane that serves as a marker for apoptotic
cells. The important feature of this process is that programmed cell death does not
result in the release of cell content into the microenvironment of neighboring tissue.
These cells are rapidly engulfed by the macrophages. The engulfing cells do not
produce anti-inflammatory cytokines.

There is a complex mechanism behind the process of programmed cell death that
is tightly regulated by an energy-derived molecular events. These pathways are both
caspase-dependent as well as caspase-independent (Fig. 2.4). The caspase-
dependent apoptosis is initiated either by extrinsic or intrinsic factors. There are
two main types of caspase-dependent pathways viz. caspase-dependent intrinsic and
caspase-dependent extrinsic pathways. Caspase-dependent extrinsic apoptotic path-
way: a number of extracellular signal molecules are specialized to induce apoptosis.
These extracellular signal molecules bind with cell surface receptors termed as death
receptors. The FADD (Fas-associated death domain) an adaptor protein is required
by the association of FasL (Ligand) and FasR (Receptor) on the surface of the cell
membrane. In response to this the death-effector domain (DED) of FADD recruits
and cleave procaspase-8 as active caspase-8 that is called the DISC (death-inducing
signal complex). This activates caspase-3 and caspase-7, which cleaves the substrate
within the cell. Nucleases are then activated, chromosomal DNA is degraded and the
cell dies by apoptosis.

Apoptosis can also be induced by intercellular death signals other than exogenous
signals. The defining event during the apoptotic pathway is mitochondrial matrix
potential governed by outer mitochondrial membrane. After the disintegration of the
outer mitochondrial membrane, cytochrome c is released into the cytosol. In the
cytoplasm, cytochrome c binds to adaptor protein APAF-1 (Apoptotic Protease
Activating Factor-1), a mammalian homolog of C.elegans CED-4 protein. This
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interaction leads to hydrolysis of bound dATP to dADP and a change in the
conformation of APAF-1. APAF-1 assembles into a heptameric complex, called
the apoptosome. APAF-1 proteins in the apoptosome then recruit initiator

Fig. 2.4 Intrinsic and extrinsic caspase-dependent apoptotic pathways
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procaspase-9. The incorporation of procaspase-9 triggers the auto-activating cleav-
age of procaspase-9 and produce caspase-9. This in turn, cleaves procaspase-3,
which then cleaves the target and causes apoptosis of the cell.

2.4.11.1 Induction of Apoptosis by Phytochemicals
Most bioactive phytochemicals instigate apoptosis via an intrinsic pathway wherein
the death stimulation triggers a signaling cascade activating the porosity and release
of mitochondrial outer membrane components such as cytochrome c,
endonuclease G, apoptosis-inducing factor (AIF), secondary mitochondrial caspase
activator (SMAC), and primary apoptosis protein inhibitor (IAP) [171]. Luteolin
from celery, acacetin from chrysanthemum, and 5-hydroxy-3,6,7,8,39-
hexamethoxy-flavone (5-OH-HxMF) from citrus peel can disintegrate the mitochon-
drial membrane, release cytochrome c, activate caspases and ultimately trigger
apoptosis in human cancer cells [172–175]. Human cells, on the other hand, are
generally immune to apoptosis initiation by 5-OH-HxMF [174]. Since the majority
of tumor cells develop relatively quickly, cellular mitogenic signals are disrupted by
those which are the most active apoptosis-inducing. These results suggest that the
food phytochemicals may induce programmed cell death at a limited concentrations
by the generation of ROS and disruption of motor signal transductory pathways in
cancer but not normal cell lines. Genistein, and EGCG causes permeabilization of
outer mitochondrial membrane and inhibits cell survival signaling pathways in
human hepatocellular carcinomas [176–178]. Gingerol and shogaols from ginger
mediate the alterations in outer mitochondrial membrane so to disintegrate it and
release cytochrome c in human cancer cells [179, 180]. Diallyl sulfide from garlic
induces mitochondrial cell death through the generation of ROS and regulation of
Bax/Bak but independent of Bcl-2 or Bcl-XL [181]. Allicin (from garlic) induced
programmed cell death via release of AIF from mitochondria [182]. Phenethyl
isothiocyanate (PEITC), an isothiocyanate from cruciferous vegetables, induce cell
death via MMP disruption and release of cytochrome c from mitochondria to the
cytosol in PC-3 cancer cells [183].

Acacetin from Robinia pseudoacacia induces antioxidant, anti-inflammatory,
antiplasmodial, and antiproliferative action by inducing apoptosis and preventing
cell cycle progression and substantial Fas and FasL upregulation
[173, 184]. Pterostilbene a resveratrol-like dimethyl ether from vaccinium berries,
found to have chemopreventive cancer activity [185]. Recently, it induces apoptosis
through mitochondrial cascade and the GADD expression of Fas/FasL pathway into
AGS human gastric adenocarcinoma cells [176]. Resveratrol trigger CD95 signaling
dependent apoptosis in human cancer cells [186]. Coffee acid phenethyl ester
(CAPE) induces apoptosis in human cancer cells through the downregulation of
cyclin D1, β-catenin, c-myc, activation of Fas and p53 [187, 188]. Recent literature
shown that the curcumin can induce TRAIL-related programmed cell death in
malignant-glioma cells [189]. [6]-Gingerol, ginger extracted phenolic alkanone,
facilitation in gastric cancer cells to TRAIL-related apoptosis with enhanced
TRAIL-induced caspase-3 [190]. Treatment of TRAIL-resistant A549 cells to a
high concentration of sulforaphane mediated TRAIL associated apoptosis
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[191]. Luteolin is a natural flavonoid that sensitizes lung cancer cells to
TNF-induced apoptosis by downregulation of NF-kB with the build-up of ROS
[192]. Its co-treatment with EGCG synergistically induced apoptosis in human
cancer cell lines through TRAIL [193].

2.5 Conclusion

Cancer is a deadly disease, about which despite significant advancement in knowl-
edge, it is still a challenge. Extensive efforts are required to unravel the complete
mechanism of chemopreventive agents involved in the pathophysiology and under-
lying intracellular signaling cascade pathways. Abnormally regulated signaling
pathways often lead to anomalous cellular transformations. Phytochemicals can
target these unregulated pathways to inhibit the abnormal cellular transformations
or induce programmed cell death such as tumor suppressor genes (p53, Rb, cyclin-
dependent kinases, and many growth factors). Phytochemicals based chemopreven-
tion is an effective alternative to healthcare costs in the treatment of cancer. It is an
inexpensive and accessible approach that can be easily acceptable by the general
public and various medical practitioners. Tailored supplementation of
chemopreventive phytochemicals can be a plausible approach to reduce the risk of
cancer in the near future. However, more studies are required to confirm and ensure
the association between the chemopreventive potential of phytochemicals and the
pathophysiology of cancer.

Conflict of Interest The authors declare that there is no conflict of interest.

References

1. Daniel L (2017) Human ribosomal DNA and RNA polymerase I fate during UV-induced DNA
repair. Doctoral dissertation

2. Doll R, Peto R (1981) The causes of cancer: quantitative estimates of avoidable risks of cancer
in the United States today. J Natl Cancer Inst 66:1191–1308

3. Greenwald P (1996) Chemoprevention of cancer. Sci Am 275:96–99
4. Manson MM (2003) Cancer prevention: the potential for diet to modulate molecular signal-

ling. Trends Mol Med 9:11–18
5. Milner JA, McDonald SS, Anderson DE et al (2001) Molecular targets for nutrients involved

with cancer prevention. Nutr Cancer 41:1–16
6. Gescher A, Pastorino U, Plummer SM et al (1998) Suppression of tumour development by

substances derived from the diet: mechanisms and clinical implications. Br J Clin Pharmacol
45:1–12

7. Kong ANT, Yu R, Hebbar V et al (2001) Signal transduction events elicited by cancer
prevention compounds. Mutat Res 480:231–241

8. Agarwal R (2000) Cell signaling and regulators of cell cycle as molecular targets for prostate
cancer prevention by dietary agents. Biochem Pharmacol 60:1051–1059

9. Bode AM, Dong Z (2000) Signal transduction pathways: targets for chemoprevention of skin
cancer. Lancet Oncol 1:181–188

2 Role of Phytochemicals in Modulating Signaling Cascades in Cancer Cells 35



10. Manson MM, Gescher A, Hudson E et al (2000) Blocking and suppressing mechanisms of
chemoprevention by dietary constituents. Toxicol Lett 112:499–505

11. Owuor ED, Kong AN (2002) Antioxidants and oxidants regulated signal transduction
pathways. Biochem Pharmacol 64:765–770

12. Li Y, Sarkar FH (2002) Inhibition of nuclear factor κB activation in PC3 cells by genistein is
mediated via Akt signaling pathway. Clin Cancer Res 8:2369–2377

13. Gong L, Li Y, Nedeljkovic-Kurepa A et al (2003) Inactivation of NF-κB by genistein is
mediated via Akt signaling pathway in breast cancer cells. Oncogene 22:4702–4709

14. Pianetti S, Guo S, Kavanagh KT et al (2002) Green tea polyphenol epigallocatechin-3 gallate
inhibits Her-2/neu signaling, proliferation, and transformed phenotype of breast cancer cells.
Cancer Res 62:652–655

15. Das R, Mahabeleshwar GH, Kundu GC (2003) Osteopontin stimulates cell motility and
nuclear factor κB-mediated secretion of urokinase type plasminogen activator through
phosphatidylinositol 3-kinase/Akt signaling pathways in breast cancer cells. J Biol Chem
278(31):28593–28606

16. Plummer SM, Holloway KA, Manson MM et al (1999) Inhibition of cyclo-oxygenase
2 expression in colon cells by the chemopreventive agent curcumin involves inhibition of
NF-κB activation via the NIK/IKK signalling complex. Oncogene 18:6013–6020

17. Bharti AC, Donato N, Singh S et al (2003) Curcumin (diferuloylmethane) down-regulates the
constitutive activation of nuclear factor-κ B and IκBα kinase in human multiple myeloma cells,
leading to suppression of proliferation and induction of apoptosis. Blood 101:1053–1062

18. Holmes-McNary M, Baldwin AS (2000) Chemopreventive properties of trans-resveratrol are
associated with inhibition of activation of the IκB kinase. Cancer Res 60:3477–3483

19. Afaq F, Adhami VM, Ahmad N, Mukhtar H (2003) Inhibition of ultraviolet B-mediated
activation of nuclear factor κB in normal human epidermal keratinocytes by green tea
Constituent (-)-epigallocatechin-3-gallate. Oncogene 22:1035–1044

20. Yang F, Oz HS, Barve S et al (2001) The green tea polyphenol (-)-epigallocatechin- 3-gallate
blocks nuclear factor-κB activation by inhibiting Iκ B kinase activity in the intestinal epithelial
cell line IEC-6. Mol Pharm 60:528–533

21. Surh YJ, Han SS, Keum YS et al (2000) Inhibitory effects of curcumin and capsaicin on
phorbol ester-induced activation of eukaryotic transcription factors, NF-κB and AP-1.
Biofactors 12:107–112

22. Chun KS, Keum YS, Han SS et al (2003) Curcumin inhibits phorbol ester-induced expression
of cyclooxygenase-2 in mouse skin through suppression of extracellular signal-regulated
kinase activity and NF–κB activation. Carcinogenesis 24:1515–1524

23. Singh S, Aggarwal BB (1995) Activation of transcription factor NF-κ B is suppressed by
curcumin (diferuloylmethane). J Biol Chem 270:24995–25000

24. Park KK, Chun KS, Lee JM et al (1998) Inhibitory effects of [6]-gingerol, a major pungent
principle of ginger, on phorbol ester-induced inflammation, epidermal ornithine decarboxylase
activity and skin tumor promotion in ICR mice. Cancer Lett 129:139–144

25. Surh YJ, Lee RCJ, Park KK et al (1995) Chemoprotective effects of capsaicin and diallyl
sulfide against mutagenesis or tumorigenesis by vinyl carbamate and N-nitrosodimethylamine.
Carcinogenesis 16:2467–2471

26. Surh YJ, Lee SS (1996) Capsaicin in hot chili pepper: carcinogen, co-carcinogen or
anticarcinogen? Food Chem Toxicol 34:313–316

27. Surh YJ (2002) More than spice: capsaicin in hot chili peppers makes tumor cells commit
suicide. J Natl Cancer Inst 94:1263–1265

28. Han SS, Keum YS, Seo HJ et al (2001) Capsaicin suppresses phorbol esterinduced activation
of NF-κB/Rel and AP-1 transcription factors in mouse epidermis. Cancer Lett 164:119–126

29. Dong Z, Ma W, Huang C et al (1997) Inhibition of tumor promoter-induced activator protein
1 activation and cell transformation by tea polyphenols, (�)-epigallocatechin gallate, and
theaflavins. Cancer Res 57:4414–4419

36 D. Singh et al.



30. Nomura M, Ma WY, Huang C et al (2000) Inhibition of ultraviolet B-induced AP-1 activation
by theaflavins from black tea. Mol Carcinog 28:148–155

31. Masuda M, Suzui M, Lim JT et al (2002) Epigallocatechin-3-gallate decreases VEGF produc-
tion in head and neck and breast carcinoma cells by inhibiting EGFR-related pathways of
signal transduction. J Exp Ther Oncol 2:350–359

32. Tacchini L, Dansi P, Matteucci E et al (2000) Hepatocyte growth factor signal coupling to
various transcription factors depends on triggering of Met receptor and protein kinase
transducers in human hepatoma cells HepG2. Exp Cell Res 256:272–281

33. Davis JN, Kucuk O, Sarkar FH (1999) Genistein inhibits NF-κB activation in prostate cancer
cells. Nutr Cancer 35:167–174

34. Narayanan BA, Narayanan NK, Re GG et al (2003) Differential expression of genes induced
by resveratrol in LNCaP cells: p53-mediated molecular targets. Int J Cancer 104:204–212

35. She QB, Bode AM, Ma WY et al (2001) Resveratrol-induced activation of p53 and apoptosis
is mediated by extracellular-signal-regulated protein kinases and p38 kinase. Cancer Res
61:1604–1610

36. Manna SK, Mukhopadhyay A, Aggarwal BB (2000) Resveratrol suppresses TNF-induced
activation of nuclear transcription factors NF-κ B, activator protein-1, and apoptosis: potential
role of reactive oxygen intermediates and lipid peroxidation. J Immunol 164:6509–6519

37. Bharti AC, Aggarwal BB (2002) Nuclear factor-κ B and cancer: its role in prevention and
therapy. Biochem Pharmacol 64:883–888

38. Dinkova-Kostova AT, Holtzclaw WD, Cole RN et al (2002) Direct evidence that sulfhydryl
groups of Keap1 are the sensors regulating induction of phase 2 enzymes that protect against
carcinogens and oxidants. Proc Natl Acad Sci U S A 99:11908–11913

39. Huang HC, Nguyen T, Pickett CB (2002) Phosphorylation of Nrf2 at Ser-40 by protein kinase
C regulates antioxidant response element-mediated transcription. J Biol Chem
277:42769–42774

40. Kang KW, Park EY, Kim SG (2003) Activation of CCAAT/enhancer-binding protein β by
20-amino-30- methoxyflavone (PD98059) leads to the induction of glutathione S-transferase
A2. Carcinogenesis 24:475–482

41. Lee JM, Hanson JM, Chu WA et al (2001) Phosphatidylinositol 3-kinase, not extracellular
signal-regulated kinase, regulates activation of the antioxidant-responsive element in IMR-32
human neuroblastoma cells. J Biol Chem 276:20011–20016

42. Balogun E, Hoque M, Gong P et al (2003) Curcumin activates the haem oxygenase-1 gene via
regulation of Nrf2 and the antioxidant-responsive element. Biochem J 371:887–895

43. Dickinson DA, Iles KE, Zhang H et al (2003) Curcumin alters EpRE and AP-1 binding
complexes and elevates glutamate-cysteine ligase gene expression. FASEB J 17:473–475

44. Morimitsu Y, Nakagawa Y, Hayashi K et al (2002) A sulforaphane analogue that potently
activates the Nrf2-dependent detoxification pathway. J Biol Chem 277:3456–3463

45. Yu R, Jiao JJ, Duh JL et al (1997) Activation of mitogen-activated protein kinases by green tea
polyphenols: potential signaling pathways in the regulation of antioxidant-responsive element-
mediated phase II enzyme gene expression. Carcinogenesis 18:451–456

46. Chen C, Yu R, Owuor ED et al (2000) Activation of antioxidant-response element (ARE),
mitogen-activated protein kinases (MAPKs) and caspases by major green tea polyphenol
components during cell survival and death. Arch Pharm Res 23:605–612

47. Thimmulappa RK, Mai KH, Srisuma H et al (2002) Identification of Nrf2-regulated genes
induced by the chemopreventive agent sulforaphane by oligonucleotide microarray. Cancer
Res 62:5196–5203

48. Mahmoud NN, Carothers AM, Grunberger D et al (2000) Plant phenolics decrease intestinal
tumors in an animal model of familial adenomatous polyposis. Carcinogenesis 21:921–927

49. Jaiswal AS, Marlow BP, Gupta N et al (2002) β-catenin-mediated transactivation and cell–cell
adhesion pathways are important in curcumin (diferuylmethane)-induced growth arrest and
apoptosis in colon cancer cells. Oncogene 21:8414–8427

2 Role of Phytochemicals in Modulating Signaling Cascades in Cancer Cells 37



50. Joe AK, Liu H, Suzui M et al (2002) Resveratrol induces growth inhibition, S-phase arrest,
apoptosis, and changes in biomarker expression in several human cancer cell lines. Clin
Cancer Res 8:893–903

51. Blum CA, Xu M, Orner GA et al (2001) β-Catenin mutation in rat colon tumors initiated by
1,2-dimethylhydrazine and 2-amino-3- methylimidazo[4,5-f]quinoline, and the effect of
postinitiation treatment with chlorophyllin and indole-3-carbinol. Carcinogenesis 22:315–320

52. Meng Q, Qi M, Chen DZ et al (2000) Suppression of breast cancer invasion and migration by
indole-3-carbinol: associated with upregulation of BRCA1 and E-cadherin/catenin complexes.
J Mol Med 78:155–165

53. Brack ME, Boterberg T, Depypere HT et al (2002) The citrus methoxyflavone tangeretin
affects human cell–cell interactions. Adv Exp Med Biol 505:135–139

54. McEntee MF, Chiu CH, Whelan J (1999) Relationship of β-catenin and Bcl-2 expression to
sulindac-induced regression of intestinal tumors in Min mice. Carcinogenesis 20:635–640

55. Dihlmann S, Siermann A, von Knebel DM (2001) The nonsteroidal anti-inflammatory drugs
aspirin and indomethacin attenuate β-catenin/TCF-4 signaling. Oncogene 20:645–653

56. Mori H, Yamada Y, Hirose Y et al (2002) Chemoprevention of large bowel carcinogenesis; the
role of control of cell proliferation and significance of β-catenin-accumulated crypts as a new
biomarker. Eur J Cancer Prev 11:S71–S75

57. Friday BB, Adjei AA (2008) Advances in targeting the Ras/Raf/MEK/Erk mitogen-activated
protein kinase cascade with MEK inhibitors for cancer therapy. Clin Cancer Res 14
(2):342–346

58. Bhui K, Tyagi S, Prakash B, Shukla Y (2010) Pineapple bromelain induces autophagy,
facilitating apoptotic response in mammary carcinoma cells. Biofactors 36(6):474–482

59. Bhattacharya U, Halder B, Mukhopadhyay S, Giri AK (2009) Role of oxidation-triggered
activation of JNK and p38 MAPK in black tea polyphenols induced apoptotic death of A375
cells. Cancer Sci 100(10):1971–1978

60. Jyothi D, Vanathi P, Gowri PM, Rao VRS, Rao JM, Sreedhar AS (2009) Diferuloylmethane
augments the cytotoxic effects of piplartine isolated from Piper chaba. Toxicol In Vitro 23
(6):1085–1091

61. Sathya S, Sudhagar S, Priya MV, Raja RB, Muthusamy VS, Devaraj SN, Lakshmi BS (2010)
3β-Hydroxylup-20 (29)-ene-27, 28-dioic acid dimethyl ester, a novel natural product from
Plumbago zeylanica inhibits the proliferation and migration of MDA-MB-231 cells. Chem
Biol Interact 188(3):412–420

62. Mandal C, Dutta A, Mallick A, Chandra S, Misra L, Sangwan RS, Mandal C (2008)
Withaferin a induces apoptosis by activating p38 mitogen-activated protein kinase signaling
cascade in leukemic cells of lymphoid and myeloid origin through mitochondrial death
cascade. Apoptosis 13(12):1450–1464

63. Sylvester PW, Ayoub NM (2013) Tocotrienols target PI3K/Akt signaling in anti-breast cancer
therapy. Anti Cancer Agents Med Chem 13:1039–1047. https://doi.org/10.2174/
18715206113139990116

64. Lin ZY, Kuo CH, Wu DC et al (2016) Anticancer effects of acceptable colchicine
concentrations on human gastric cancer cell lines. Kaohsiung J Med Sci 32:68–73. https://
doi.org/10.1016/j.kjms.2015.12.006

65. Hossan MS, Rahman S, Bashar ABMA et al (2014) Rosmarinic acid: a review of its anticancer
action. World J Pharm Pharm Sci 3:57–70

66. Kuo MC, Chang SJ, Hsieh MC (2015) Colchicine significantly reduces incident cancer in gout
male patients. Medicine 94:e1570. https://doi.org/10.1097/MD.0000000000001570

67. Vivanco I, Sawyers CL (2002) The phosphatidylinositol 3-kinase–AKT pathway in human
cancer. Nat Rev Cancer 2(7):489–501

68. Cornélio Favarin D, Martins Teixeira M, Lemos de Andrade E, de Freitas Alves C, Lazo Chica
JE, Artério Sorgi C, Faccioli LH, Paula Rogerio A (2013) Anti-inflammatory effects of ellagic
acid on acute lung injury induced by acid in mice. Mediat Inflamm 2013:164202

38 D. Singh et al.

https://doi.org/10.2174/18715206113139990116
https://doi.org/10.2174/18715206113139990116
https://doi.org/10.1016/j.kjms.2015.12.006
https://doi.org/10.1016/j.kjms.2015.12.006
https://doi.org/10.1097/MD.0000000000001570


69. Engelman JA, Luo J, Cantley LC (2006) The evolution of phosphatidylinositol 3-kinases as
regulators of growth and metabolism. Nat Rev Genet 7(8):606–619

70. Yap TA, Garrett MD, Walton MI, Raynaud F, de Bono JS, Workman P (2008) Targeting the
PI3K–AKT–mTOR pathway: progress, pitfalls, and promises. Curr Opin Pharmacol 8
(4):393–412

71. Wang W, Wang X, Peng L, Deng Q, Liang Y, Qing H, Jiang B (2010) CD24-dependent
MAPK pathway activation is required for colorectal cancer cell proliferation. Cancer Sci 101
(1):112–119

72. Kim EC, Min JK, Kim TY, Lee SJ, Yang HO, Han S, Kim YM, Kwon YG (2005)
[6]-Gingerol, a pungent ingredient of ginger, inhibits angiogenesis in vitro and in vivo.
Biochem Biophys Res Commun 335(2):300–308

73. Roy SK, Srivastava RK, Shankar S (2010) Inhibition of PI3K/AKT and MAPK/ERK
pathways causes activation of FOXO transcription factor, leading to cell cycle arrest and
apoptosis in pancreatic cancer. J Mol Signal 5(1):10

74. Corona G, Spencer JPE, Dessi MA (2009) Extra virgin olive oil phenolics: absorption,
metabolism, and biological activities in the GI tract. Toxicol Ind Health 25(4–5):285–293

75. Sun F, Zheng XY, Ye J, Wu TT, Wang JL, Chen W (2012) Potential anticancer activity of
myricetin in human T24 bladder cancer cells both in vitro and in vivo. Nutr Cancer 64
(4):599–606

76. Adan A, Baran Y (2015) The pleiotropic effects of fisetin and hesperetin on human acute
promyelocytic leukemia cells are mediated through apoptosis, cell cycle arrest, and alterations
in signaling networks. Tumor Biol 36:8973–8984. https://doi.org/10.1007/s13277-015-3597-
6

77. Lee J, Kim JH (2016) Kaempferol inhibits pancreatic cancer cell growth and migration
through the blockade of EGFR-related pathway in vitro. PLoS One 11:e0155264. https://
doi.org/10.1371/journal.pone.0155264

78. Kim MJ, Kim H (2015) Anticancer effect of lycopene in gastric carcinogenesis. J Cancer Prev
20:92–96. https://doi.org/10.15430/JCP.2015.20.2.92

79. He X, Saint-Jeannet JP, Wang Y, Nathans J, Dawid I, Varmus H (1997) A member of the
frizzled protein family mediating axis induction by Wnt-5A. Science 275(5306):1652–1654

80. Smalley MJ, Sara E, Paterson H, Naylor S, Cook D, Jayatilake H, Fryer LG, Hutchinson L, Fry
MJ, Dale TC (1999) Interaction of Axin and Dvl-2 proteins regulates Dvl-2-stimulated
TCF-dependent transcription. EMBO J 18(10):2823–2835

81. Salic A, Lee E, Mayer L, Kirschner MW (2000) Control of β-catenin stability: reconstitution of
the cytoplasmic steps of the wnt pathway in Xenopus egg extracts. Mol Cell 5(3):523–532

82. Hart M, Concordet JP, Lassot I, Albert I, Del los Santos R, Durand H, Perret C, Rubinfeld B,
Margottin F, Benarous R, Polakis P (1999) The F-box protein β-TrCP associates with
phosphorylated β-catenin and regulates its activity in the cell. Curr Biol 9(4):207–211

83. Seeling JM, Miller JR, Gil R, Moon RT, White R, Virshup DM (1999) Regulation of β-catenin
signaling by the B56 subunit of protein phosphatase 2A. Science 283(5410):2089–2091

84. Landesman-Bollag E, Song DH, Romieu-Mourez R, Sussman DJ, Cardiff RD, Sonenshein
GE, Seldin DC (2001) Protein kinase CK2: signaling and tumorigenesis in the mammary
gland. Mol Cell Biochem 227(1–2):153–165

85. Gao ZHI, Xu Z, Hung MS, Lin YC, Wang T, Gong MIN, Zhi X, Jablon DM, You L (2009)
Promoter demethylation of WIF-1 by epigallocatechin-3-gallate in lung cancer cells. Antican-
cer Res 29(6):2025–2030

86. Shan BE, Wang MX, Li RQ (2009) Quercetin inhibit human SW480 colon cancer growth in
association with inhibition of cyclin D1 and survivin expression through Wnt/β-catenin
signaling pathway. Cancer Investig 27(6):604–612

87. Amado NG, Cerqueira DM, Menezes FS, da Silva JFM, Neto VM, Abreu JG (2009)
Isoquercitrin isolated from Hyptis fasciculata reduces glioblastoma cell proliferation and
changes β-catenin cellular localization. Anti-Cancer Drugs 20(7):543–552

2 Role of Phytochemicals in Modulating Signaling Cascades in Cancer Cells 39

https://doi.org/10.1007/s13277-015-3597-6
https://doi.org/10.1007/s13277-015-3597-6
https://doi.org/10.1371/journal.pone.0155264
https://doi.org/10.1371/journal.pone.0155264
https://doi.org/10.15430/JCP.2015.20.2.92


88. Park S, Choi J (2010) Inhibition of β-catenin/Tcf signaling by flavonoids. J Cell Biochem 110
(6):1376–1385

89. Laplante M, Sabatini DM (2009) mTOR signaling at a glance. J Cell Sci 122(20):3589–3594
90. Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, Oppliger W,

Jenoe P, Hall MN (2002) Two TOR complexes, only one of which is rapamycin sensitive,
have distinct roles in cell growth control. Mol Cell 10(3):457–468

91. Laplante M, Sabatini DM (2012) mTOR signaling in growth control and disease. Cell 149
(2):274–293

92. Schalm SS, Fingar DC, Sabatini DM, Blenis J (2003) TOS motif-mediated raptor binding
regulates 4E-BP1 multisite phosphorylation and function. Curr Biol 13(10):797–806

93. Peterson TR, Laplante M, Thoreen CC, Sancak Y, Kang SA, Kuehl WM, Gray NS, Sabatini
DM (2009) DEPTOR is an mTOR inhibitor frequently overexpressed in multiple myeloma
cells and required for their survival. Cell 137(5):873–886

94. Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS, Turk BE,
Shaw RJ (2008) AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell
30(2):214–226

95. Kim DH, Sarbassov DD, Ali SM, Latek RR, Guntur KV, Erdjument-Bromage H, Tempst P,
Sabatini DM (2003) GβL, a positive regulator of the rapamycin-sensitive pathway required for
the nutrient-sensitive interaction between raptor and mTOR. Mol Cell 11(4):895–904

96. Guertin DA, Guntur KV, Bell GW, Thoreen CC, Sabatini DM (2006) Functional genomics
identifies TOR-regulated genes that control growth and division. Curr Biol 16(10):958–970

97. Zeng Z, Sarbassov DD, Samudio IJ, Yee KW, Munsell MF, Ellen Jackson C, Giles FJ,
Sabatini DM, Andreeff M, Konopleva M (2007) Rapamycin derivatives reduce mTORC2
signaling and inhibit AKT activation in AML. Blood 109(8):3509–3512

98. Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ, Kim DH (2007) Insulin signalling to mTOR
mediated by the Akt/PKB substrate PRAS40. Nat Cell Biol 9(3):316–323

99. Wang L, Harris TE, Roth RA, Lawrence JC (2007) PRAS40 regulates mTORC1 kinase
activity by functioning as a direct inhibitor of substrate binding. J Biol Chem 282
(27):20036–20044

100. Johnson SM, Gulhati P, Arrieta I, Wang X, Uchida T, Gao T, Evers BM (2009) Curcumin
inhibits proliferation of colorectal carcinoma by modulating Akt/mTOR signaling. Anticancer
Res 29(8):3185–3190

101. Beevers CS, Li F, Liu L, Huang S (2006) Curcumin inhibits the mammalian target of
rapamycin-mediated signaling pathways in cancer cells. Int J Cancer 119(4):757–764

102. Aziz MH, Nihal M, Fu VX, Jarrard DF, Ahmad N (2006) Resveratrol-caused apoptosis of
human prostate carcinoma LNCaP cells is mediated via modulation of phosphatidylinositol
30-kinase/Akt pathway and Bcl-2 family proteins. Mol Cancer Ther 5(5):1335–1341

103. Jiang H, Shang X, Wu H, Gautam SC, Al-Holou S, Li C, Kuo J, Zhang L, Chopp M (2009)
Resveratrol downregulates PI3K/Akt/mTOR signaling pathways in human U251 glioma cells.
J Exp Ther Oncol 8(1):25

104. Brito PM, Devillard R, Nègre-Salvayre A, Almeida LM, Dinis TC, Salvayre R, Augé N (2009)
Resveratrol inhibits the mTOR mitogenic signaling evoked by oxidized LDL in smooth
muscle cells. Atherosclerosis 205(1):126–134

105. Khan N, Afaq F, Kweon MH, Kim K, Mukhtar H (2007) Oral consumption of pomegranate
fruit extract inhibits growth and progression of primary lung tumors in mice. Cancer Res 67
(7):3475–3482

106. Pantuck AJ, Leppert JT, Zomorodian N, Aronson W, Hong J, Barnard RJ, Seeram N, Liker H,
Wang H, Elashoff R, Heber D (2006) Phase II study of pomegranate juice for men with rising
prostate-specific antigen following surgery or radiation for prostate cancer. Clin Cancer Res 12
(13):4018–4026

107. Paller CJ, Ye X, Wozniak PJ et al (2013) A randomized phase II study of pomegranate extract
for men with rising PSA following initial therapy for localized prostate cancer. Prostate Cancer
Prostatic Dis 16:50–55

40 D. Singh et al.



108. Kim SH, Kim SH, Kim YB, Jeon YT, Lee SC, Song YS (2009) Genistein inhibits cell growth
by modulating various mitogen-activated protein kinases and AKT in cervical cancer cells.
Ann N Y Acad Sci 1171(1):495–500

109. Anastasius N, Boston S, Lacey M, Storing N, Whitehead SA (2009) Evidence that low-dose,
long-term genistein treatment inhibits oestradiol-stimulated growth in MCF-7 cells by down-
regulation of the PI3-kinase/Akt signalling pathway. J Steroid Biochem Mol Biol 116
(1–2):50–55

110. Nakamura Y, Yogosawa S, Izutani Y, Watanabe H, Otsuji E, Sakai T (2009) A combination of
indole-3-carbinol and genistein synergistically induces apoptosis in human colon cancer
HT-29 cells by inhibiting Akt phosphorylation and progression of autophagy. Mol Cancer 8
(1):100

111. Banerjee S, Zhang Y, Wang Z, Che M, Chiao PJ, Abbruzzese JL, Sarkar FH (2007) Retracted:
in vitro and in vivo molecular evidence of genistein action in augmenting the efficacy of
cisplatin in pancreatic cancer. Int J Cancer 120(4):906–917

112. Kotecha R, Takami A, Espinoza JL (2016) Dietary phytochemicals and cancer chemopreven-
tion: a review of the clinical evidence. Oncotarget 7:52517

113. Gajbhiye RL, Mahato SK, Achari A et al (2019) Cancer chemoprevention by dietary
polyphenols, flavonoids, terpenoids, and saponins. In: Bioactive natural products for the
management of cancer: from bench to bedside. Springer, Singapore, pp 91–109

114. Gulcin I, Beydemir S (2013) Phenolic compounds as antioxidants: carbonic anhydrase
isoenzymes inhibitors. Mini Rev Med Chem 13:408–430

115. Verma N, Shukla S (2015) Impact of various factors responsible for fluctuation in plant
secondary metabolites. J Appl Res Med Aromat Plants 2:105–113

116. Hooper PL, Hooper PL, Tytell M, Vígh L (2010) Xenohormesis: health benefits from an eon of
plant stress response evolution. Cell Stress Chaperones 15:761–770

117. Surh YJ (2011) Xenohormesis mechanisms underlying chemopreventive effects of some
dietary phytochemicals. Ann N Y Acad Sci 1229:1–6

118. Miguel MG (2011) Anthocyanins: antioxidant and/or anti-inflammatory activities. J Appl
Pharm Sci 1:7–15

119. Choe KI, Kwon JH, Park KH et al (2012) The antioxidant and anti-inflammatory effects of
phenolic compounds isolated from the root of Rhodiola sachalinensis A. BOR Mol
17:11484–11494

120. Ziech D, Franco R, Georgakilas AG et al (2010) The role of reactive oxygen species and
oxidative stress in environmental carcinogenesis and biomarker development. Chem Biol
Interact 188:334–339

121. Das P, Nutan KK, Singla-Pareek SL et al (2015) Oxidative environment and redox homeosta-
sis in plants: dissecting out significant contribution of major cellular organelles. Front Environ
Sci 2:70

122. Valavanidis A, Vlachogianni T, Fiotakis K et al (2013) Pulmonary oxidative stress, inflamma-
tion and cancer: respirable particulate matter, fibrous dusts and ozone as major causes of lung
carcinogenesis through reactive oxygen species mechanisms. Int J Environ Res Public Health
10:3886–3907

123. Huang Q, Zhan L, Cao H et al (2016) Increased mitochondrial fission promotes autophagy and
hepatocellular carcinoma cell survival through the ROS-modulated coordinated regulation of
the NFKB and TP53 pathways. Autophagy 12:999–1014

124. Wardyn JD, Ponsford AH, Sanderson CM (2015) Dissecting molecular cross-talk between
Nrf2 and NF-κB response pathways. Biochem Soc Trans 43:621–626

125. Zhang H, Tsao R (2016) Dietary polyphenols, oxidative stress and antioxidant and anti-
inflammatory effects. Curr Opin Food Sci 8:33–42

126. Dubois H, Wullaert A, Lamkanfi M (2016) General strategies in inflammasome biology. In:
Inflammasome signaling and bacterial infections. Springer, Cham, pp 1–22

2 Role of Phytochemicals in Modulating Signaling Cascades in Cancer Cells 41



127. Zhang B, Lai Y, Li Y et al (2018) Antineoplastic activity of isoliquiritigenin, a chalcone
compound, in androgen-independent human prostate cancer cells linked to G2/M cell cycle
arrest and cell apoptosis. Eur J Pharmacol 821:57–67

128. Na HK, Surh YJ (2015) Cancer chemopreventive phytochemicals targeting NF-κB and Nrf2
signaling pathways. In: Genomics, proteomics and metabolomics in nutraceuticals and func-
tional foods. Wiley-Blackwell, Hoboken, NJ, pp 102–121

129. Dai C, Li B, Zhou Y, Li H, Xiao X, Tang S (2016) Curcumin attenuates quinocetone induced
apoptosis and inflammation via the opposite modulation of Nrf2/HO-1 and NF-kB pathway in
human hepatocyte L02 cells. Food Chem Toxicol 95:52–63

130. Eghbaliferiz S, Iranshahi M (2016) Prooxidant activity of polyphenols, flavonoids,
anthocyanins and carotenoids: updated review of mechanisms and catalyzing metals.
Phytother Res 30:1379–1391

131. Collins K, Jacks T, Pavletich NP (1997) The cell cycle and cancer. Proc Natl Acad Sci
94:2776–2778

132. Hardwick LJ, Azzarelli R, Philpott A (2018) Cell cycle-dependent phosphorylation and
regulation of cellular differentiation. Biochem Soc Trans 46:1083–1091

133. Kelly BL, Wolfe KG, Roberts JM (1998) Identification of a substrate-targeting domain in
cyclin E necessary for phosphorylation of the retinoblastoma protein. Proc Natl Acad Sci
95:2535–2540

134. Deshpande A, Sicinski P, Hinds PW (2005) Cyclins and cdks in development and cancer: a
perspective. Oncogene 24:2909

135. Hydbring P, Malumbres M, Sicinski P (2016) Non-canonical functions of cell cycle cyclins
and cyclin-dependent kinases. Nat Rev Mol Cell Biol 17:280

136. Zocchi L, Wu SC, Wu J et al (2018) The cyclin-dependent kinase inhibitor flavopiridol
(alvocidib) inhibits metastasis of human osteosarcoma cells. Oncotarget 9:23505

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

138. Blažević T, Heiss EH, Atanasov AG et al (2015) Indirubin and indirubin derivatives for
counteracting proliferative diseases. Evid-Based Complement Altern Med 2015:654098.
https://doi.org/10.1155/2015/654098

139. Shanmuganathan S, Angayarkanni N (2018) Chebulagic acid Chebulinic acid and Gallic acid,
the active principles of Triphala, inhibit TNFα induced pro-angiogenic and pro-inflammatory
activities in retinal capillary endothelial cells by inhibiting p38, ERK and NFkB phosphoryla-
tion. Vasc Pharmacol 108:23–35

140. Zhao Q, Chang W, Chen R et al (2019) Anti-proliferative effect of wogonin on ovary Cancer
cells involves activation of apoptosis and cell cycle arrest. Med Sci Monit 25:8465

141. Chen GL, Tian YQ,Wu JL et al (2016) Antiproliferative activities of Amaryllidaceae alkaloids
from Lycoris radiata targeting DNA topoisomerase I. Sci Rep 6:38284

142. Mérarchi M, Sethi G, Fan L et al (2018) Molecular targets modulated by fangchinoline in
tumor cells and preclinical models. Molecules 23:2538

143. Yang J, Hu S, Wang C et al (2019) Fangchinoline derivatives induce cell cycle arrest and
apoptosis in human leukemia cell lines via suppression of the PI3K/AKT and MAPK signaling
pathway. Eur J Med Chem 186:111898. https://doi.org/10.1016/j.ejmech.2019.111898

144. Barzegar E, Fouladdel S, Movahhed TK et al (2015) Effects of berberine on proliferation, cell
cycle distribution and apoptosis of human breast cancer T47D and MCF7 cell lines. Iran J
Basic Med Sci 18:334

145. Qin XP, Zhan XY, Chen QB et al (2018) Berberine enhances mitomycin C-induced cell cycle
arrest and apoptosis of T24 bladder cancer cells. Chin J Pathophysiol 34:1025–1030

146. Lange N, Tontsa AT, Wegscheid C et al (2016) The limonoids TS3 and rubescin E induce
apoptosis in human hepatoma cell lines and interfere with NF-κB signaling. Plos One 11:
e0160843

147. Chan KC, Huang HP, Ho HH et al (2015) Mulberry polyphenols induce cell cycle arrest of
vascular smooth muscle cells by inducing NO production and activating AMPK and p53. J
Funct Food 15:604–613

42 D. Singh et al.

https://doi.org/10.1155/2015/654098
https://doi.org/10.1016/j.ejmech.2019.111898


148. Niedzwiecki A, Roomi MW, Kalinovsky T et al (2016) Anticancer efficacy of polyphenols
and their combinations. Nutrients 8:552

149. Watson RR, Preedy VR, Zibadi S (Eds.). (2018) Polyphenols: prevention and treatment of
human disease. Academic press, London

150. Shabbir M, Syed DN, Lall RK et al (2015) Potent anti-proliferative, pro-apoptotic activity of
the Maytenus royleanus extract against prostate cancer cells: evidence in in-vitro and in-vivo
models. Plos One 10:e0119859

151. Decean HP, Brie IC, Tatomir CB et al (2018) Targeting MAPK (p38, ERK, JNK) and
inflammatory CK (GDF-15, GM-CSF) in UVB-activated human skin cells with Vitis vinifera
seed extract. J Environ Pathol Toxicol Oncol 37:261–272

152. Empl MT, Albers M, Wang S et al (2015) The resveratrol tetramer r-viniferin induces a cell
cycle arrest followed by apoptosis in the prostate cancer cell line LNCaP. Phytother Res
29:1640–1645

153. Zhai XX, Ding JC, Tang ZM et al (2016) Effects of resveratrol on the proliferation, apoptosis
and telomerase ability of human A431 epidermoid carcinoma cells. Oncol Lett 11:3015–3018

154. Singh SK, Banerjee S, Acosta EP et al (2017) Resveratrol induces cell cycle arrest and
apoptosis with docetaxel in prostate cancer cells via a p53/p21WAF1/CIP1 and p27KIP1
pathway. Oncotarget 8:17216

155. Fonseca J, Moradi F, Maddalena LA et al (2019) Resveratrol integrates metabolic and growth
effects in PC3 prostate cancer cells-involvement of prolyl hydroxylase and hypoxia inducible
factor-1. Oncol Lett 17:697–705

156. Fang Y, Zhang Q, Wang X et al (2016) Quantitative phosphoproteomics reveals genistein as a
modulator of cell cycle and DNA damage response pathways in triple-negative breast cancer
cells. Int J Oncol 48:1016–1028

157. Agarwal A, Kasinathan A, Ganesan R et al (2018) Curcumin induces apoptosis and cell cycle
arrest via the activation of reactive oxygen species–independent mitochondrial apoptotic
pathway in Smad4 and p53 mutated colon adenocarcinoma HT29 cells. Nutr Res 51:67–81

158. Pierotti MA, Frattini M, Molinari F et al (2016) Oncogenes. In: Holland-Frei Cancer Medicine.
BC Decker, Hamilton, ON, pp 1–22

159. Rivlin N, Brosh R, Oren M et al (2011) Mutations in the p53 tumor suppressor gene: important
milestones at the various steps of tumorigenesis. Genes Cancer 2:466–474

160. Muller PA, Vousden KH (2013) p53 mutations in cancer. Nat Cell Biol 15:2–8
161. Levine AJ, Puzio-Kuter AM (2010) The control of the metabolic switch in cancers by

oncogenes and tumor suppressor genes. Science 330:1340–1344
162. Manfredi JJ (2010) The Mdm2–p53 relationship evolves: Mdm2 swings both ways as an

oncogene and a tumor suppressor. Genes Dev 24:1580–1589
163. Tudzarova S, Mulholland P, Dey A et al (2016) p53 controls CDC7 levels to reinforce G1 cell

cycle arrest upon genotoxic stress. Cell Cycle 15:2958–2972
164. Parrales A, Iwakuma T (2015) Targeting oncogenic mutant p53 for cancer therapy. Front

Oncol 5:288
165. Mantovani F, Walerych D, Del Sal G (2017) Targeting mutant p53 in cancer: a long road to

precision therapy. FEBS J 284:837–850
166. Liu J, Zhang C, Hu W et al (2015) Tumor suppressor p53 and its mutants in cancer metabo-

lism. Cancer Lett 356:197–203
167. Liban TJ, Thwaites MJ, Dick FA et al (2016) Structural conservation and E2F binding

specificity within the retinoblastoma pocket protein family. J Mol Biol 428:3960–3971
168. Scott MC, Sarver AL, Tomiyasu H et al (2015) Aberrant retinoblastoma (RB)-E2F transcrip-

tional regulation defines molecular phenotypes of osteosarcoma. J Biol Chem
290:28070–28083

169. Rubin SM (2017) Inhibition of retinoblastoma protein inactivation. University of California,
Santa Cruz, CA

170. Chung DC, Rustgi AK (1995) DNA mismatch repair and cancer. Gastroenterology
109:1685–1699

2 Role of Phytochemicals in Modulating Signaling Cascades in Cancer Cells 43



171. Zamzami N, Kroemer G (2001) The mitochondrion in apoptosis: how Pandora’s box opens.
Nat Rev Mol Cell Biol 2:67–71

172. Cheng AC, Huang TC, Lai CS et al (2005) Induction of apoptosis by luteolin through cleavage
of Bcl-2 family in human leukemia HL-60 cells. Eur J Pharmacol 509:1–10

173. Pan MH, Lai CS, Hsu PC et al (2005) Acacetin induces apoptosis in human gastric carcinoma
cells accompanied by activation of caspase cascades and production of reactive oxygen
species. J Agric Food Chem 53:620–630

174. Pan MH, Lai YS, Lai CS et al (2007) 5- Hydroxy-3,6,7,8,39,49-hexamethoxyflavone induces
apoptosis through reactive oxygen species production, growth arrest and DNA damage-
inducible gene 153 expression, and caspase activation in human leukemia cells. J Agric
Food Chem 55:5081–5091

175. Pan MH, Chang WL, Lin-Shiau SY et al (2001) Induction of apoptosis by garcinol and
curcumin through cytochrome c release and activation of caspases in human leukemia
HL-60 cells. J Agric Food Chem 49:1464–1474

176. Yeh TC, Chiang PC, Li TK et al (2007) Genistein induces apoptosis in human hepatocellular
carcinomas via interaction of endoplasmic reticulum stress and mitochondrial insult. Biochem
Pharmacol 73:782–792

177. Qanungo S, Das M, Haldar S, Basu A (2005) Epigallocatechin- 3-gallate induces mitochon-
drial membrane depolarization and caspase-dependent apoptosis in pancreatic cancer cells.
Carcinogenesis 26:958–967

178. Zhao Y, Yang LF, Ye M et al (2004) Induction of apoptosis by epigallocatechin-3-gallate via
mitochondrial signal transduction pathway. Prev Med 39:1172–1179

179. Wang CC, Chen LG, Lee LT et al (2003) Effects of 6- gingerol, an antioxidant from ginger, on
inducing apoptosis in human leukemic HL-60 cells. In Vivo 17:641–645

180. Chen CY, Liu TZ, Liu YW et al (2007) 6-shogaol (alkanone from ginger) induces apoptotic
cell death of human hepatoma p53 mutant Mahlavu subline via an oxidative stress-mediated
caspase-dependent mechanism. J Agric Food Chem 55:948–954

181. Kim YA, Xiao D, Xiao H et al (2007) Mitochondria- mediated apoptosis by diallyl trisulfide in
human prostate cancer cells is associated with generation of reactive oxygen species and
regulated by Bax/Bak. Mol Cancer Ther 6:1599–1609

182. Park SY, Cho SJ, Kwon HC et al (2005) Caspase- independent cell death by allicin in human
epithelial carcinoma cells: involvement of PKA. Cancer Lett 224:123–132

183. Xiao D, Lew KL, Zeng Y et al (2006) Phenethyl isothiocyanate-induced apoptosis in PC-3
human prostate cancer cells is mediated by reactive oxygen species-dependent disruption of
the mitochondrial membrane potential. Carcinogenesis 27:2223–2234

184. Singh RP, Agrawal P, Yim D et al (2005) Acacetin inhibits cell growth and cell cycle
progression, and induces apoptosis in human prostate cancer cells: Structureactivity relation-
ship with linarin and linarin acetate. Carcinogenesis 26:845–854

185. Pan MH, Lai CS, Wang YJ et al (2006) Acacetin suppressed LPS-induced up-expression of
iNOS and COX-2 in murine macrophages and TPA-induced tumor promotion in mice.
Biochem Pharmacol 72:1293–1303

186. Clement MV, Hirpara JL, Chawdhury SH et al (1998) Chemopreventive agent resveratrol, a
natural product derived from grapes, triggers CD95 signaling-dependent apoptosis in human
tumor cells. Blood 92:996–1002

187. Watabe M, Hishikawa K, Takayanagi A et al (2004) Caffeic acid phenethyl ester induces
apoptosis by inhibition of NF-kappaB and activation of Fas in human breast cancer MCF-7
cells. J Biol Chem 279:6017–6026

188. Xiang D, Wang D, He Y et al (2006) Caffeic acid phenethyl ester induces growth arrest and
apoptosis of colon cancer cells via the beta-catenin/T-cell factor signaling. Anti-Cancer Drugs
17:753–762

189. Gao X, Deeb D, Jiang H et al (2005) Curcumin differentially sensitizes malignant glioma cells
to TRAIL/ Apo2L-mediated apoptosis through activation of procaspases and release of
cytochrome c from mitochondria. J Exp Ther Oncol 5:39–48

44 D. Singh et al.



190. Ishiguro K, Ando T, Maeda O et al (2007) Ginger ingredients reduce viability of gastric cancer
cells via distinct mechanisms. Biochem Biophys Res Commun 362:218–223

191. Jin CY, Moon DO, Lee JD et al (2007) Sulforaphane sensitizes tumor necrosis factor-related
apoptosisinducing ligand-mediated apoptosis through downregulation of ERK and Akt in lung
adenocarcinoma A549 cells. Carcinogenesis 28:1058–1066

192. Ju W, Wang X, Shi H et al (2007) A critical role of luteolin-induced reactive oxygen species in
blockage of tumor necrosis factor-activated nuclear factor-kappaB pathway and sensitization
of apoptosis in lung cancer cells. Mol Pharmacol 71:1381–1388

193. Nishikawa T, Nakajima T, Moriguchi M et al (2006) A green tea polyphenol, epigalocatechin-
3-gallate, induces apoptosis of human hepatocellular carcinoma, possibly through inhibition of
Bcl-2 family proteins. J Hepatol 44:1074–1082

2 Role of Phytochemicals in Modulating Signaling Cascades in Cancer Cells 45



Diverse Cancer Therapeutic Interactions:
Complexities in Cancer Management 3
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Abstract

Cancer is a multifactorial manifestation of diverse complexities linked with its
development and progression. The environment is a source of exposure to
multiple carcinogens including radiation, which causes aberration in critical
regulators of cell cycle. The gene–environment interactions include highly com-
plex downstream signaling pathways which are implicated in the process of
tumorigenesis. Identification and understanding of the intricate signal mechanism
is a challenging task because of the diversity of signaling networks involved in
cancer. Different types of cancers exhibit a diverse set of mutations affecting a
variety of signaling cascades. The better prognostic, diagnostic, and therapeutic
approaches to combat cancer have been limited due to gaps in incomplete
understanding of these complex molecular signaling cascades. Cancer biologists
are working hard to gain insights into these intricate molecular complexities to
develop efficient therapeutics for cancer. There are several anticancer drugs
available for cancer treatment. However, a majority of them are associated with
severe side effects and thus do not significantly contribute to patient survival. The
nonspecific interaction of drugs with normal signaling pathways is primarily
responsible for side effects observed. In addition, the effectiveness of therapeutic
approaches becomes difficult due to individuals’ genetic differences. The present

P. Tarale · S. Sivanesan
Health and Toxicity Cell, CSIR-National Environmental Engineering Research Institute
(CSIR-NEERI), Nagpur, India

P. Naoghare (*) · J. Tagde
Environmental Impact and Sustainability Division, CSIR-National Environmental Engineering
Research Institute (CSIR-NEERI), Nagpur, India
e-mail: pk_naoghare@neeri.res.in

A. Bafana
Directors Research Cell, CSIR-National Environmental Engineering Research Institute
(CSIR-NEERI), Nagpur, India

# Springer Nature Singapore Pte Ltd. 2020
M. Kumar et al. (eds.), Pharmacotherapeutic Botanicals for Cancer
Chemoprevention, https://doi.org/10.1007/978-981-15-5999-0_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5999-0_3&domain=pdf
mailto:pk_naoghare@neeri.res.in
https://doi.org/10.1007/978-981-15-5999-0_3#DOI


chapter entails to discuss the toxicity associated with some existing drugs used for
cancer treatment. We have also discussed an integrative approach for understand-
ing the complex interactions of drugs with various signaling networks to explore
the possibility of better therapeutic options with reduced toxicity concerns.
Personalized therapy has been discussed in the chapter considering its importance
in effective cancer therapy.

Keywords

Cancer · Signaling complexities · Toxicity · Personalized therapy

3.1 Introduction

Cancer is known to be the leading cause of death worldwide [1, 2]. It is characterized
by the uncontrolled proliferation of cells that may metastasize to the distant organs of
the human body, invading tissue boundaries away from where it was originated
[3]. Cancer has been divided into several types, governed by the diverse risk factors,
cell type, tissue, and organ affected in the human body. At molecular level cancer
arises when a key mediator of cell cycle regulation is either mutated or its normal
expression is distorted [4–6]. Genes do not function in isolation but rather work in
association with several other networks of signaling molecules which overall control
and regulate the different stages of cell cycle [6–8]. Therefore, the mutation or
disruption in single genetic entity cannot be held responsible, suggesting cancer as
highly complex, multifactorial manifestations resulting in disturbance of master
regulators of cell cycle [4–6, 8]. Humans are constantly exposed to multiple
carcinogens present in the environment. The gene–environment interactions have
been reported in the etiology of various cancer types [9]. Cell may undergo apoptosis
when the damage caused by these carcinogens/xenobiotics is beyond the repair
capacity of a cell. However, escaping apoptosis and survival of defective cell can
prompt cancer development [8]. Immune system recognizes the tumor cells and
destroyed it before it can be developed in cancerous growth. However tumor cells
may develop a mechanism through alteration in certain immunological cascade that
makes them un-recognizable from immune system [8]. In addition to these complex
gene–environment interactions, the individual’s differences in genetic susceptibility
may also determine the predisposition to cancer [3, 8]. The single nucleotide
polymorphisms (SNPs) in genes linked with metabolism of xenobiotics may lead
to an increased risk of cancer [5]. The SNPs analysis in cancer related genetic factors
might give a comprehensive list of genetic risk factors predisposing to cancer onset
[5]. Recent years have witnessed a tremendous advancement with epigenetic
research that greatly enhanced our understanding of molecular biology of carcino-
genesis [8]. Therefore, targeting the epigenetic perturbation as a drug target for
cancer treatment has become a promising area of research. Studies to unravel the
mechanistic insights of cancer progression resulted in the discovery of key signaling
pathways that may be targeted as cancer therapeutics [10–12]. In silico approaches at
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primary level of drug designing and screening are helpful to identify potential drug
candidates and predicting its mechanistic interaction with target molecule. However
in silico approach might not be able to complement the complex in vivo system [10–
12]. Many drugs enter the clinical trials after success in the in vitro studies. However,
most of them fail to make their place in the market. Currently available drugs for
cancer treatment have limited therapeutic use due to their side effects reported over
the prolonged treatment period. Doxorubicin is an antineoplastic drug that
intercalates with DNA causing histone eviction from chromatin. As a result, epige-
netic regulation and response to DNA damage are disrupted [13]. A lot of preclinical
examinations are made before administrating anticancer drugs to assess its side
effects [10–12]. Drug-specificity in targeting a particular cancer type without unde-
sired side effects is of great challenge in cancer therapeutics. The ability of cancer
cells to develop resistance by modulating its receptor and/or signaling networks that
interact with drugs has complicated cancer management [8]. Cancer stem cells
constitute the small population of entire tumor that is responsible for the mainte-
nance and spread of the tumor [14]. The recurrence of cancer is reported in patients
operated successfully with approaches like radiation and chemotherapy,
strengthening the theory of cancer stem cell [9]. Recognizing and targeting the
cancer stem cells may be an excellent way to overcome the cancer recurrence.
Many targeted therapies target the key features specific to cancer cells like rapidly
dividing ability compared to normal. However, some of the normal cells also divide
rapidly and hence such drugs cause multiple side effects [10, 11]. Effective treatment
of each type of cancer is limited by its own complexities at cellular level and the
genetic make-up of a person. The drugs working on an individual might not be
effective for others due to these complexities. This suggests that there are still
unexplored factors that need to be investigated for successful cancer therapeutics.
The pharmaceutical industry is focused to gain a comprehensive understanding of
complex signal transduction pathways in the cancer mechanics but lacks the integra-
tive approaches (discussed in detail later in the chapter). The undesirable and
nonspecific effects of anticancer agents restrict its application to clinical practice
(discussed later in the chapter) [12]. The nonspecific interaction of the drugs needs to
be investigated at molecular level. The overlapping pathways in cancer and healthy
cell may contribute to these side effects. Drug designing approaches should address
these issues which require the use of high throughput integrated strategies [10–12].

Efficient drug discovery should only target the tumor cells without affecting
healthy cells. The chapter also discusses the presently used anticancer drugs and
their mechanism of action along with their toxic side effects. We have also suggested
the integrative strategies that can be employed for better insight of molecular
complexities. Phytochemicals have been traditionally used in Indian culture to
treat a variety of diseases including cancer. We highlighted the emerging potential
of phytochemicals to halt/cure the progression of cancer and combinational
approaches for effective cancer treatment.
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3.2 Complex Interaction of Anticancer Drugs with Signal
Transduction Pathways in Cells

Anticancer drugs can trigger nonspecific abnormal cellular networks through various
mechanisms such as impaired pharmacokinetics, aberrant diseases states [14],
genetic polymorphisms in liver detoxifying genes [15], interactions with other
drugs and receptor modulations [16]. Cellular networks are highly complex com-
prising of the superfluous tracks, intersecting networks, heterologous signals, and
interconnections. This complex interaction boosts the strength and diversity of
signaling and allows fine-tuning of desired cellular pathway with more accuracy,
which may not be achieved by linear signaling cascades. Cellular signals are
transduced by effecter cascades, which ultimately result in alteration of the gene
expression, protein functioning, and structural organization of the cell. The canoni-
cal pharmacological approach is based on the investigation of specific physiological
pathways or targets a specific protein or a metabolite. There are only a few reports
available on the effect on metabolic context, which might depend on the signaling
pathways specific to a certain cell type [17]. It should be considered that the complex
biological mechanisms that result in a finely tuned regulation are highly adaptive to a
great variety of biological situations including exposures to environmental
carcinogens. Deregulation in signaling and effecter pathways may promote malig-
nant cell growth (cancer), angiogenesis, infiltration, and metastasis. New studies
have established that most of the cancer cells adopt an alternative mechanism for
their survival and progression by taking advantage of feedback, cross-talk, and
redundancy mechanisms [18]. Integrative biomedical and bioinformatics systems
can contribute to obtain, even if approximate, a prediction of detrimental modifica-
tion at metabolic or genetic level [19, 20].

3.3 Therapeutic Limitations of Anticancer Drugs

Modalities used to treat cancer are chemotherapy, neo-adjuvant therapy, radiation
therapy, targeted therapy (immunotherapy), and transplantation [21–23]. Each of
these therapies has their own therapeutic limitations, which may enforce
complications in treatment and cure of cancer. Chronic treatment against cancer
may often result in several side effects such as appetite changes, anemia, bleeding
problems, constipation, diarrhea, fatigue, hair loss, infection, memory changes,
mouth and sore throat or ulceration nausea and vomiting, pain, nerve damage, sexual
and fertility changes, skin and nail changes, swelling (fluid retention), urination
problems, and cardio-toxicity [22, 23]. Since the presently available cancer drugs
have severe unwanted effects, FDA had issued a black box warning labels against
the drugs with significant side effects. Some of the representative examples, which
demonstrate the adverse effects of drugs due to complex cellular networks, are
depicted in Fig. 3.1.
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3.3.1 Doxorubicin

Doxorubicin (Figure 3.1a) is an antineoplastic agent used as a combination chemo-
therapy for the treatment of hematological malignancies (blood cancer—leukemia
and lymphoma, non-Hodgkin lymphoma) [13]. It works by intercalating with DNA
and stabilizing the topoisomerase II, hence preventing the double helix from getting
relaxed, thus inhibiting the process of replication. This also stops the process of
macromolecular biosynthesis. The incidence of cardiomyopathy has been observed
in patients undergoing treatment with doxorubicin. The cytotoxic effects depend on
the cumulative dose (4%- 500-550 mg/m2; 18%- 551-600 mg/m2; 36%- <600 mg/
m2) [13]. It increases the free radical production, decreases the expression of
contractile protein and p53 mediated apoptotic protein that might contribute to
cardiomypathy and cytotoxicity. Intercalation with DNA may also cause histone
eviction from a chromatin, as a result epigenome, transcriptome, and response to
DNA damage are disrupted [13].

3.3.2 Abiraterone

Abiraterone (Figure 3.1b) works as a CYP17 inhibitor and prescribed in combination
with prednisone for the treatment of metastatic castration resistant prostate cancer
[24, 25]. Abiraterone acetate is transformed to its active form abiraterone upon

Fig. 3.1 Adverse side effects of chemotherapeutic drugs: (a) doxorubicin, (b) abiraterone, (c)
asparaginase (Erwinia chrysanthemi), (d) axitinib, (e) tamoxifen, and (f) crizotinib
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administration. It works by inhibiting 17 α-hydroxylase/cyp17,20 lyse (CYP17)
enzyme expressed in the prostate and adrenal tumor tissue involved in androgen
biosynthesis. Thus it acts by deregulating the androgen receptor signaling which is
required for progression from primary to metastatic prostate cancer. The patient
undergoing treatment was reported with hepatotoxicity depending on the dose
concentration [24]. The discontinuation of drug may result in an increase in activity
of aspartate aminotransferase (AST) and alanine aminotransferase (ALT), responsi-
ble for its adverse effects [24–26].

3.3.3 Asparaginase (Erwinia chrysanthemi)

Asparaginase extracted from Erwinia chrysanthemi (Figure 3.1c) is a recommended
candidate for a multi-chemotherapeutic treatment against acute lymphoblastic leu-
kemia (ALL) patients [12, 27]. It is an injectable (I.V.) anticancer drug used for
treating acute lymphocytic lymphoma. It contains asparaginase, which interferes
with growth and spread of the cancer cells. Asparaginase (Erwinia chrysanthemi)
catalyzes the deamidation of asparagine into aspartic acid and ammonia, which
reduces the circulating levels of asparagine. The mechanism of action of this drug
is thought to be based on the inability of leukemic cells to synthesize asparagine
since it lacks asparagine synthetase. Administration of asparaginase results in
leukemic cells specific cytotoxicity because of their dependence on an exogenous
source of the amino acid asparagine for their protein metabolism and survival
[12]. Five percent of patients in clinical trials have reported serious hypersensitive
reaction, anaphylaxis against this drug. Asparaginase has been found to impart
several side effects including an elevated level of transaminases, hepatotoxicity,
hyper-bilirubinemia, etc. [12, 27].

3.3.4 Axitinib

Axitinib is found to inhibit multiple targets which include vascular endothelial
growth factor receptors (VEGFRs 1, 2, and 3), platelet-derived growth factor
receptor (PDGFR), and mast/stem cell growth factor receptor (SCFR; CD117)
[11]. It has successfully demonstrated to repress the growth of breast cancer cell
and renal cell carcinoma (RCC) in in vivo models. In clinical trials it has shown a
good response in combination with gemcitabine against advanced stage pancreatic
cancer. It works by binding to VEGFR inside of cancer cell, thus inhibiting the
pathway that promotes the process of angiogenesis. It is considered to act by
inducing autophagy as like other tyrosine kinase inhibitors like sorafenib. It is
supposed to share similar kinds of target receptors along with other VEGFR-tyrosine
kinase inhibitors. Forty percent of the renal carcinoma patients have reported the
development of hypertension (diastolic pressure �90 mm Hg or systolic �140 mm
Hg) in their first 8 and 12 weeks of axitinib treatment [11]. In another report, more
than 20% of cancer patients suffered from hypertension as a result of axitinib side
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effects [28]. Hence, close monitoring and management of hypertension are
suggested during the axitinib administration.

3.3.5 Tamoxifen

Tamoxifen is used for the treatment of endocrine receptor positive breast cancer
patients in pre- and post-menopausal women. Activity of liver detoxifying enzymes;
CYP2D6 and CYPP3A4 (cytochrome P450 isoforms) transform tamoxifen to its
active metabolites 4-hydroxytamoxifen and 4-hydroxy-N-desmethyl tamoxifen (also
known as endoxifen) that have more affinity to estrogen receptor than the parent
tamoxifen [10, 29].

HER2 is a member of human epidermal growth factor receptor (HER/EGFR/
ERBB) family that is abundantly expressed in cancer cells. It is reported that
tamoxifen requires PAX2 for its full anticancer activity, thus at high level of
PAX2 expression tamoxifen-estrogen receptor complex inhibits the expression of
pro-proliferative epidermal growth factor receptor proteins, thus suppressing the
tumor growth and proliferation.

Primarily tamoxifen has anti-estrogenic activity but it also has modest estrogenic
property that is associated with endometrial proliferation, invasive carcinoma, and
uterine sarcoma. The risk of endometrial cancer is dose and time dependent. Women
treated with higher dose (40 mg/d) were reported to have more probability of
developing aggressive tumors. However, the use of progestin reduces the risk of
endometrial hyperplasia but its effect on endometrium and breast cancer during the
course of tamoxifen is not known. Therefore, the use of progestin is not suggested
for lowering the risk of cancer in women receiving tamoxifen treatment. American
Cancer Society has reported that tamoxifen is a known carcinogen and can increase
the risk of uterine cancer in the breast cancer patients [10, 29].

3.3.6 Crizotinib

Crizotinib (Figure 3.1f) is an approved prescription for treatment of non-small cell
lung carcinoma (NSCLC). It acts as an inhibitor of anaplastic lymphoma kinase
(ALK) and c-ros oncogene 1 (ROS1) [30, 31]. The NSCLC patients have a chromo-
somal rearrangement that creates the fusion gene between EML4 (echinoderm
microtubule-associated protein-like 4) and ALK. This leads to constitutive expres-
sion of the kinase and its elevated activity culminating in carcinogenesis and
malignant phenotype. This rare form of peripheral nervous system cancer occurring
mostly in young children is found to have mutated ALK and could be cured by
crizotinib treatment. Crizotinib is also reported to inhibit the angiogenesis in malig-
nant tumors. The most common adverse effects observed in response to crizotinib
were vision disorder (mostly vision impairment and photopsia or blurred vision) and
renal abnormalities [30, 31]. This drug is under clinical trials for other cancers like
neuroblastoma, anaplastic large cell lymphoma, and solid tumors. On the other hand,
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crizotinib has been reported to impart various side effects such as retinal
abnormalities and vision disorders [31].

Why it is difficult to specifically target cancer cells while avoiding undesirable
effects on the normal cells? One of the obvious reasons is the capability of cancer
cells to interact with the additional cellular networks even when their potential target
is impaired. For example, studies have revealed that the decline in the effectiveness
of the selective insulin-like growth factor-1 receptor (IGF-1R) targeted therapy is
due to the dynamic and complex association of IGF-1R with other cellular networks
[32]. This in turn limits the effectiveness of IGF-1R targeted therapies by compen-
satory mechanism with high risk of serious side effects.

3.4 Competing the Complex Cellular Networks Towards
a Rational Cancer Therapy

In recent years, several efforts have been made in elucidating the complexities in
signal transduction pathways by understanding the cross-talk/feedback mechanism
in the signaling biomolecules, cell-type cascades, spatial-temporal mechanisms
(receptor clustering, growth factor mediated trafficking of cells, focal adhesions,
filopodia/lamillipodia formations, etc.) [33], mathematical algorithms, etc. At pres-
ent, many informative online resources (http://stke.sciencemag.org/, http://www.
genome.jp/kegg/, http://www.reactome.org, http://www.wcrf.org/cancer_statistics/,
etc.) can be efficiently used to understand the complexities in impaired cellular
networks. As previously mentioned, computational biology offers the possibility
to predict the onset and progression of a tumor [34]. Several analytical models have
been developed to study the progression of tumor. However these models are limited
by the lack of molecular information. The availability of “omics” data permits the
design of more refined models that can encompass different levels of a biological
system. The international initiatives, founded on Systems Biology paradigms, are
attempting to elaborate a new generation of models that allows the clinicians to
obtain a holistic outlook of cancer dynamics.

Currently, pharmaceutical and biotech companies have two major challenges:
(a) cellular networks are still far from being entirely recognized and (b) the potential
elements in the impaired cellular networks have to be validated in preclinical and
clinical trials in order to establish drug targets in a cause–effect format. Therefore,
many leading pharmaceutical and biotech companies have already initiated their
own active drug discovery programs in order to understand the complex mechanism
of cellular networks to synthesize better drug analogs with high therapeutic efficacy
and low side effects. In silico methods for virtual screening provide a relevant
approach to predict the interaction and impact of a newly designed chemical entity
with minimum potential emergence of side effects.

In order to compete with the complex signal transduction pathways involved in
cancer development, we may need to focus on the following critical aspects:
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(a) It is quite rare that any single aberration in the complex cellular network can
principally drive tumor growth. Thus, targeting an individual abnormal signal-
ing component of a complex network may not be relevant to impart a significant
reduction in tumor formation and progression. Effective drug targets can be
identified by the better perceptive of etiology/biology of cancer and identifica-
tion of multiple key targets among multiple signaling pathways implicated in the
development of cancer. Some of the recently discovered targets like platelet-
activating factor (PAF), chemokines and their receptors, lipoxygenases,
pro-tumorogenic matrix metalloproteinases (MMPs), hyaluronic acid, guanine
nucleotide exchange factors, GTPases, etc. [1, 35–38] should be considered
while understanding and designing the multiple key targets against cancer. In
addition, some of the less explored members in cellular pathways like mitogen
activated protein kinases (MAPKs), i.e., MAP2, MAP3, etc. should also be
taken into the consideration.

(b) Significant efforts should be made in understanding the protein–protein
interactions, genetic/epigenetic modifications, spatio-temporal signaling, recep-
tor clustering into micro-domains, role of scaffolds, feedback/robustness, multi-
domain interactions, integrating alternative splicing into signaling pathways,
cell specific signaling, and differentiation involved in the cancer
development [39].

(c) Identification of appropriate subset of population for preclinical studies. Most of
the cancer patients with chronic states are usually multiple-drug-resistant and
are not ideal population for the study.

(d) Development of new target screening and validation methods that allow a rapid,
precise, less expensive, and simultaneous analysis of multiple cellular network
components while requiring a small amount of clinical specimen. In this regard,
two promising technologies, i.e., high-content hyper-spectral imaging and mass
spectroscopy should be extensively utilized for understanding the network
complexes within the cancer cells. Integrating large-scale post-translational
kinetic database and proteomic/transcriptomic datasets on signaling complexes
into systems-level understanding could be one of the crucial approaches in the
development of new bioinformatics tools. One of the major challenges, in
integrative biomedical informatics, is the capability to mine, in an efficient
way, the heterogeneous data originated by different experimental protocols
and to cross-validate them. The integration of this disparate information is
fundamental to investigate how molecular changes trigger the tumor emergence
[40, 41].

(e) Identification and development of novel biocompatible drug delivery agents
(e.g., biocompatible quantum dots, dendrimers, liposomes, etc.) that can specif-
ically attack the target biomolecules on cancer cell without imparting any
toxicity to normal cells [42, 43]. The rational design of new drugs is strongly
dependent on the availability of computational tools. Immune checkpoint ther-
apy approaches wherein immune system is activated to attack cancer cells has
received a 2018 Nobel Prize in Physiology and Medicine.
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(f) The development of new modalities for the precise identification of cancer
subtypes in patients for efficient therapeutics: a way towards personalized
therapy.

(g) Through investigation on the optimal drug combinations, neo-adjuvant/
combinational therapeutic doses, and schedules essential to maximize clinical
activity while minimizing toxicity [44].

3.5 Therapeutic Limitations Due to Personalized Cancer
Treatment

Traditional approach in diagnosing and treatment is based on medical history of the
patient, signs, symptoms and patho-physiological analysis, etc. It means that treat-
ment was given after the appearance of the noticeable symptoms of the disease.
Recent developments in medical sciences (e.g., genome-wide association studies
(GWAS), human genome project, International HapMap Project, Biobanks, etc.)
have enabled us to understand the role of genetic variations and disease development
[45–47]. Integration of multiple heterogeneous information (molecular, cellular,
clinical, and imaging) is an essential precondition to proceed with the development
of personalized diagnosis and therapy [48–50]. The identification of genetic
variations is fundamental to achieve this aim. In fact it is important to determine
those SNPs that are critical for a specific population and for critical for all mankind.
For example, cytosine to thiamine mutation (C ! T) in Fig. 3.2 represents a single
nucleotide polymorphism (SNP) in lung cancer patients. Usually, the carcinogens
generated by the cigarette smoke, industrial pollution, etc. are excreted from the
body through liver, kidney, and urine through renal elimination and biliary excre-
tion. But, some of the carcinogenic compounds are deposited in the mucus rich
environment of lungs [51]. These carcinogens (mostly lipophilic) are then
metabolized and converted to hydrophilic conjugates in the liver. Finally, these
hydrophilic conjugates are excreted through kidney and colon via urine and stool,
respectively. SNPs in the liver detoxifying genes (phase I (cytochrome P-450) and
phase II, e.g., UDP-glucuronyltransferase (GT), glutathione-S-transferase (GSH-T),
etc.) of lung cancer patients can adversely alter their ability to metabolize a particular
drug or susceptibility or resistance to the xenobiotic exposure. In this scenario, lung
cancer patients under the same drug prescription may have different responses
(Fig. 3.2), i.e., drug toxic but beneficial, drug toxic but not beneficial, drug not
toxic and beneficial, and drug not toxic and not beneficial. Currently, therapeutic
regimes for cancer are mostly decided based on mechanism of disease and not
merely on the appearance of symptoms. More specifically, the treatment modalities
are also available based on the response of an individual to a particular therapy
(personalized therapy).
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3.5.1 Applications of Personalized Therapy

The response of an individual to personalized therapy can be judged by analysis of
various factors such as profiling genetic variations, proteins/genes, specific
mutations [52]. This helps the clinicians to stratify the subtypes of the disease,
disease status, drug doses/schedules, etc. at an individual level. Personalized therapy
can be used to assess the risk of an individual towards a particular disease or even to
a particular therapeutic approach Recent disciplines in clinical sciences
(pharmacogenomics, pharmacoproteomics, and pharmacometabolomics) have a
crucial role in the design of personalized therapies that can minimize the risk of
adverse effects of anticancer drugs [53]. Drug responses can be measured depending
on the genetic, epigenetic, proteomic, and metabolomic alterations at an individual
level following this approach. It has been reported that approximately 5–10% of
familial cancers (mostly breast, ovarian, bowel, melanoma, and prostate) are caused
due to faulty inherited genes [51]. Some of the examples of personalized medicines
include trastuzumab/herceptin (HER2 inhibitor; breast cancer), vemurafenib (B-Raf
protein inhibitor; melanoma), imatinib/Gleevec (tyrosine kinase inhibitor; chronic
myeloid leukemia), etc. [54–56]. Personalized medicine has enormous scope in the
near future, wherein the customized polypills can be developed based on the ink-jet
or fluid-jet printing mechanisms [57]. This will also allow the pharmaceutical

Fig. 3.2 Genetic polymorphism and drug toxicity
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companies to synthesize customized personalized drugs based on the theranostic
analysis.

3.5.2 Lack of Personalized Therapy Approaches in Treating Cancer

A recent report according to the Union for International Cancer Control (UICC)
entails that out of the 0.175 million children diagnosed with cancer every year, 0.090
million children die due to disease [58]. Another surprising report according to
International Society of Paediatric Oncology (SIOP) and International Confedera-
tion of Childhood Cancer Parent Organizations (ICCCPO) depicts that 80% children
with high-socioeconomic status and adequate facilities survive, whereas 80% chil-
dren with the low-socioeconomic settings with inadequate treatment facilities do not
survive [59]. These data highlight the major bottlenecks (lack of personalized
therapy, lack of drugs without severe side effect and cancer stage, and the economic
status of patients) associated with cancer therapeutics.

Personalized medicine market in the USA has already crossed $200 billion with a
projected annual elevation of 11% [60]. On the other hand, the world personalized
medicine market has rised with a compound annual growth rate over 4% during
2012–2016 [61].

At present only a few hospitals and academic institutions in the world are
implementing personalized therapy into practice. Thus, more efforts are needed to
boost personalized therapy options all around the world. Recently, MD Anderson
Cancer Center (University of Texas, USA) has made considerable progress in
designing novel personalized and targeted therapies against cancer [62]. Some of
their newly identified potential targets are already in the clinical trials. These include
AKT inhibitor (MK-2206) [63] for advanced breast tumor in the patients with
PIK3CA mutation and/or PTEN loss, combinatorial therapeutics (BATTLE-2 trials)
[64] for advanced refractory non-small cell lung cancer (NSCLC), PI3K inhibitors
for in gliomas and studies on refractory metastatic colorectal cancer [65]. In addition,
researchers at MD Anderson had also developed eight new therapeutic assays to
identify undesirable mutations in the tumor cells that can be efficiently applied in
personalized therapy. The assay targets include guanine nucleotide binding protein
G(q) subunit alpha (GNAQ), PTEN, p53, v-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog (KRAS), hepatocyte growth factor receptor (HGFR), isocitrate
dehydrogenases 1 and 2 (IDH1 and IDH2), and platelet-derived growth factor-alpha
(PDGFRA) [66–68]. Recent developments in cancer research have identified new
promising therapeutic cancer targets as detailed in Table 3.1. Memorial Sloan
Kettering researchers (MSK, USA) have also developed a genetic sequencing test
called MSK-IMPACT, which screens for the mutations in more than 400 genes that
have a role in cancer. This test is presently offered to all patients with advanced
cancers. The results may help to categorize patients into clinical trials for drugs that
are based on the unique genetic pattern of their tumors. MSK currently has about
30 clinical trials under progress that designate patients to targeted therapy depending
on MSK-IMPACT test. These developments can give new dimensions to our basic
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understanding about cancer development and also help researchers in designing new
therapeutic modalities against cancer. Such efforts could lay the necessary founda-
tion for the future of personalized therapy based approaches. This could also help to
recognize the role of genetic variation in the development of drug resistance.

3.6 Possible Strategies to Overcome Drug Resistance
Pathways

The combinational treatment has a long proved to be effective in cancer chemother-
apy. The first successful attempt was in 1963 for the treatment of childhood leukemia
with “VAMP,” which combined four drugs (amethopterin, vincristine,
6-mercaptopurine, prednisone) [69]. Various dietary phytochemicals have shown
the potential to be used in combination with conventional anticancer drugs.
Recently, combination of cisplatin with emetine (alkaloid found in Ipecacuanha
species) demonstrated synergism action against the ovarian cancer cell line A2780.
Combined treatment of cisplatin along with phytochemicals (emetine) may be a
better way to treat ovarian cancer patients with minimal side effects [70]. Kaempferol
is a natural flavonoid that occurs in natural sources like apples, tea, broccoli onions,
leeks, citrus fruits, grapes, and red wines and known to have potential anticancer
properties in many cancer cell lines [71]. Kaempferol in combination with

Table 3.1 New therapeutic anticancer targets

New therapeutic anticancer targets References

VCP (valosin-containing protein)/p97 complex [67]

Lin 28 oncomirs (miR-17, miR-21, miR-125b, miR-155, miR-569) snoRNAs and
host genes

[68]

JAMs (junctional adhesion molecules) [88]

JAB1/CSN5 (c-Jun activation domain-binding protein-1/constitutive
photomorphogenic-9 signalosome)

[89]

DDR (discoidin domain receptor) tyrosine kinases [90]

Id1 (inhibitor of DNA-binding protein1) [91]

Tumor stem cells [92]

Telomerase [42]

Dysadherin [93]

Lymphangiogenesis [94]

CD47–CRT (calreticulin) [95]

Stat3-Syk (signal transducer and activator of transcription 3-spleen) tyrosine kinase [96]

Hypoxia-induced autophagy [97]

Rho family of GTPase
CDK4/D1
Glutamine transporter, glutaminase, glutamate dehydrogenase, aspartate
transaminase
Topoisomerases
Histone deacetylase inhibitors

[98]
[99]
[100]

[101]
[102]
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doxorubicin or cisplatin has shown an effective synergistic cytotoxic effect in
HCT-15 and MDA MB 231 cell lines [72].

There are also evidences that seaweed compounds such as Eckol, a phlorotannin
from brown seaweed could be used in combination with anticancer drugs particu-
larly temozolomide (TMZ) against malignant gliomas [73].

Efforts should be made to overcome the therapeutic limitations associated with
the drug resistance considering a few potential key aspects: (a) Establishing the link
between the MDR inducing molecules and the established alterations (e.g., mutant
p53 expression) in cancer cell can help in generating the organ specific fingerprints
that can be used to design better prognostic markers for drug resistance. (b) Problems
with receptor modulations due to interpersonal genetic variations. This problem can
be settled by the introduction of personalized therapy in immunotherapy models.
(c) Anticancer vaccines may not work for all the patients with similar cancer types
due to the differences in their immunogenic potentials. Some patients may not
express the targeted antigens. (d) Since the immunogenic efficiencies are
compromised at an advanced stage of cancer, immunotherapy should be used at an
initial stage of cancer development to obtain a meaningful immunological response.
(e) Identification of appropriate drug combinations with high efficacy at low doses
and low toxicity. (f) Proper amalgamation of combinatorial therapies to overcome
the therapeutic limitations. (g) Elucidation of non-characterized MDR inducing
molecules in cancer cells, including members of MDR-1 and MRP super-families.
h) Development of novel inhibitors against MDR inducers.

3.7 Emerging Role of Phytochemicals in Cancer Prevention

The dietary factors like vegetables, fruits, and whole grains are the major sources of
natural bioactive compounds abundant in dietary phytochemicals. In the USA,
National Cancer Institute (NCI) promotes a “Five-A-Day” program to encourage
people to consume a minimum of five servings of fruits and vegetables in a day to
reduce the risk of cancer and other chronic diseases. The beneficial mechanism for
synergistic action of bioactive compounds maybe attributed to regulating more than
one signal transduction pathways or increasing the drug availability [74]. Thousands
of phytochemicals with great chemical diversity are naturally produced by plants
with function highly related to their chemical backbone and functional groups,
which might be used to aid in cancer therapy for better results. Alkaloids are
among the major class of phytochemicals containing at least one nitrogen atom,
obtained basically from medicinal herbal plants [75]. The alkaloids are reported to
have wide pharmacological activities including anti-inflammatory, anti-bacterial,
psychotropic, stimulant, and anticancer activity [76, 77]. Carcinogens are
transformed into DNA damaging reactive form through the activity of metabolic
enzymes; phytochemicals reported to impact the detoxification of carcinogens via
promoting the activity of phase I and phase II metabolic enzymes including cyto-
chrome p450 and antioxidant enzymes [78–80]. Cancer invasion is very detrimental
which allows cancer cells to invade surrounding tissues, enters in circulation, and
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establishes a secondary tumor at distant sites in the body through a process called
metastasis [81]. Phytochemicals like curcumin, resveratrol, and sulforaphane were
reported to significantly demonstrate anti-invasion property via diminishing the
activity of MMPs required for cell migration [82, 83]. miRNA is known to play a
vital role in cancer progression via regulating the expression of various ontogenic
genes like Myc, Ras, and tumor suppressor p53 gene [84]. Resveratrol has been
found to decrease the expression of oncogenic miRNAs such as miR-21, miR-155,
miR-196a, miR-17, and miR-92a-2 in colon tumor cells [85]. The present data imply
that regular consumption of vegetables, fruits, and whole grain can reduce the risk of
cancer development. Certain phytochemicals are known to have great potential to
prevent cancer via anti-inflammatory, anti-metastasis, and pro-apoptosis effects.
However these phytochemicals need to be further investigated for their cellular
interaction with signal transduction pathways. Even though limitation exists and it
is difficult to characterize the dietary phytochemicals at the clinical level but
investigating their interaction with signaling targets may help to understand their
anticancer mechanism so that a safe, effective, and affordable cancer therapy could
be adopted for human beings [86, 87].

3.8 Conclusion

Cancer is mechanistically highly complex manifestation and hence multidimen-
sional approaches are needed to understand these signaling complexities. In this
regard, elucidation of natural macrophage activating factors and synthetic immune-
modulators which can trigger the production of tumoricidal macrophages would be
highly promising. This approach could immensely lower down the toxicity issues
and enhance the natural defense system of the body to a greater extent. Combina-
tional therapy with phytochemicals is another very promising area that needs to be
focused for effective therapeutic intervention.
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Abstract

Conventional cancer treatment including surgery, chemotherapy, and radiother-
apy has their respective limitations and complications. A large number of cancers
are relatively resistant and highly refractory to cytotoxic chemotherapy or radio-
therapy. One of the main reasons behind the cancer-related death is the develop-
ment of multidrug resistance which may hinder an effective anticancer treatment.
Many of the first-order antineoplastic drugs like anthracyclines, platins, taxanes,
cyclophosphamides show resistance and/or adverse side effects after initial suc-
cess in chemotherapy. Other than individual’s genetic variation which is the basis
of intrinsic resistance, an array of epigenetic dysregulation is acquired parallel to
the cancer progression. Genetic or epigenetic alterations influence various cellular
processes involved in drug metabolism such as modulation in drug uptake and
efflux, activation of drug-detoxifying machinery, drug target alteration and com-
partmentalization, activation of error-prone DNA repair, and death evasion.
Systemic cytotoxicity due to chemotherapy/radiotherapy refrains improvement
of patient survival. Restoration of chemosensitivity by chemical modulators was
extensively explored but trials did not indicate towards absolute efficacy. Many
natural compounds possess the property of suppression or even reversal of drug
resistance. Most of these natural chemosensitizers are phytochemicals
e.g. polyphenols, quinones, alkaloids, carotenoids, and steroids. Natural
chemosensitizers are promising adjuvants as they selectively alter the drug–
transporter interaction by their unique conformational features. In general, these
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molecules can increase the uptake and retention of chemotherapeutic drugs in
tumor cells, induce pro-apoptotic signals, cell-cycle arrest and DNA damage, or
can even control the changed drug targets expression. When combined, these
mechanisms enhance the cytotoxicity of anticancer drugs by increasing their
response and promoting either a synergistic or an additive effect even in resistant
cells. So, the future direction towards a successful chemoprevention needs a
combinatorial approach between natural chemosensitizers and conventional anti-
cancer chemotherapeutics which would aim for drug-dose minimization by
enhanced drug-efficacy on the one hand and reduced side effects on the other
hand by the virtue of their low toxicity, pleiotropy, and immune-modulatory
properties.

Keywords

Cancer · Phytochemicals · Chemosensitizers · Combinatorial approach

Abbreviations

ABC ATP-binding cassette
AIF Apoptosis inducing factor
Akt Protein kinase B
ALDH Aldehyde dehydrogenase
AMPK 50 adenosine monophosphate-activated protein kinase
Bax Bcl-2 associated X protein
Bcl-XL B-cell lymphoma-extra-large
BCR-Abl Breakpoint cluster region-abelson murine leukemia viral oncogene

homolog 1
BCRP Breast cancer resistance protein
Bim Bcl-2-like protein 11
BRCA Breast cancer 1
CKIs CDK inhibitors
CSC Cancer stem cells
CYP Cytochromes
DMEs Drug metabolizing enzymes
DPD Dihydropyrimidine dehydrogenase
EGCG Epigallocatechin-3-gallate
EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
ERK Extracellular signal regulated kinase
GSK3β Glycogen synthase kinase 3 beta
GST Glutathione S-transferase
HCC Hepatocellular carcinoma
HIF-1 Hypoxia-inducible factor 1
HO-1 Hemeoxygenase 1
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HSP Heat shock protein
IAPs Inhibitors of apoptosis protein
JNK c-Jun N-terminal kinase
Keap-1 Kelch-like ECH-associated protein 1
MAPK Mitogen-activated protein kinase
Mcl-1 Myeloid cell leukemia 1
MDR Multidrug resistance
MGMT O6 Methylguanine DNA methyl transferase
MRP Multidrug resistance-associated protein
NHEJ Non-homologous end joining
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
Nrf-2 Nuclear factor erythroid 2-related factor 2
PARP Poly [ADP-ribose] polymerase
P-gp P- glycoprotein
PI3K Phosphoinositide 3-kinase
RFC Reduced folate carrier
ROS Reactive oxygen species
SLC Solute carrier
SNPs Single nucleotide polymorphisms
STAT3 Signal transducer and activator of transcription 3
TSCC Tongue squamous cell carcinoma
UCP-2 Uncoupling protein-2
XRCC1 X-ray repair cross-complementing protein 1

4.1 Introduction

An alarming rise in the global cancer burden is the cumulative outcome of consis-
tently increasing occurrence and limitations of existing anticancer treatment
regimens. Conventional cancer treatment is frequently confronted with high fre-
quency of poor prognosis which ultimately terminates into death [1]. Therefore, the
researchers are focused on solving this enigma with effective anticancer therapy with
lesser side effects.

4.1.1 Conventional Strategies of Cancer Management

The anticancer treatments extensively prescribed and practiced are called conven-
tional treatments which broadly include—surgery, radiotherapy, and chemotherapy.

Surgery Surgery is an appropriate treatment where it almost kills 100% of cancer
cells and it is operated by zero order kinetics. It is the oldest form of cancer therapy
but still forms an ultimate and main treatment for solid tumors. For an effective
result, oncologists review different therapeutic options, history of the malignancy,
proper analysis of biopsy examination and how all these factors may be integrated
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into a well-organized and appropriate treatment algorithm [2]. The grade and stage
of the cancer determine the strategy of treatment which often comprises of chemo-
therapy and/or radiotherapy along with surgery. However, surgery can provide long-
term remission only in early stages when metastasis has not been initiated. More-
over, surgery is not free of its mutilating effects since it involves morbidity, loss of
function of removed organ and other cosmetic issues [3].

Radiotherapy Radiotherapy uses high-energy ionizing radiation for targeting the
cancer mass which is often applied in combination with surgery or chemotherapy.
Radiation causes double strand breaks of DNA and can also affect cellular processes
like cell cycle and apoptosis. The treatment is determined by the radio sensitivity of
the tumor cells and the tolerance power of the surrounding tissues [4]. Some of the
side effects of radiation therapy include reduced sensation in the exposed tissue and
skin problems in the treated area like itching and soreness [5].

Chemotherapy Since 1930s, chemotherapy is used in treating cancer where one or
more anticancer drugs are used for the treatment. Chemotherapy uses synthetic or
semi-synthetic chemical drugs which either inhibit cellular proliferation or promote
cytotoxicity but in a non-specific and non-localized manner. These drugs target
rapidly dividing cancer cells more than the normal resting cells [6]. Neoadjuvant
chemotherapy is used to shrink the primary tumor and is given before local treatment
like surgery. Adjuvant chemotherapy is used to remove any residual cancer cells
after any local treatment like surgery and radiotherapy thereby reducing the risk of
further metastasis [7]. Chemotherapeutic agents can interfere with cell division and
can initiate apoptosis. They are anti-mitotic drugs and can affect rapidly growing
normal cells of bone marrow, digestive tract, and hair follicles. Most common side
effects may include immune-suppression, hair loss, and mucositis. These may cause
diseases like rheumatoid arthritis, multiple sclerosis, systemic lupus erythematosus,
and many more [8].

4.1.2 Limitations and Complications of Chemotherapy

Chemotherapy, being the systemic anticancer therapy can address widespread
cancers from any anatomic location. Normal cells with high proliferation rate endure
unavoidable damage due to non-specific targeting by chemotherapeutic drugs. This
gives rise to most of the adverse effects like immune suppression, mucositis,
alopecia, and thrombocytopenia [9] along with gastro-intestinal problems like nau-
sea, anorexia, bowel issues, oral ulcers, etc. According to the nature or mode of
action, chemotherapeutic drugs are of several types: alkylating agents,
antimetabolites, topoisomerase poisons, anti-microtubule agents, receptor blockers,
kinase inhibitors, anticancer antibiotics, and many others which can be both cell
cycle dependent or independent [9]. Oral or intravenous are the two most common
routes of administration. Based on the mode of action of the chemical formulation,
the cytotoxic outbreak takes place in an acute or chronic manner (Table 4.1)

70 S. Datta et al.



Ta
b
le

4.
1

M
od

al
ity

an
d
to
xi
ci
ty

of
ch
em

ot
he
ra
pe
ut
ic
dr
ug

s

T
yp

es
of

ch
em

ot
he
ra
py

de
pe
nd

in
g
on

m
od

al
ity

C
he
m
ot
he
ra
pe
ut
ic

dr
ug

s
M
ec
ha
ni
sm

of
ac
qu

ir
in
g
re
si
st
an
ce

C
el
l-
cy
cl
e

sp
ec
ifi
ci
ty

S
id
e
ef
fe
ct
s

R
ef

A
lk
yl
at
in
g
ag
en
ts

cy
cl
op

ho
sp
ha
m
id
e,

ci
sp
la
tin

"d
et
ox

ifi
ca
tio

n,
"D

N
A

re
pa
ir

In
de
pe
nd

en
t

D
N
A

da
m
ag
e
le
ad
in
g
to

bo
ne

m
ar
ro
w
de
pl
et
io
n
an
d
ac
ut
e

le
uk

em
ia

[1
0]

[1
1]

A
nt
im

et
ab
ol
ite
s

m
et
ho

tr
ex
at
e,

fl
uo

ro
ur
ac
il,

ge
m
ci
ta
bi
ne

"th
ym

id
yl
at
e
sy
nt
ha
se
,"

D
H
F
R
ac
tiv

ity
,

"E
M
T
,"

su
rv
iv
al
fa
ct
or
s

D
ep
en
de
nt

T
op

oi
so
m
er
as
e
po

is
on

s
do

xo
ru
bi
ci
n,

et
op

os
id
e

"e
ffl
ux

,"
au
to
ph

ag
y
to
po

is
om

er
as
e

m
ut
at
io
n,

"N
F
-k
B

In
de
pe
nd

en
t

A
lle
rg
ic
in
fl
am

m
at
io
n,

ta
ch
yc
ar
di
a

A
nt
i-
m
ic
ro
tu
bu

le
ag
en
ts

vi
nc
ri
st
in
e,

vi
nb

la
st
in
e,

pa
cl
ita
xe
l,
do

ce
ta
xe
l

"e
ffl
ux

,"
au
to
ph

ag
y,

"m
ic
ro
tu
bu

le
m
ac
hi
ne
ry
,β

-t
ub

ul
in

m
ut
at
io
n,

"c
an
ce
r

st
em

ne
ss

D
ep
en
de
nt

P
er
ip
he
ra
l
ne
ur
op

at
hy

K
in
as
e
in
hi
bi
to
rs

im
at
in
ib
,t
ra
st
uz
um

ab
"g

ro
w
th

fa
ct
or
s,
P
I3
K

m
ut
at
io
n

In
de
pe
nd

en
t

S
ki
n
an
d
he
ar
t
pr
ob

le
m
s

A
nt
ic
an
ce
r
an
tib

io
tic
s

do
xo

ru
bi
ci
n,

bl
eo
m
yc
in

#T
op

o-
II
,"

M
R
P
,"

W
nt
,

In
de
pe
nd

en
t

L
on

g-
te
rm

ca
rd
io
pa
th
y

4 Natural Products as Chemosensitizers for Adjunct Therapy in Cancer Management 71



[12]. After these side effects, next comes the challenge of resistance or
non-responsiveness towards a successful chemotherapy.

The mechanisms responsible for failure cancer chemotherapy may be pharmaco-
logical, physiological, and/or cellular mechanisms. The pharmacological
mechanisms of chemotherapy failure revolve around optimal dosing as the drug
remains ineffective when under-dosed and toxic when overdosed. Chemotherapy
may fail due to various physiological mechanisms which may include improper
distribution of the chemotherapeutic agents due to existence of the blood–brain
barrier and/or blood–testicular barrier and poor vasculature due to angiogenesis
[13]. Those tumor cells which are not present in contact with the blood vessels
face hypoxic conditions due to the unavailability of new blood vessels to the entire
tumor. This leads to issues with drug delivery to the tumor. The cellular mechanisms
which may lead to chemotherapy resistance include drug efflux by deregulated
ATP-binding cassette [ABC] transporters, reduced drug uptake and metabolism,
drug sequestration, altered drug targets, deregulated DNA repair, and reduced
apoptosis [14].

4.2 Chemoresistance

Cancer chemoresistance is the inherent or adaptive property of the cancerous cells to
lose sensitivity against chemotherapeutic drugs and to grow aggressively in presence
of the drugs. It is the survival strategy of malignant cells which leads to untreatable
disease relapse and metastasis. Most of the cancer cells possess not only an intrinsic
nature of survival against the therapeutic toxicity [innate resistance] but are also
constantly acquire spontaneous resistance after exposure with the help of their ever-
changing genetic and epigenetic escape strategies [acquired resistance]. As cancer is
a dynamic disease, intratumoral heterogeneity, which shapes the tumor microenvi-
ronment, lies at the root of resistance. Individual cells of a same cancer case show
differential drug-sensitivity due to genetically distinct tumor-cell subpopulations
[spatial heterogeneity] or changes in the molecular make-up with the course of
disease progression [temporal heterogeneity] [9].

4.2.1 Mechanisms of Chemoresistance

Like the multifactorial disease cancer, its treatment is also dependent on multiple
genetic components. Host and tumor genetic alterations which are responsible for
cancer formation are also determinants of efficiency of anticancer treatments.
Mutations or chromosomal rearrangements like deletion and amplification of
genes [15] involved in DNA synthesis and repair, cellular energy production,
genotoxic metabolism, growth signaling, immune phenotyping, i.e. which are
directly associated with cellular proliferation are most susceptible for growing innate
antineoplastic resistance, e.g. organic-anion-transporting polypeptide, glutathione
S-transferase [GST], thymidylate synthase, dihydropyrimidine dehydrogenase,
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multidrug resistance-associated protein [MRP], uridine 50-diphospho-
glucuronosyltransferase, cytochromes P[CYP] 450, topoisomerase, epidermal
growth factor receptor [EGFR], ki-ras2 Kirsten rat sarcoma viral oncogene homolog,
breakpoint cluster region-Abelson murine leukemia viral oncogene homolog
1 [BCR-Abl], breast cancer 1[BRCA], excision repair 1- endonuclease
non-catalytic subunit, p53, Fc fragment of IgG receptor IIIa.

There are several mechanisms behind acquiring the nongenetic alterations which
can downregulate the sensitivity of the neoplastic cells against the antineoplastic
drugs. Epigenetic changes which can directly alter the expression include DNA
methylation at the promoter region and/or histone modification by deacetylation,
which causes gene silencing and hypermethylation, which promotes overexpression
of the genes. These modifications can affect the drug efficacy at multiple levels
starting from drug–plasma membrane interaction, drug metabolism, drug targeting
and sequestration, and finally to DNA damage response and death evasion
[16]. Recent advancement in this field confirms the role of small RNA structures
like small interfering [si]RNA and micro [mi]RNA in gene silencing by destabiliza-
tion or poor translation of mRNAs which finally restricts the chemosensitivity in
different cancers [17].

Depending on the mode of acquisition, acquired chemoresistance can be divided
into pre-target, on-target, post-target, and off-target resistance (Fig. 4.1). Pre-target
resistance affects the active drug-availability to the cells [18]. The decreased uptake
of most anticancer agents occurs through tight control of transporters of plasma
membrane, mediated via solute carrier family, reduced folate carrier, and altered
lipid bilayer [16]. In resistant tumor cells the most common phenomenon is an
increased expression of multidrug resistance [MDR] and MRP efflux pumps.
Hypoxia-inducible factor 1 [HIF-1] is highly expressed in cancer cells which induces
efflux of drugs from the cancer cells by the increased expression of P-glycoprotein
[P-gp] and the MDR1 gene [19]. Once in the intracellular compartment, enzymatic
inactivation of the functional drugs is the next step of acquiring cellular resistance.
This drug metabolism involves phase I [by oxidoreduction] and II detoxifying
enzymes [conjugation of hydrophilic groups]. Pharmacokinetic mechanism of drug
resistance involves overexpression of drug metabolizing enzymes [DMEs], namely:
aldehyde dehydrogenase [ALDH], GST, dihydropyrimidine dehydrogenase, NAD
[P]H quinone dehydrogenase 1, CYP450 which are mainly responsible for inactiva-
tion, degradation, and premature clearance of anticancer drugs. Lysosomal seques-
tration of hydrophobic and weak base chemotherapeutic agents, enhanced protein
trafficking and secretion by ABC transporters is associated with poor drug response
[16]. Structural or functional modifications in the target molecules of the drug may
stop the drug from acting and cause irreversible resistance.

On-target resistance impedes the targeting and damage causing ability of the
drug. One of the basic tendencies of cytotoxic drugs, i.e. killing of the highly
dividing cells is tackled by the enhanced and even error-prone repair of the DNA
lesion by various repair pathways including non-homologous end joining [NHEJ]
[15]. Other intracellular pathways that can cause chemoresistance include death
receptor pathway, nuclear factor kappa-light-chain-enhancer of activated B cells
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[NF-κB] pathway, phosphoinositide 3-kinase[PI3K]/protein kinase B [Akt] path-
way, activation of anti-apoptotic proteins, and inhibitors of apoptosis protein [IAPs]
[20]. Insufficient activation of apoptotic pathways and escape from cell cycle check-
points limits the ultimate purpose, i.e. cancer-killing ability of the chemotherapeutic
drug. During exposure to chemotherapeutic agents mitochondrial uncoupling pro-
tein-2[UCP-2] a major controller of mitochondrial reactive oxygen species [ROS]
induces chemoresistance via inhibition of ROS induced apoptosis [21].

Post-target resistance involves all the general or drug-specific mechanisms which
are acquired by the cancer cell to evade the drug action. Changes in interstitial fluid
flow can cause efflux of fluid from the tumor mass into its surroundings. Cell
adhesion mediated drug resistance can cause activation of anti-apoptotic signals by
integrin mediated ligand receptor binding mainly integrin α4β1. In leukemia cells
adhesion mediated by β1 integrin causes an increase in degradation of Bcl-2-like
protein 11 [Bim] and leads to drug resistance. pH plays another important role in
providing chemoresistance. Solid tumors have low interstitial pH due to accumula-
tion of CO2 and carbonic acid that makes the environment acidic as a result of
glycolysis. Drugs like doxorubicin, mitoxantrone, vincristine, and vinblastine which
are weakly basic drugs undergo protonation in acidic pH, but the cell membrane is

Fig. 4.1 Mechanisms of acquiring chemoresistance: Pre-target, post-target, on-target, and
off-target acquired resistance and intrinsic resistance development against anticancer chemotherapy
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negatively charged which cause restrictions to the cellular influx of positively
charged drugs [22]. In acidic extracellular pH, the level of heat shock protein
[HSP]27 increases which can cause chemoresistance to cisplatin [23].

Lastly, off-target resistance includes all those indirect mechanisms which may
lead to the inefficiency of the drug or adaptive response of the cells. Enhanced
absorption and metabolic turnover of glucose and glutamine in an anaerobic direc-
tion is a feature of highly proliferating cancer cells. Higher expression of proteins
involved in transportation and metabolism of glucose and glutamine is associated
with chemoresistance and poor prognosis [24]. Destabilization of mitochondrial
membrane potential [ΔΨM], oxidative phosphorylation deregulation, and mutation
or depletion of mitochondrial DNA are common features of drug resistant cases [25].

4.2.2 Multidrug Resistance

MDR is a process in which neoplastic cells which were initially responding to a
single anticancer drug subsequently develop resistance to an array of architecturally
and mechanistically unrelated drugs which may have multiple molecular targets.
Acquired resistance develops simultaneously against almost every anticancer drug
and may develop by multiple mechanisms. In ABC, subfamily B, member
1 [ABCB1/P-gp/MDR1] was responsible for failure of cancer management of
liver, kidney, colon, lymphoma, and leukemia. P-gp is a 170 kDa surface glycopro-
tein which acts as energy dependent ABC transporter and functions as a drug efflux
pump. In humans, there exists two members of P-gp gene family, known as MDR1
[widely distributed] and MDR3 [limited distribution]. At first, P-gp identifies the
cytotoxic drug, followed by ATP binding and hydrolysis which provides the energy
for efflux of the drug. Thus, they reduce the effectiveness of drugs like anticancer,
antibiotic, and immunosuppressant [26]. In later years more members joined this
group like ABCC1/MRP1 [caused chemoresistance in prostate, lung, and breast
cancer], ABCG2/BCRP [evoked resistance in breast cancer and leukemia] and at
present it has increased to a family of 49 ABC transporter genes arranged into seven
subfamilies designated from A to G. A pivotal role of ABC transporters is prevention
of entry of chemotherapeutic drugs into cancer cells by diffusion or active uptake
[27]. Some of the important MDR-ABC transporters and their substrates [28] have
been enlisted in Table 4.2.

Table 4.2 Important MDR-ABC transporters and their substrates

Important MDR-ABC transporters Anticancer drugs [Substrates]

ABCB1/MDR1/P-gp Paclitaxel, colchicine, vincristine

ABCC10/ MRP7 Paclitaxel, vincristine, gemcitabine

ABCG2/BCRP/MXR Mitoxantrone, SN-38, doxorubicin

ABCC1/MRP1 Doxorubicin, topotecan, vincristine
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A plethora of different mechanisms which may initiate and promote MDR
[27, 29] are as follows:

1. Abnormal metabolism, absorption, and distribution of chemotherapeutic drugs to
tumor site which may vary in different types of cancer.

2. Tumor tissues may be inaccessible to the drugs due to enhanced hydrostatic
pressure and altered vasculature in tissues.

3. Heterogeneity of cancer inflicts different molecular signatures in subpopulation
of cancer cells and affects sensitivity towards chemotherapy.

4. Retarded uptake of drugs, downregulation of drug influx due to changed surface
receptors/carriers, aggravated drug efflux by drug transporters, increased elimi-
nation of drugs due to detoxification, inhibition of drugs via glutathione [GSH]
mediated reduction, and sequestration of chemotherapeutic drugs in lysosomes or
other intracellular organelles and intercellular vesicles.

5. Modification in lipid metabolism [ceramide pathway], deregulation of cell cycle,
increased capacity of DNA repair in cancer cells, inability to undergo apoptosis
mediated through robust expression of antiapoptotic genes in cancer cells caused
by chromosomal abnormalities, and changed drug targets such as
topoisomerase II.

MDR mechanisms have been divided into two major groups—pump resistance
and non-pump resistance. Degradation of drug by lysosome, phase I and phase II
enzymes mediated drug inactivation, antiapoptotic and antioxidant defence
mechanisms, comprises some of the non-pump resistance mechanisms.
Antiapoptotic defence mechanism is a major hurdle against anticancer drug-induced
apoptosis. These mechanisms can lead to MDR either individually or synergistically.
This forms the basis of the inefficiency of the treatment regimens that comprise of
many chemotherapeutic agents with varied unrelated targets. To circumvent MDR
many synthetic biological-response modifiers have been used, but most of them
remain clinically unsuccessful due to severe side effects. Certain natural compounds
with multiple bioactive moieties may be good reversal multi-functional agents but
not as specific regulators of target proteins. These agents can antagonistically
regulate the key factors contributing to MDR [30].

4.3 Strategies to Overcome Chemoresistance with Different
Generations of Chemosensitizers

The riddle of chemoresistance has been attempted to be solved by researchers with
different generations of chemosensitizers which were supposed to increase efficacy
of the chemotherapeutic drugs in cancer cells which became chemoresistant. The
chemosensitizers have been classified into different generations based on relative
affinity, toxicity, and specificity.
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4.3.1 First-Generation Chemosensitizers

First-generation chemosensitizers included the calcium channel blockers verapamil,
immunosuppressive drugs such as cyclosporine A, and the antimalarial drug quinine.
However, they were not effective due to non-specific toxicity and less affinity to the
ABC transporter which in turn resulted in requirement of high doses for in vivo
efficacy [14].

4.3.2 Second-Generation Chemosensitizers

These were synthetic analogues of first-generation chemosensitizers like
dexverapamil and PSC833 [valspodar, modified from cyclosporine A]. They were
successful in reversal of MDR in vitro, but imparted in vivo toxicity and inflicted
drug–drug interaction via CYP450 suppression in clinical trials [14].

4.3.3 Third-Generation Chemosensitizers

The third-generation chemosensitizers, R1010933 [laniquidar], LY335979
[zosuquidar], GF120918 [elacridar], VX-710 [biricodar], and XR9576 [tariquidar],
exhibited affinity for P-gp, low toxicity, and better functionality. However, clinical
trials failed due to non-specific interactions with various types of ABC
transporters [14].

4.4 Phytochemicals as a Respite against Drug Resistance

The hurdles encountered with three generations of chemosensitizers prompted the
use of natural products as fourth-generation chemosensitizers [14, 31]. The multi-
functional targeted approach and low toxicity of the natural products made them
potent partners for adjunct therapy during chemotherapy.

4.4.1 Classes of Phytochemicals Active against Drug Resistance

A wide spectrum of phytochemicals belonging to alkaloids, flavonoids,
phenylpropanoids, saponins, esters, phenols, terpenoids, ketones have been reported
with MDR reversal efficacy [32]. A recent systematic review reported that the
principal compounds which acted as chemosensitizers were phenolic derivatives
and flavonoids [33]. It is not possible to cover all the compounds in a single chapter.
So, we have restricted ourselves to discuss about some important phytochemicals
with chemosensitizing property. The chemistry and sources of these natural
compounds (Table 4.3) have been discussed in the following section.
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4.4.1.1 Polyphenols
Curcumin [diferuloylmethane], the principal constituent of the spice turmeric is
isolated from the rhizomatous part of Curcuma longa plant, belonging to the
Zingiberaceae [ginger] family. It is endowed with a wide variety of pharmacological
properties—antioxidant, antibacterial, antiviral, antifungal, anti- inflammatory,
hepatoprotective, and also anti-tumor activity. It is used as a traditional medicinal
herb in pan Asia [34]. Hispidin [member of phenols and 2-pyranones] a polyphenol,
isolated mainly from a medicinal mushroom, Phellinus linteus is widely used in
Africa and east Asia, has been associated with anticancer, antioxidant, and
DNA-damage protection properties [36]. Resveratrol [trans-3, 40,
5-trihydroxystilbene] is principally derived from peanuts, grapes, pistachios, red
and white wine, cranberries, blueberries, and other fruits. It is present in extracts of
more than seventy plant species and has been attributed with a wide array of
pro-health effects including anticancer properties. The presence of the 4-hydroxyl
group, m-hydroquinone moieties, of the phenol ring mediates the pharmacological
properties of resveratrol [38]. Scutellarin[4,5,6-trihydroxyflavone-7-glucuronide] is
a flavonoid from traditional Chinese medicinal herb, Scutellaria barbata have been
found to impart synergism with chemotherapeutic drugs against resistant cancer cells
[41]. It has been intertwined with many other health promoting properties including
ROS-scavenging, anti-inflammatory, and cardio-vascular protective function
[115]. Fisetin [3,3,4,7-tetrahydroxyflavone], another flavonoid is available in fruits,
vegetables, like apples, grapes, strawberries, cucumbers, onions, nuts, and wine.
Fisetin also exhibited anti-oxidative, anti-inflammatory, cytotoxic, pro-apoptotic,
anti-tumorigenic, and neuro-protective efficacy in a number of studies
[42, 116]. Rutin, a glycoside belonging to flavanol group of flavonoids is found in
apricots, apple, plums, cherries, grapes, and oranges. Rutin is formed by combina-
tion of disaccharide rutinose with a flavonolic aglycone quercetin. It has been
reported with antioxidant, chemopreventive, anti-tumor, neuroprotective, and
cardioprotective properties [45]. Quercetin is secondary polyphenolic metabolite
that belongs to the flavonol class and is largely found in various vegetables and
fruits, such as dill, capers, cilantro, apples, various berries [e.g., chokeberries,
blueberries, and cranberries,], and onions. It has a C6-C3-C6 carbon framework
with a benzo-[γ]-pyrone skeletal structure and A and B benzene rings, connected by
a C three-carbon pyrone ring. Quercetin is known as pentahydroxy flavonol because
it possesses five hydroxyl groups on its flavonol skeletal framework at 3, 30, 40,
5, and 7 carbons. The pharmacological characteristics of quercetin including anti-
cancer effect are attributed to the extent of substitution of the different functional
moieties on the flavonol molecule [117]. Baicalein is a flavone, extracted from the
roots of Scutellariae radix, Scutellaria baicalensis, Scutellaria lateriflora, and
Oroxylum indicum, the traditional Chinese medicinal herbs. Baicalein has a
di-orthohydroxyl group on its ring-A [48]. It was abundantly used in ancient
China, and has been attributed with antibacterial, antiviral, anti-inflammatory, anti-
oxidant, anti-tumor, neuroprotective, and cardioprotective efficacy [118]. Silibinin
[flavonolignan], a flavonoid isolated from Silybum marianum, was used as a folk
medicine and has been found effective against liver disorders, poisoning by death
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cap mushroom [Amanita phalloides] as well as elicited antioxidant and anticancer
activity [50]. Myricetin is a flavonoid produced by plants of Myricaceae,
Anacardiaceae, Polygonaceae, Pinaceae, and Primulaceae families. It is abundantly
found in tea leaves, berries, and wines. It has both free and glycosidically bound
forms. Due to similarity with quercetin it is also known as hydroxy quercetin. It is
endowed with pharmacological properties—anti-inflammatory, analgesic,
antitumor, hepatoprotective, and antidiabetic effects [51]. Mangiferin [xanthonoid]
is a polyphenolic C-glycosylxanthone structure compound, found in many herbal
sources, including mango tree [Mangifera indica]. Mangiferin has a wide pharma-
cological profile—antibacterial, antifungal, anthelmintic, antiparasitic, antitumor,
and many other health beneficiary properties [52]. Xanthohumol [prenylated flavo-
noid], a chalcone extracted from Humulus lupulus, elicited growth inhibitory effects
against cancers of colon, prostate, ovarian, breast, and white blood cells [53]. The
prime green tea catechin, [�]-epigallocatechin-3-gallate (EGCG) has been
evidenced with antioxidant effects, chemopreventive role, cardio-protective efficacy,
and others [55]. Chlorogenic acid, a phenolic derivative of the hydroxycinnamic
acid, comprises of a caffeic acid and a quinic acid. It is found in apples, carrots, betel,
burdock, coffee seeds, eggplants, grapes, potatoes kiwi fruit, plums, tomatoes, pears,
etc. It has been evidenced with anti-oxidant, anti-inflammatory, anticancer,
antidiuretic, and many other health promoting properties [57]. Nobiletin
[polymethoxylated flavone] is found in Citrus depressa and Citrus sinensis
[oranges]. It was associated with a wide range of pro-health effects including anti-
inflammatory, anti-tumor, neuroprotective, and chemopreventive effects
[119]. Naringenin [40,5,7-trihydroxyflavanone] is the aglycone form of naringin
[naringenin-7-rhamnoglucoside] which is found as narirutin [naringenin- 7-O-
rutinoside] or naringenin-glucoside [naringenin-7-O-glucoside], depending on the
sugar motive. It is found in citrus fruits like grapefruit [Citrus paradisi], oranges, and
in tomato [Solanum lycopersicum]. Its structure imparts lipophilic ability for easy
cellular absorption and facilitates reversal of MDR [61].

4.4.1.2 Coumarins
Psoralen [furanocoumarin] is obtained from Chinese medicinal herb, Psoralea
corylifolia, and has been reported with antineoplastic properties against various
cancers including leukemia [63].Conferone was the first among sesquiterpene
coumarins to be isolated from Ferula schtschurowskiana [67]. Sesquiterpene
coumarins are found in plants of the family Ferula [Apiaceae] with a geographical
distribution from the Mediterranean Sea to Central Asia and in some plants of
the families- Asteraceae and Rutaceae. Cnidiadin [furanocoumarin] obtained from
dried leaves of traditional Chinese medicine and Greek spice, Tordylium apulum
[65] has been evidenced with MDR reversal ability in experimental models.

4.4.1.3 Alkaloids
Neferine and isoliensinine are bis-benzylisoquinoline alkaloid which are extracted
from embryo of lotus Nelumbo nucifera. It consists of an isoquinoline attached to a
benzyl group. Neferine along with chemosensitizing properties also exerted
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anti-angiotensive, anti-arrhythmic, anti-thrombotic, cholinesterase inhibition, and
anti-diabetes effects [120]. Isoliensinine exerted anticancer, anti-diabetic, and anti-
pulmonary fibrosis potential [69]. Cernumidine is guanidinic alkaloid in nature
which is isolated from Solanum cernuum leaves that belongs to the family
Solanaceae. It is a Brazilian herb which wildly grows in Rio de Janeiro and Minas
Gerais. It may be used to treat many diseases like liver damage, skin infections, and
chemosensitizing effects [121]. Dendrobine is an alkaloid isolated fromDendrobium
nobile, belonging to the Orchidaceae family. It enhanced immunity and exhibited
anticancer activities against ovarian cancer, promyelocytic leukemia, and sarcoma
[74]. Piperine, a piperidine alkaloid extracted from a common spice pepper [Piper
nigrum] was found to exhibit immunomodulatory, anti-carcinogenic, stimulatory,
hepatoprotective, and anti-inflammatory effects [122]. Honokiol, a traditional Chi-
nese herbal medicine, is a biphenyl neolignan isolated from the bark, seed, and cone
of Magnolia species. It elicited apoptotis, cell cycle arrest and autophagy against
cancer cells [123]. Crebanine and O-methylbulbocapnine are aporphine alkaloid in
nature, isolated from the tube of Stephania venosa [78]. It was attributed with
antiarrhythmic, antimicrobial, anticancer, and multidrug resistance reversal activities
[124]. Isostemofoline, a stemona alkaloid, extracted from Stemona curtisii grown in
Malaysia has been evidenced with MDR reversal property [81]. Stemofoline,
another stemona alkaloid isolated from Stemona of family Stemonaceae, is
also native to southeastern Asia and is used for its biological and medicinal
properties. It has been reported to have anti-carcinogenic, anti-inflammatory, and
anti-proliferative activities [125].Capsaicin, a capsinoid alkaloid, is derived from the
genus Capsicum belonging to the family Vanilloid. It consists of a benzene ring
associated with a long hydrophobic carbon tail with a polar amide moiety and has the
capacity of reversing MDR [126]. Piperlongumine, an amide alkaloid isolated from a
medicinal plant Piper longum L. [long piper], acts as a potential anticancer agent.
The structure consists of two Michael acceptors – 2,3- and 7,8- unsaturated bonds.
It also has proapoptotic, anti-invasive, and antiangiogenic properties [127].
Isotetrandrine, an isoquinoline alkaloid, isolated from Caulis mahoniae exhibited
MDR reversal characteristic property [128]. It ameliorated oxidative stress in liver
cancer cells by upregulating antioxidant defence mechanism [129]. Tetrandrine is a
bis-benzylisoquinoline alkaloid, found as an active constituent in the roots of
Stephania tetrandra and S. moore. Tetrandrine exhibited immunomodulatory,
proapoptotic, anti-hepato fibrogenetic activity and also has the ability of reversing
MDR [130].

4.4.1.4 Terpenoids
Borneol is a terpenoid available in the essential oils of many medicinal plants, such
as lavender and chamomile and has diverse uses in food and drug industries. Borneol
contains anti-inflammatory and chemosensitizing properties [92]. Thymoquinone is
a monoterpenoid in nature and isolated from Nigella sativa. It also exhibits anti-
inflammatory and anti-proliferative properties of tumor cells and angiogenesis
[95]. Neoandrographolide, a diterpene glycoside is extracted from the traditional
medicinal herb Andrographis paniculata. It was known to have chemosensitizing,

90 S. Datta et al.



anti-inflammatory, and immunosuppressive properties [97].Saikosaponin D, another
terpenoid saponin is a derivative of Bupleurum chinenseDC. It was evidenced with a
potential of reversing MDR, anti-inflammatory, anti-tumor, anti-infectious, and
other pharmacological properties [98]. β-carotene is a tetraterpenoid extracted
from carrots, spinach, romaine lettuce, sweet potatoes, squash, dark leafy greens-
kale, cantaloupe, red and yellow peppers, which have the potential of reversing
MDR [100]. Alantolactone is a sesquiterpene lactone which is a natural compound
extracted from Inula helenium, which has the properties of inhibiting inflammatory
process and inducing apoptosis in tumor cells [102].

4.4.1.5 Marine Phytochemicals
Parguerenes I and II are extracted from a red alga, Laurencia filiformis from southern
Australian collection of marine algae. It is brominated diterpene in nature and has
various pharmacological properties like antitumor, antimicrobial, and anti-
viral [104].

4.4.1.6 Others
Gamboic acid, a xanthonoid, extracted from a dry resin [gamboge] from the tree
Garcinia hanburyi, found in Southeast part of Asia. It possess anticancer,
pro-apoptotic, and chemosensitizing properties [105]. Sulforaphane is an isothiocy-
anate and isolated from cleaved product of glucoraphanin. It has been extracted from
broccoli, cabbage, and cauliflower of cruciferous family. It was found with potent
anticancer, anti-inflammatory, and chemosensitizing property against in many
cancers [107]. Cryptotanshinone is obtained from the roots of herbal medicine Salvia
miltiorrhiza Bge which belong to lamiaceae plants of China. It exhibited many
pharmacological effects like anti-inflammatory, anti-oxidative, and anti-tumorigenic
[109]. Anethole, an aromatic unsaturated ether is obtained from anise oil, fennel oil,
and camphor. It was associated with anti-inflammatory, anti-carcinogenic, and anti-
oxidative properties [111]. Digitonin, a steroidal saponin is extracted from the
foxglove plant Digitalis purpurea. It has been found as a reversible membrane
permeabilization agent in mammalian cells [114].

4.4.2 Mechanisms Underpinning Chemosensitization by Different
Groups of Phytochemicals

A myriad of phytochemicals are found to resensitize resistant malignant cells
towards anticancer drugs by varied mechanisms. Different classes of herbal
compounds have been investigated in preclinical models for their role in adjunct
therapy with chemotherapy (Table 4.4). The major mechanisms by which the
phytochemicals imparted sensitization of chemotherapeutic drugs in
non-responding cancer cells have been discussed in the following section.
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4.4.2.1 Counteraction of Drug Efflux Pumps
The most important reason behind MDR is the hyperfunctionality of membrane
bound ABC drug transporter pumps of P-gp and MRPs. Though three consecutive
generations of pump inhibitors have arrived so far, their clinical outcome has not
been very promising. Considering the combinatorial chemistry, the structure-activity
relationship specificity and potency have definitely increased but the cross-reactivity
and unwanted toxicity to the non-cancerous cells still remains as the main issue.
Currently the natural phytochemical based pump-inhibition has emerged as the
fourth generation transporter-inhibitor [31]. Polyphenols EGCG or curcumin in
combination with doxorubicin and digitonin suppressed P-gp activity and increased
the chemotherapeutic efficacy of these drugs against Caco-2 and CEM/ADR 5000
[163]. Doxorubicin resistance was reversed by curcumin by inhibiting ATPase
activity of drug efflux protein ABCB4 in resistant breast cancer cells
[131]. Curcumin downregulated MDR genes and showed synergism with cytarabine
which in turn caused drug dose minimization against primary leukemic cells
[134]. Binding of EGCG with carboxyl-terminal DNA binding domain of P-gp,
retarded its activity along with sensitization of resistant KB-A1 cells and xenograft
models towards doxorubicin [138]. A flavonoid, Rutin, sensitized breast carcinoma
cells towards cyclophosphamide and methotrexate by counteracting P-gp and breast
cancer resistance protein [BCRP] mediated drug efflux pumps [144]. Magniferin
another flavonoid reversed resistance of MCF-7 towards doxorubicin by inhibiting
P-gp [52]. Psoralen, a furanocoumarin exhibited reversal of adriamycin resistance by
suppressing P-gp induced drug efflux in resistant breast cancer cells [63]. Conferone
exhibited reversal of MDR-1 mediated resistance against vinblastine in MDR1-
transfected Madin-Darby canine kidney [MDCK-MDR1] cells [67]. Cnidiadin
sensitized resistant cells [MDCK-MDR1 cells and vincristine resistant KB human
oral epidermoid carcinoma cell line] overexpressing P-gp to vinca alkaloids by
competitive inhibition of the drugs by P-gp [65]. Stemofoline, belonging to the
group of stemona alkaloids proved effective in modulating P-gp and improving the
responsiveness of the chemo-resistant cervical cancer cells KB-V1 towards vinblas-
tine, paclitaxel, and doxorubicin [125]. Piperine was reported to inhibit ABCB1,
ABCC1, and ABCG2 molecules which, respectively, encoded P-gp, MRP1, and
BCRP drug efflux associated proteins and increased the responsiveness of doxoru-
bicin and mitoxantrone in resistant breast and lung carcinoma cells
[154]. Tetrandrine, a bis-benzylisoquinoline alkaloid, imparted reversal of P-gp
influenced paclitaxel resistance against human epidermoid carcinoma
[156]. Alkaloids, capsaicin, and piperine exhibited synergism in inhibiting P-gp
function and chemosensitizing Caco-2 and CEM/ADR 5000 towards doxorubicin
[162]. A triterpenoid saponin, saikosaponin D caused reversal of doxorubicin resis-
tance of breast cancer cells by inhibiting P-gp and MDR-1 mediated drug efflux
system [98]. β-carotene, a carotenoid caused reversal of MDR by increasing the
activity of ATP-dependent P-gp and inhibiting the drug efflux potentiality of P-gp
and BRCP [100]. Marine phytochemicals parguerenes I and II are bromoditerpenes
reversed resistance of drugs—vinblastine, doxorubicin, and paclitaxel in human
colon cancer cell line SW620, SW620-Ad300, and human lung cancer cell line—
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NCI-H460, H460 MX20 by inhibiting P-gp transport activity and MRP1 mediated
drug efflux [157]. Stemona alkaloids caused reversal of P-gp mediated adriamycin
resistance in K562 cells [81]. Gambogic acid, a xanthonoid, was found to synergize
adriamycin against A549 cells and A549 xenograft by inducing apoptosis through
inhibition of NFκB and P-gp [90].

4.4.2.2 Cell Cycle Arrest
Many cytotoxic drugs cause DNA damage which induce death via cell cycle arrest.
Resistant cancer cells harbor deregulated cell-cycle checkpoint proteins as a result of
which they fail to recognize and repair drug-induced damage and cell cycle
progresses in an uninterrupted manner. It further makes the cancer cells more
unresponsive. On the other hand, growth arrested quiescent or even senescent cells
can re-enter into the cell cycle process to cause relapse. Cyclin dependent kinases
[CDKs] and their regulatory cyclins which comprise cell cycle machinery are ideal
targets [165]. The first generation CDK inhibitors [CKIs] were mostly G1 or G2
blocker, but had non-specific toxicities. Whereas some novel small molecular
derivatives are found to cause G2/M, S/G2 arrest efficiently. Flavonoids, alkaloids,
purine, indoles, pyrimidines, thiazole, staurosporines are some types of
phytochemicals which have been identified as CKIs [18]. Curcumin enhanced S
phase cell cycle arrest, aggravated mitochondrial damage, induced apoptosis, and
sensitized leiomyosarcoma cells towards cisplatin but could not inhibit cisplatin-
induced nephrotoxicity in female Wistar rats [34]. A flavonoid, fisetin, inflicted G2
phase cell cycle arrest by inhibiting cyclins B1 and E1 and sensitized the osteosar-
coma cells -Saos-2 and U2OS towards etoposide [141]. Myricetin caused reduction
in cyclin D1 and Bcl-2 level and sensitized human esophageal squamous cancer
cells to 5-FU [150]. Sulforaphane sensitized cisplatin by inducing G1 phase arrest
and upregulating p53-p21 mediated apoptosis in osteosarcoma cells [158]. EGCG
and sulforaphane potentiated paclitaxel against paclitaxel resistant ovarian cancer
SKOV3TR-ip2 cells by inducing G2/M phase arrest and by promoting
apoptosis [164].

4.4.2.3 p53 Deregulation
p53 controls most if not all processes associated with chemoresistance. As it
regulates the transcription of genes responsible for detecting DNA-damage and
repairing, cell cycle surveillance, extrinsic as well as intrinsic apoptosis, autophagy
and senescence, drug efflux, intracellular metabolism and so on, its mutation or
deregulation directly affects the responsiveness of any chemotherapeutic drugs.
Tp53 mutations which are most common and crucial for cancer development are
equally responsible for cancer chemoresistance [166]. Mutated p53 may remain
responsible for not detecting DNA lesions and corresponding cell cycle arrest, for
anti-apoptotic induction, for upregulating drug efflux and metabolism and many
other events. Targeting the mutated p53 approach explores inactivation and destabi-
lization of mutated faulty p53 and restores the wild type functionality in cancer
cells. Resveratrol induced phosphorylation of p53ser20 which inhibited
RAD51, aggravated apoptosis, and sensitized resistant MCF-7R towards cisplatin
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[38]. Myricetin induced p53/c-myc mediated apoptosis in cisplatin resistant ovarian
cancer cells [149].

4.4.2.4 Apoptosis and Mitochondrial Membrane Depolarization
Upon the exposure to therapeutic drugs most cancer cells evolve to over express anti-
apoptotic proteins to escape apoptotic death signaling. Initially drug development
was aimed to design small molecular inhibitors for different anti-apoptotic Bcl-2
family proteins. Though the first one of this kind was against protein Bcl-2 but
trials failed largely because its inhibitory efficacy could not cover the entire set of
anti-apoptotic molecules robustly. So, targeting the other potent anti-apoptotic
oncogenes myeloid leukemia cell differentiation protein [Mcl-1], B-cell
lymphoma-extra large [Bcl-XL], etc. will give room to the Bcl-2 inhibitors for
effective chemosensitization. A report exhibited that curcumin could sensitize cis-
platin resistant lung cancer cells by inhibiting Fanconi anaemia [FA]/BRCA path-
way and inducing apoptosis [135]. A flavonoid scutellarin sensitized resistant
ovarian cancer cells towards cisplatin by increasing platinum DNA adducts and
inducing apoptosis [41]. Naringenin potentiated the sensitivity towards DNA dam-
aging drugs through reduced expression of PI3K/Akt pathway and induced caspase
3, p21, Bcl-2 associated X protein [Bax], and apoptosis inducing factor [AIF]
[148]. Fisetin sensitized irinotecan and oxaliplatin resistant colon cancer cells
towards apoptosis [116] and imparted more efficacy of sorafenib via death receptor
[DR]-5/caspase3/caspase 8 mediated apoptosis in cervical cancer [142]. Another
flavonoid, silibinin, sensitized doxorubicin and paclitaxel in non-responsive breast
cancer cells by inducing apoptosis in a signal transducer and activator of transcrip-
tion 3 [STAT3]/ extracellular signal-regulated kinase [ERK]/Akt mediated pathway
[145]. Silibinin also sensitized cisplatin and 5-FU against resistant esophageal cancer
cell lines by regulating 50 adenosine monophosphate-activated protein kinase
[AMPK] and inducing apoptosis [146]. Dendrobine, an alkaloid chemosensitized
A549 cells towards cisplatin by augmenting c-Jun N-terminal kinase [JNK]/p38
stress pathway and Bax/Bim mediated apoptosis [74]. Piperlongumine sensitized
oxaliplatin against gastric cancer cell lines and in vivo xenograft model by p38/JNK
mediated apoptosis [152]. Piperine, an alkaloid from common spice pepper,
sensitized paclitaxel induced apoptosis by downregulating pAkt and Mcl-1 in Hela
cells [153]. Isoquinoline derived aporphine alkaloids, O-methylbulbocapnine
sensitized resistant ovarian cancer cells SKOV3 towards cisplatin by promoting
interleukin-6 [IL-6]/Akt/NF-κBmediated apoptosis [161]. A monoterpenoid borneol
was observed to potentiate selenocystine induced apoptosis in hepatocellular
carcinoma, HepG2 cells by propagating cellular uptake of selenocystine, increasing
ROS induced DNA damage and by blocking Akt and ERK pathways
[92]. Neoandrographolide was found to sensitize etoposide by suppressing the
overexpression of X chromosome-linked inhibitor of apoptosis protein in S-Jurkat
cells [97]. Gambogic acid also potentiated cisplatin by downregulating NF-κB,
mitogen-activated protein kinase [MAPK]/Heme oxygenase [HO]-1 pathway and
inducing apoptosis in lung carcinoma cells [160].
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As most of the chemotherapeutic drugs show their cytotoxicity by induction of
apoptosis and mitochondria plays a major role in this process, mitochondrial dys-
function is intricately associated with death-escape and chemoresistance. Use of
mitochondriotropic agents that can directly act on mitochondrial permeability tran-
sition pore complex can target the anti-apoptotic molecules [e.g., Bcl-2]. Exploiting
the higher mitochondrial membrane potential of cancerous cells, lipophilic and
cationic cytotoxic agents can selectively kill more resistant cancer cells. Inhibition
of ROS scavenging will maintain a more oxidative environment inside the
mitochondria that can also impart selective lethality to the cancer cells
[167]. Flavonoids apigenin and fisetin as well as alkaloid honokiol proved effective
in increasing the intracellular accumulation of doxorubicin by differentially
modulating GSH content and ROS generation inside the resistant MES-SA/Dx5
cells [168]. Lotus derived alkaloids, neferine and isoliensinine increased efficacy of
cisplatin in HCT-15 cells by increasing intracellular Ca+2 concentration, disintegra-
tion of mitochondrial membrane potential and induction of apoptosis [69].

4.4.2.5 Autophagy
Autophagy which recycles damaged subcellular components also repairs the damage
caused by the antineoplastic drugs giving the cancer cells stress-free pro-survival
advantage. Autophagic and apoptotic machineries share many molecules in com-
mon. The same autophagy which helps the cancer cells to evolve as chemoresistant
by inhibiting apoptotic signaling, can also induce apoptotic cell death in presence of
excessive stress. Moreover, extensive autophagy may also lead cell killing even in
cancer. ROS-mediated cell killing is also prevented by autophagy in cancer as ROS
signaling triggers autophagy, which in turn facilitates clearance of ROS-leaking
damaged organelles [169]. Therefore, autophagy ultimately limits oxidative-stress
induced cellular damage and death. A case specific up/down regulation of autophagy
may reverse the resistance property of cancer. So, phytochemicals which are natural
antioxidants are excellent candidates for autophagy-managed chemosensitization
[170]. Alantolactone, a sesquiterpene lactone, induced chemosensitivity towards
oxaliplatin in human pancreatic cancer cell lines by suppression of lysosomal
autophagy and induction of apoptosis [102].

4.4.2.6 Suppression of Cancer Stemness, EMT, Migration, and Invasion
Cancer stem cells [CSC] are a small subpopulation of primary cancer cells highly
heterogenous in nature and capable of extended self-renewal and are progenitor of all
differentiated cancer cell lineages [171]. Due to their low growth rate with the
inherent quiescence, high DNA-damage repair property, enhanced drug efflux,
detoxification and ALDH activity, upregulation of epithelial–mesenchymal transi-
tion [EMT], Wnt, Notch, Hedgehog signaling are the few prominent features of CSC
which give them the intrinsic resistance property. This inertness is responsible for
the relapse of the disease even after surgical or therapeutic removal of the tumor
mass. Targeted eradication of CSCs can make the anti-therapies more effective
and also prevent recurrence [172]. Curcumin reduced the cancer stemness
made the resistant colon cancer cells susceptible to irinotecan induced apoptosis
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[132]. Curcumin reduced the cancer stemness of mismatch repair deficient colon
cancer cells and reversed their cisplatin resistance [136]. Another polyphenol
hispidin induced apoptosis and reduced stemness in synergism with gemcitabine
in pancreatic cancer cells [36]. An alkaloid, honokiol, exhibited suppression of
stemness, invasion, migration, colony formation, and potentiation of cisplatin via
downregulation of ALDH1/CD44/IL-6 /pSTAT pathway in OSCC cell lines
[155]. Curcumin combined with carboplatin increased its sensitivity, reduced cell
viability, retarded metastasis, and induced apoptosis in A549 lung cancer cells
[133]. A prenylflavonoid xanthohumol inhibited growth, induced apoptosis, reduced
cell invasion, and increased sensitization towards adriamycin and cisplatin in
ALL cell lines and xenograft mouse model [53].The guanidine alkaloid cernumidine
inhibited cancer cell division, invasion, and cell migration and induced
apoptosis in cisplatin resistant bladder cancer cells T24 [121]. Neferine is a
bis-benzylisoquinoline alkaloid inflicted chemosensitization towards oxaliplatin by
inducing cytotoxicity, apoptosis and by reducing EMT induced migration & inva-
sion [120]. Cryptotanshinone was observed to provide chemosensitivity towards
paclitaxel in tongue squamous cell carcinoma [TSCC] by inhibition of EMT, cell
migration, and apoptosis [159]. It also sensitized cisplatin in ovarian cancer by
increasing DNA damage, reducing cell invasion and inducing apoptosis [109].

4.4.2.7 Downregulation of Multiple Signaling Pathways
Chemoresistance is a concerted action of multiple signaling networks.
Phytochemicals by virtue of pleiotropic nature may affect multitude of signaling
crosstalks involved with chemoresistance. EGCG, a principal green tea catechin
sensitized resistant A549 lung cancer cells by downregulating nuclear factor ery-
throid 2-related factor 2 [Nrf2] in both Kelch-like ECH-associated protein 1 [Keap-
1] dependent and Keap1-independent pathways, suppressing MRP-1, pERK1/2,
poly [ADP-ribose] polymerase [PARP], and X-ray repair cross-complementing
protein 1[XRCC1] and upregulating p53 [137]. Resveratrol reversed 5-FU
non-responsiveness in colon cancer cells by modulating miR-34a/E2F3/
NAD-dependent deacetylase sirtuin-1 [Sirt1] cascade and downregulating of PI3k/
Akt, MAPK/ERK1/2 pathway [139]. Resveratrol imparted chemosentitization
towards 5-FU by accumulation of ROS and inhibition Akt kinase pathway
[140]. Fisetin sensitized sorafenib by suppression of PI3K/Akt/mammalian target
of rapamycin [mTOR], mitogen-activated protein kinase[MEK], ERK, in melanoma
[42] in vitro and in vivo models. Nobiletin, a hexamethoxyflavon, made adriamycin
functionally effective in SCLC cell line by reduced expression of N-myc proto-
oncogene protein, MRP1, Akt and glycogen synthase kinase 3 beta [GSK3β] and
increased expression of caspase3 [143]. Baicalein suppressed EMT, downregulated
PI3K/Akt/NF-κB pathway, and sensitized resistant lung cancer cells toward cisplatin
[118]. Chlorogenic acid inhibited proliferation and provided chemosensitization
towards 5-FU by downregulating ERK1/2 in human liver cancer cells [147].
Gingerol imparted increase in intracellular doxorubicin accumulation and cytotoxic-
ity in the resistant human uterine sarcoma—MES-SA/Dx5 [173]. Instead of combi-
nation of anethole and curcumin [111] or quercetin and thymoquinone [95], prior
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addition of single compound before administration of cisplatin and /or oxaliplatin
imparted better sensitization in resistant human ovarian cell lines.

4.4.3 Clinical Trials of Natural Compounds for Adjunct Therapy
Along with Chemotherapy

According to NIH website “ClinicalTrials.gov” majority of clinical trials carried so
far have explored the role of curcumin as an adjunct therapy for increasing efficacy
of conventional chemotherapeutics. Gemcitabine in combination with curcumin and
celecoxib was investigated against pancreatic cancer in phase III trial conducted in
Israel [NCT00486460]. A phase II clinical conducted in France compared the
response rate in HER2-negative patients breast cancer recurrence treated with
docetaxel and curcumin vs docetaxel alone [NCT00852332]. A phase II clinical
trial of US assessed the efficacy of capecitabine and radiation therapy in absence/
presence of curcumin in locally advanced rectal cancer [NCT00745134]. Another
phase II clinical trial investigated the effect of curcumin and gemcitabine against
advanced pancreatic cancer [NCT00192842]. A phase II clinical trial is going on
with Avastin/FOLFIRI and curcumin against unresectable metastasis in colorectal
cancer [NCT02439385]. A phase I clinical trial on curcumin is investigating whether
curcumin administration along with 5-FU alters inflammatory and epigenetic
biomarkers in patients with chemoresistant metastatic colorectal cancer
[NCT02724202]. In Armenia a phase II clinical trial explored the efficacy of
curcumin with paclitaxel against advanced breast cancer and metastatic breast cancer
[NCT03072992]. Oral curcumin along with oxaliplatin was studied for safe and long
term tolerated regimen in inoperable metastatic colorectal patients
[NCT01490996]. A clinical trial is going on in France [NCT03959618] in order to
determine the role of Desmodium adscendens, [source of triterpene saponins,
alkaloids, flavonoids, polyphenols, and tryptamine derivatives] as a neoadjuvant /
adjuvant along with IV chemotherapy in breast cancer patients. A clinical trial
carried out at the USA [NCT01426620] evaluated blueberry powder [rich source
of anthocyanidins] as an adjunct therapy with paclitaxel/docetaxel to treat NSCLC.
Erlotinib was used with polyphenon E [EGCG] against NSCLC [NCT00707252] in
phase I and II and against head and neck cancers [NCT01116336] in phase I clinical
trials. Genistein was used with gemcitabine against stage IV breast cancer in a phase
II trial [NCT00244933]. Erlotinib/gemcitabine along with genistein was investigated
for efficacy against in-situ or secondarily metastasized pancreatic cancer
[NCT00376948] [174].

4.4.4 Limitations of Phytochemicals as Chemosensitizers
in Adjunct Therapy against Cancer

A wide range of natural phytochemicals being a part of regular diet are almost
universally safe, easily available, and economic. But the main challenge remains in
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their poor bioavailability and short physiological half-life owing to their poor
pharmacokinetic and pharmacodynamic indexes. Therefore, their persistent avail-
ability is only achievable if they are administered in an exceptionally high
dose almost continuously. This will inevitably bring in high dose-related side
effects that will ultimately limit the efficacy of the compounds. A meta-analysis
reported 97 phytochemical-induced hepato-toxicity cases in Korea. Coumarins,
furanocoumarins, EGCG, and piperine inhibited drug detoxification enzyme
CYP3A4 and delayed the half-life of the chemotherapeutic drug [175].

The screening of chemo-sensitization potential of phytochemicals in cell culture
conditions may alter drug efficacy which may provide a negative impact on the
identification of clinically effective compounds. There are significant differences
between the in vivo tumor microenvironment and cell culture conditions. In native
tumor microenvironment there are limited molecular transport, fluidic shear
stress, cell–stroma interaction, physical structure, and soft material properties. In
conventional in-vitro cancer models there are unlimited molecular transport, static
condition, no consideration on cell–stroma interaction, flat substrate, and
non-physiological material properties [19].

Moreover, the drug–compound interaction should be favorable with no antago-
nistic effect. Presence of single nucleotide polymorphisms [SNPs] in the detoxifying
genes may directly affect the functionality of the agent. Therefore even after
successful preclinical studies compounds may confront failure in clinical trials.
Some phytochemicals have been also found to be genotoxic or even carcinogenic,
e.g. capsaicin, amygdalin, methyleugenol, coumarin, etc. Lastly there should be a
constant cost-effective method to check for their purity druggability and
personalized toxicity of the phytochemicals.

4.5 Latest Advancements of Plant Derived Chemosensitizers

MDR is one big challenge in clinical practice where the increase of effective drug
dose accumulates hazardous systemic toxicity during cancer management. There-
fore, research on MDR reversal should essentially focus on drug sensitization as well
as minimum drug distribution in healthy tissues. After systemic administration small
molecule chemosensitizers have difficulty to effectively accumulate in tumor tissues.
A recent approach used a polyvinyl pyrrolidone-based solid dispersion of Zn
[II]-curcumin exhibited gut microbiota influenced sensitization towards doxorubicin
in hepatocellular carcinoma [HCC] in vitro and in vivo models [176].The drawbacks
of phytochemicals have been primarily tackled by designing stable synthetic analogs
[maybe nano-formulations] which are capable of sustained release. In that case effort
has to be taken to not conjugate any toxic and non-biodegradable nano-particle with
the phytochemical.
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4.5.1 Derivatives of Phytochemicals

The deficiencies of phytochemicals have been tried to met with introduction of
different synthetic derivatives which are more effective than their natural counter-
part. A novel curcumin derivative [1,7-bis[3-methoxy-4-[prop-2-yn-1-yloxy]phe-
nyl]hepta-1,6-diene-3,5-dione promoted apoptosis, inflicted G2/M cell cycle arrest
and chemosensitized MDR chronic K562 cells towards doxorubicin better than
curcumin [177]. Curcumin analog [2 J] along with paclitaxel /vincristine induced
better efficacy in reversal of adriamycin resistance in K562/Adr cells and showed
less toxicity towards human peripheral mononuclear cells and human and rat red
blood cells [178]. An early study reported that a curcumin metabolite,
tetrahydrocurcumin inhibited drug efflux activity mediated by P-gp, MRP-1, MXR
inMCF7AdrVp3000 and MCF7FL1000 and HEK-293 cells [179]. Trans-resveratrol
derivative—resveratrol triacetate caused S phase arrest, increased 5- FU-mediated
inhibition of SW480, SW620, and HCT116, colon cancer cell proliferation [180]
and stemofoline derivatives- OH-A1, NH-B6, NH-D6, resensitized adriamycin
resistant K562/Adr cells to doxorubicin by supressing P-gp action without affecting
its expression [181]. 5-Bromotetrandrine, a derivative of an alkaloid tetrandrine
imparted better activity of doxorubicin, paclitaxel, taxotere, vincristine, and
epirubicin by inhibiting P-gp governed MDR in human epidermoid cancer-
KBv200 cells, KBv200xenografts but not in KB cells [182]. A coumarine derivative,
1-[9H-fluoren-9-yl] piperazin, with a coumarin core attached to a specific butynyl-
amino chain exhibited improved antitumor activity and reversed MDR in resistant
colon cancer cells LoVo/Dx [183]. Chalcone derivatives bearing cinnamaldehyde
scaffold showed high potential of reversing cisplatin resistance by inducing G2/M
cell cycle arrest followed by apoptosis in cisplatin resistant cell line A2780/cis
[184]. A quinone-containing compound, 4-[2356-tetrafluoro-4-[4-hydroxyphenoxy]
phenoxy]phenol [TFPP] and camptothecin in combination downregulated ERK
pathway and aggravated ROS mediated apoptosis in A549 lung cancer cells
[185]. Marine phytochemical, ningalin B derivatives, 23 with dimethoxy groups at
rings A and B and tri-substitution at ring C with ortho-bromo, meta-methoxy, and
para-trimethoxybenzyloxy groups was found effective in downregulating P-gp
membrane-transport function and upregulating accumulation of chemotherapeutic
drugs—paclitaxel, doxorubicin, vinblastine, and vincristine resistance in
LCC6MDR breast cancer cells [186].

4.5.2 Multimode Nano-Drug Delivery Systems

The multimode nano-drug delivery systems can be used for conjoint-delivery of
functional drugs and target genes to treat MDR. They are characterized by (a)
potential of ratiometric loading for more than one agents, (b) tumor site specific
targeting and improved uptake by membrane alteration, and (c) pegylation mediated
hemodynamic stability which facilitates their longevity, half-life, and incorporation
in specific cancer tissues [27]. Amphiphilic poly[curcumin-dithiodipropionic
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acid]-b-poly[ethylene glycol]-biotin copolymer efficiently codelivered curcumin
and doxorubicin to breast cancer cells resistant to adriamycin [MCF-7/ADR] as
well as to nude mice xenografted with MCF-7/ADR. The polymeric curcumin
loaded nano-drug delivery system sensitized them towards doxorubicin by
downregulating ATP, P-gp, Ki-67 and by inducing apoptosis [187]. Similarly,
another study reported a combination of tumor cell type-specific targeted peptide,
PEGylated polymeric prodrug, and curcumin loaded in a single nanocarrier elicited
chemotherapeutic efficacy of doxorubicin against resistant cell lines, i.e. MCF-7/
ADR [188]. Paclitaxel and curcumin delivery through cationic PEGylated niosomes
augmented apoptosis in breast cancer cells MCF-7 relatively higher than the normal
breast cells MCF-10A [189]. A nanocomposite containing magnetic [Fe3O4]
and fluorescent contrast [FITC] working as a dual imaging probe, biotin helping
the target specific delivery of nanoparticles, doxorubicin a chemotherapeutic
drug, and quercetin as a naturally obtained chemosensitizer imparted greater
apoptosis, suppressed tumor cell proliferation, and stimulated the therapeutic
efficacy of doxorubicin against A549 cells [190]. PLGA polymeric nanoparticles
loaded with rapamycin and piperine, inhibited P-gp activity which in turn caused
sustained release and better absorption of rapamycin by MDA-MB-231 cells
[191]. Nanoformulation of quercetin [phytosome] depleted Nrf2 downstream
targets—MRP1 and NQO1, enhanced infiltration of doxorubicin into MCF-7 cells,
augmented endocytosis and cytotoxicity [192].

4.6 Conclusion

Among the plethora of phytochemicals, flavonoids, terpenoids, and alkaloids pri-
marily contributes towards chemosensitization and reversal of MDR. Majority of the
natural compounds improvize sensitization of the chemotherapeutic drugs by
[i] modulating drug efflux pumps; [ii] evoking cell cycle check-point arrest and
apoptosis; and [iii] suppressing malignant stemness, EMT, invasion along with
metastasis of cancer cells. The clinical trials have also proved the competence of
the phytochemicals as adjunct therapy in cancer management to some extent.
However, the issues of low bioavailability, optimum dosimetry, low pharmacoki-
netic indexes of these natural compounds are yet to be resolved. The advancement of
structural chemistry has introduced many derivatives of the natural compounds for
better efficacy. Nanoformulations of phytochemicals and multifunctional nano-drug
delivery systems have facilitated targeted therapy with improved drug distribution
and drug uptake by cancer cells. In future, more clinical trials are required which
may translate the valuable pre-clinical data for effective cancer management.
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Abstract

Studies over the last few decades have revealed that cancer is not only genetic,
this is an epigenetic phenomenon as well. Present studies have elucidated the
involvement of epigenetic regulations in cancer progression. Several epigenetic
modifications involving histone, DNA, and non-coding RNA have been
identified, of which methylation, histone modifications, and miRNA mediated
regulations have been commonly reported. Several studies have reported a close
association between diet rich in phytochemicals and reduced prevalence of
cancer. It has been found that phytochemicals alter gene expression and signalling
pathways. Nutriepigenetics is becoming a promising field and the interplay of
bioactive molecules with epigenome plays a potential role in cancer chemopre-
vention. Most of the phytochemicals, including alkaloids, polyphenols,
organosulfurs, terpenes, etc., have shown promising effects as epigenetic
modulators in the prevention of cancer. In this endeavor, we have collated the
studies on the epigenetic potential of phytochemicals available from our daily
dietary sources. In addition to this, we have emphasized the importance of in
silico studies in epitherapeutic drug designing and its applications in translational
research.
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5.1 Introduction

Over the last few years, the immense emphasis has been put on epigenetics and its
impact on the regulation of numerous diseases. “Epigenetics” as described in its
usual definition refers to alterations in gene expression and chromatin organization
without any changes occurring in the DNA sequence which are heritable upon cell
division [1]. This phenomenon of epigenetics made it a potential target for the
regulation of different diseases. Epigenetics takes part in multiple physiological
processes such as development, imprinting, chromosomal stability, regulation of
gene transcription, and X-chromosome inactivation [2] Therefore, this phenomenon
becomes a potential target for various disease regulations. The epigenetic machinery
mainly involves DNA methylation, histone modifications, chromatin structure
remodeling, and non-coding RNA interactions. Epigenetic patterns of cancer cells
are significantly disrupted which results in multiple anomalies and imbalance in
DNA methylation and histone modifications. The reversible nature of epigenetic
mechanisms makes it feasible for a therapeutic target [3]. It is evident from various
studies that environmental factors, diet, heavy metals exposure induce epigenetic
changes. Interaction of nutrients with epigenome can play a significant role in cancer
chemotherapy. In both developing and developed countries, cancer is one of the
major causes of death. In spite of rigorous intervention, a huge number of patients
are suffering from poor diagnosis. Hence, the demand for early detection and new
anticancer agents with fewer side effects is sustained. Recently, several in vivo and
in vitro studies have highlighted the chemotherapeutic potential of
“Phytochemicals” present in our daily diet as they can inhibit cell proliferation
and tumor growth. However, the scientific validation of preventing the risk of cancer
remains an issue of debate.

5.2 Epigenetic Mechanisms in Cancer Regulation: Introduction
to the Major Epigenetic Phenomena in Cancer Progression

5.2.1 DNA Methylation and Its Role in Cancer

DNA methylation can take part in embryonic development, inactivation of
chromosome X, and silencing of genes. DNA methylation can be often explained
as the addition of –CH3 molecule to the fifth carbon atom of the cytosine ring by the
DNA-methyl transferase (DNMT) enzyme. DNA-methyl transferases include
DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L which plays a pivotal role
in the methylation process. The CpG islands in the promoter regions of some genes
show the maximum amount of methylation. Methylation blocks other transcription
factors to bind to the promoter region resulting in gene silencing. There are mainly
two patterns of DNA methylation as studied so far, hypomethylation and
hypermethylation [4, 5].
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5.2.1.1 Hypermethylation of DNA
Hypermethylation is the most frequently considered epigenetic mechanism
associated with cancerous outcome [6, 7]. Hypermethylation of CpG island in the
promoter region results in silencing of various tumor suppressor genes having
important functions in the regulation of cell cycle (p16INK4a, p14ARF,
p15INK4b, RB1), DNA repair (hMLH1, BRCA1, MGMT, WRN), apoptosis
(DAPK, TMS1, SFRP1), etc. [8]. Some DNMT-inhibitor drugs have been identified
for cancer treatment. Gene silencing may vary depending upon different types of
cancer. In some cases, like colon cancer, hypermethylation can be used as one of the
potential biomarkers [8, 9]. DNA methylation of various genes in different types of
cancer can be utilized as a diagnostic tool for early prediction. Banerjee et al., 2009
in his article, have highlighted the methylation markers specific to different cancers
[10] (Table 5.1).

5.2.1.2 Hypomethylation of DNA
Hypomethylation in the promoter region of a particular gene will turn on gene
expression. DNA methylation has been found to be involved in various diseases
like cancers, lupus, muscular dystrophy, and other lifestyle and inherited diseases
[4, 5]. Compared with the normal cells, cancer cells are prone to global
hypomethylation.

Studies have shown that DNA hypomethylation can induce chromosomal insta-
bility, loss of imprinting, and reactivation of transposable elements in cancer
[40]. Loss of imprinting of IGF2 (the insulin-like growth factor gene) has been
observed among the patients with hereditary Beckwith-Wiedemann syndrome,
showing an elevated risk of cancer development. Loss of methylation has turned
on repetitive DNA sequences and introns [41] which causes open chromatins in
those particular regions resulting in DNA breaks and mitotic recombination of

Table 5.1 DNA methylation markers of different cancers

S. No.
Types of
cancer Methylation markers References

1 Breast
cancer

APC, BRCA1, BCSG1, CDH1, RASSF1a, RUNX3CXCL12,
HIC-1, PROX1, RARβ, TMS1, BCSG1, Cyclin D2, GSTP1

[11, 12]

2 Brain
cancer

MSN, POU3F4, S100A10, S100A6, HTATIP2, CDH1,
LXN, HTR2C, COL1A2

[13]

3 Cervical
cancer

SOX1, RASSF1A, ONECUT1NKX6-1, WT1, DNMT3L,
HS3ST2, CDH1, SPARC, TFP12, PAX1, LMX1A, RRAD,
SFRP1, SFRP2, SFRP3, MINT31, PTEN

[14–18]

4 Colon
cancer

PGP95, LRRC3B, HACE1, BAGE, hMLH1, NGFR, BMP3,
EYA2, MAL, TMEFF2, ALX4, APC, DAPK, MGMT, LINE1

[19–27]

5 Lung
cancer

CDH13, RASSF1, p15, MGMT RARβ, DAPK, p16, [28–31]

6 Ovarian
cancer

OPCML, FANCF, IGFBP-3, GSTP1, ER-α, MLH1,
ANGPTL-2, hMLH1

[32–38]

7 Prostate
cancer

GSTP1, RASF1A, CDH1, MDR1 [39]
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homologous repetitive sequences and increases the risk of cancer. Hypomethylation
in cancer cells, causes reactivation of endoparasitic DNA, L1 (long interspersed
nuclear elements), and Alu (recombinogenic sequence) repeat which increases
chromosomal instability by the translocation of these unmethylated transposons to
other genomic regions [42].

5.2.2 Histone Modifications and Its Role in Cancer

Histone modification is another significant tool in epigenetic mechanisms. Modifi-
cation of histones may occur by several mechanisms such as acetylation, methyla-
tion, SUMOylation, ADP-ribosylation, ubiquitylation, and phosphorylation. Histone
modifications influence the recruitment of several transcriptional regulatory binding
proteins, thereby significantly regulate gene expression pattern.

When H3 is trimethylated at lysine 4 (H3K4me3) the promoters remain activated
and again inactivated upon methylation of H3 at Lys27 (H3K27me3). Distinct
aberrant histone modifications have been reported in cancer cells such as losses in
histone methylation and acetylation in H4 at the acetylated Lys16 and trimethylated
Lys20 residues have been reported [43]. It was found that the deletion of EZH2, a
H3K27 methyltransferase, increased the frequency of spontaneous T-cell leukemia
[44]. In basal carcinoma, histone acetylation (H3K18ac and H4K12ac) and histone
methylation (H3K4me2, H4K20me3, H4R3me2) were reported [45]. Patients with
low levels of H3K4 acetylation and patients with high levels of H3K27me3 showed
association with the progression of oral squamous cell carcinoma [46]. Alterations in
the histone-modifying enzymes such as histone deacetylases (HDACs), histone
acetyltransferases (HATs), and histone methyltransferases (HMTs) have been com-
monly reported in cancer [47]. HDAC is a major therapeutic target for cancer
prevention due to its ubiquitous expression in malignant cancer cells.

However, several studies have reported that HAT in association with HDAC can
regulate the levels of histone acetylation. In leukemia, chromosomal translocation of
HAT and HAT related genes (MOZ, p300, MORF, CBP) causes abnormality in the
formation of fusion proteins [48]. The aberrant proteins alter global histone acetyla-
tion. Alterations of HMT activity cause tumor suppressor gene silencing which
thereby results in different types of cancer. HMTs are over expressed in breast and
prostate cancer and show a significant role in leukemic cancer progression. Several
histone demethylase (HDM) have also been identified such as Lysine demethylase 1
and Jumonji C domain proteins. HMTs work in association with lysine-specific
demethylase and regulate global histone methylation [49]. Targeting HDMs for drug
therapy can be a promising strategy in the future.

5.2.3 microRNA and Its Role in Cancer Epigenetics

miRNAs are small non-coding RNAs that can alter post-transcriptional gene expres-
sion and play a crucial role in the advancement and prevention of diseases.
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Alterations in miRNA can be studied to understand the progression as well as the
diagnosis of cancer. Both in vivo and in vitro studies displayed an association of
miRNA with tumorigenesis. miRNA regulation of genes that are responsible for cell
proliferation, apoptosis, and transcriptional regulation can lead to carcinogenesis.
miRNA have roles in regulating tumor suppressors and oncogenes as well [50, 51].

5.2.3.1 Down-Regulation of miRNA
Many tumor suppressor genes are deregulated in cancer. miRNA 15 and 16 which
repress BCl2 (anti-apoptotic gene) are downregulated in leukemia and miRNA let-7
that represses an oncogene is downregulated in lung cancer [52]. miRNA of let-7
family was also found to be downregulated in breast cancer which was inversely
correlated to ERα expression [53]. It was reported that the expression of miR-127, a
tumor suppressor miRNA, was silenced by DNA methylation in cancer [54].

5.2.3.2 Upregulation of miRNA
Few studies revealed that oncogenic miRNAs such as miR-17, iR-92 are
upregulated. The changes in DNA methylation status and chromatin remodeling
among cancer and normal cell line play an imperative role underlying miRNA
expression. In a microarray profiling of DNMT1- and DNMT3B-knockout
HCT116 colon cancer cell line, 18 out of 320 human miRNA were found to be
upregulated. There are several factors such as chromosomal aberrations, transcrip-
tion factors that bring changes in miRNA expression which again depends on tissue
specificity [51]. The crosstalk between the epigenetic machinery plays a very
significant role in the progression of cancer (Fig. 5.1). Reactivation of miRNA in
several cancer cells was reported with the treatment of DNMT and HDAC inhibitor
drugs.

5.3 Epigenetic Modulators in Cancer Prevention

The immense prospective for epigenetic therapies lies within the certain fact that,
contrasting to, genetic anomalies, epigenetic modifications are reversible. Various
agents focusing on the epigenetic pathways are under progress toward the inside of
clinical trials in late 70s, the study on the possibility to reverse epigenetic changes
began with the finding of the agents that undo DNA methylation [55]. Recently,
“Nutri-epigenetics,” focusing on the influence of the nutritional factors on
epigenome has come forward as a novel field of interest. Targeting abnormal
epigenetic modifications has attained importance in cancer chemoprevention
research. The perception of “Epi drugs” is at the forefront of drug which have
been approved and some are undergoing the clinical trial. The universal demand
for harmless, cost-effective, and readily accessible therapeutics has a renewed
concern in plant-based drugs leading towards chronic use [56]. Through several
attempts to recognize and build up anticancer agents that can effectively kill cancer
cells without any damage to normal cells, naturally existing phytochemicals in food
and plant sources have been identified [57].
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According to the long established research studies plentiful bioactives from
medicinal plant sources have been reported to have anticarcinogenic effects. Several
in vitro and in vivo experiments pointed out the anti-proliferative, antimetastatic,
antiangiogenic activities of some phytochemical compounds in the prevention of
carcinogenesis. Nevertheless, a very few number of studies have been conducted in
cancerous patients which shows inadequate evidence to prove their clinical
efficiency.

5.3.1 Classification of Phytochemical and their Significance

Large groups of chemical compounds that are present in the fruits, vegetables, whole
grain, seeds, nuts, plant-based beverages, fungi, herbs, and spices are often respon-
sible for color, flavor, and aroma [58]. Based on chemical structure and
characteristics dietary phytochemicals are classified into five major groups, viz.
alkaloids, polyphenols, terpenes, organosulfur compounds, and other
phytochemicals (carotenoid, saponins) as demonstrated in Fig. 5.2.

5.3.1.1 Alkaloids
Alkaloids are large groups of various chemical molecules having alkalies like
properties and a nitrogen atom in a heterocyclic ring structure. Most of the natural
products consist of around 18% alkaloids. The structure of alkaloids is often

Fig. 5.1 Interplay of epigenetic machinery in the progression of cancer
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mimicked in the synthesis of chemical drugs as they have anticancer properties.
They are found in more than 150 plant families, majorly found in higher dicotyledon
plant families (Apocynaceae, Papaveraceae, Papilionaceae, Ranunculaceae,
Rubiaceae, Rutaceae, and Solanaceae) and not commonly found in lower plants
and fungi [59]. Depending on the heterocyclic ring patterns, they are categorized into
different classes as follows: Pyrrolidine alkaloids (tetrahydropyrrole ring), Pyridine-
piperidine alkaloids (pyridine ring joined to a piperidine ring), Isoquinoline alkaloids
(heterocyclic isoquinoline ring). Alkaloids are widely known for their various
pharmacological properties that include indole for anti-hypertensive effect, quini-
dine, spareien for antiarrhythmic effect, quinine for antimalarial effect and dimeric
indoles, vincristine, vinblastine for anticancer effects.

Some of these components such as caffeine and morphine show stimulant
properties [60]. Recently, alkaloids have gained popularity due to increased interest
for herbal therapeutics. Cellular apoptosis is promoted by alkaloids via DNA
damage pathway that seems to be a potential target for cancer therapy [61]. Also,
these compounds effectively showed oncogene suppression by regulating the key
signaling pathways of the cell cycle, cell proliferation, and metastasis which makes
them the key target biomolecules for cancer therapy [60, 62]. Apart from this,
alkaloids can also prevent cancer through epigenetic modulation such as inhibition
of DNMT, HDAC activity, dysregulation of cancer related miRNA [63–65]. How-
ever, specific molecular mechanisms of dietary alkaloids inducing cancer chemo-
prevention are still under research.

Fig. 5.2 Classification of phytochemicals
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5.3.1.2 Organosulfur Compounds
Organosulfurs are the sulfur containing compounds found in both plants and
animals. Organosulfurs such as llicin, ajoene, and isothiocyanates show antimicro-
bial effects against both gram-positive and gram-negative bacteria. Sulforaphane
(1-isothiocyanato-4-(methyl-sulfinyl)) is a widely studied biomolecule which
belongs to the isothiocyanate group of organosulfur compounds. After the ingestion
of cruciferous vegetables, sulforaphanes are formed by the hydrolysis of
glucoraphanin.

Several in vitro and in vivo studies have reported that sulforaphane can suppress
DNMT and HDAC activity and it can also regulate a cluster of microRNA
(Table 5.2). In some cruciferous vegetables, Phenyl isothiocyanate (PEITC) and
some other forms of isothiocyanates are found.

It has reported that PEITC can demethylate and activate GSTP1. PEITC shows an
inhibitory effect against HDAC and also contributes to promoter hypomethylation
and regulation of miR-194, miR-423-5p, etc. [127] (Table 5.2).

5.3.1.3 Terpenes
Terpenes are a class of hydrocarbons made of five carbon atoms that are attached to
eight hydrogen atoms [CH2 ¼ C(CH3)-CH¼CH2]. Terpenes are available from
both plant and animal sources. The oxygenated derivatives of these compounds are
called terpenoids. Terpenes, mainly terpenoids, are present in around 27% of all
natural compounds. Terpenoids are categorized into six major subgroups depending
on the number of isoprene groups. They are hemiterpenoids (single isoprene unit),
monoterpenoids (two isoprene units), sesquiterpenes (three isoprene units),
diterpenes (have four isoprene units), and triterpenes (six isoprene units),
tetraterpenoids (eight isoprene units). Medicinal values of terpenoids were reported.
Perilla alcohol showed anti-carcinogenic properties, glycyrrhizin have anti-
microbial activity, sesquiterpenoid has been used as an anti-malarial drug [60]. It
was reported that terpenoids have DNMT-inhibitory effects and regulate miRNA in
human and animal cell lines [127]. For example, Capsaicin, an active component of
chili peppers, can enhance hMOF activity, HDAC, HAT activity and suppress
LINE-1 retrotransposition in both human cell line and mouse model study [69–71].

5.3.1.4 Polyphenols
The most important phytochemicals that are present in vegetables, fruits, and
beverages are the polyphenols. Polyphenols consist of large multiple phenol units.
The physical, chemical, and biological properties of polyphenols vary depending on
the number and structures of these phenol units. Polyphenols are categorized into
phenolic acid, flavonoids, lignans, stilbenes, and others like tannins based on
chemical composition. Flavonoid is again classified into flavones, flavanols,
flavonols, flavonones, isoflavonoids, and chalcones. Fruits such as grapes, apples,
cherries, pears, and beverages (mainly tea) are a good source of polyphenols.
Polyphenols play a very significant role as epigenetic modulators. Studies reported
that polyphenols were able to alter methylation, histone modifications, and miRNA
regulation.
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[128]. For example, curcumin, the major component of turmeric, inhibits HAT,
DNMT activity and downregulates H3, H4 acetylation [72, 73]. A cluster of
oncogenic miRNAs is being regulated by dietary polyphenols (Table 5.2).

5.4 Bioinformatics Platform for Drug Designing
and Modifications

Discovery and development of drugs is an intricate, time consuming and risk taking
practice. It requires hi-tech proficiency, funding, and human resources to develop a
new drug.

Prior to the launching of a new drug in the market, a stringent observance to
testing and manufacturing standards is required.

Two branches that brought an optimistic effect on drug designing procedure,
cutting down the cost and risk, are Bioinformatics and Pharmacogenomics.

The information on medicinal plants acquired over the years and research out-
come from contemporary methodologies is scattered and mostly embedded unstruc-
tured within the literature. This has become a major challenge in creating a common
platform that requires a consolidated and integrated access to ethnobotanical knowl-
edge. It is imperative to develop a technique that will help to extract, store, and
present data in a constructive format. Several databases of ethnobotany, pharmaco-
logical uses, bioactive metabolites, genomic or transcript-based information, molec-
ular targets of active ingredients, etc. have been developed to enhance data mining
techniques. This can elucidate targeting bioprospecting and screening strategies for
the application of plant medicines. Information on medicinal plants can also be
extracted from the realms of databases of other categories such as taxonomy,
chemical and molecular records (Fig. 5.3). To identify putative genes and pathways
related to the production of secondary metabolites, transcript-level data can be
applied. Analysis of transcriptome data of bioactive metabolites will help in the
identification of transcription factors, putative genes, and response elements of the
metabolite synthesis pathway. The application of “Omic” approaches can help to
extract molecular information on the target molecules of medicinal plants [129].

Bioinformatics is an interdisciplinary science that includes genomics, proteomics,
transcriptomics, molecular phylogenetics, etc. The major roles of bioinformatics are
(1) Connecting between diseases and genetic and epigenetic modifications, (2) Iden-
tification of drugs that can restore cell function or abort the malfunctioning cells
(e.g., malignant cell), (3) design and predict the action of drugs on target molecules,
(4) Drug resistance and assessment of environmental hazards. The techniques
involving assembling of protein, RNA structures, simulation with small molecules
and metabolites, protein-ligand docking paved the way for more realistic screening
of drugs. The application of dietary components for cancer prevention has some
limitations. Most of the bioactive molecules have the potential for cancer treatment.
Few are only effective at considerably high doses which are not achievable through
diet. Currently, some of the studies focus on the combinatorial effects of phytochem-
ical compounds. Humans do not consume one food item, so the necessity of
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combinatorial studies will help to understand the interaction between multiple
epigenome-modifying bioactive molecules. These compounds may show synergistic
or even antagonistic effects with each other. This area of epigenetics remains
unexplored and evokes interest for further research [130].

5.5 Future Prospects of Epigenetics in Translational Research

Detection of epigenetic changes is a very promising tool not only for understanding
cancer biology but also in therapeutic applications. DNA hypermethylation is a very
distinct marker for the diagnosis of cancer. Hypermethylation of genes is specific to
cancer types, for example, prostate cancer patients exhibited de novo methylation of
GSTP1 in most of the cases [131, 132]. Detection of hypermethylation of BRCA1
could help in the diagnosis of the biopsy specimens of breast cancer patients
[133]. Lung, colorectal, and brain cancer have been linked to the hypermethylation
of DAPK, p16INK4a, and EMP3 [40]. DNA hypermethylation from breast ductal
fluids and from exfoliated cells for cervical cancer patients could be identified as a

Fig. 5.3 Steps of drug discovery processes and the role of bioinformatics
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conventional cytological analysis in the patients [134, 135]. DNA methylation
profiling by microarray analysis will help in the early detection of cancer
[136]. The chemotherapeutic response of hypermethylation of MGMT and other
DNA repair pathway genes with different DNMT-inhibitors have also been studied
[137]. Therapeutics such as DNMT-inhibitors or HDAC-inhibitors has been studied
in cell line and animal model systems. In spite of countless promises and the verified
accomplishment in vitro and pre-clinical studies, there has been modest to no
improvement in the switch of phytochemicals to the clinic as the first-line treatment.
Phytochemicals are easily available in natural food sources and they have fewer side
effects. However, there are some limitations as well. The extraction of particular
bioactive molecules may not be cost-effective. Moreover, mechanisms are studied in
cell line or model systems; therefore, optimization of dosing under human physio-
logical circumstances are difficult to predict. There are some practical and ethical
restrictions on the application of bioactive compounds involving human subjects
without sufficient evidence that makes the research area confined to in vitro studies.
Thus, it is imperative to create a pre-clinical model system that can mimic systemic
exposure to phytochemicals with metabolomic and pharmacokinetic consequences.

5.6 Conclusion

Epigenetic regulations of gene expressions are maintained by the crosstalk between
DNA methylation and histone modification that helps to maintain the cellular
functions. The beneficial role of phytochemicals in the prevention of cancer has
been reported in several experiments based on cell lines and animal models.
Advancement of in silico epigenetic modeling system could further mimic and
predict the plausible impact of these phytochemicals on the human system and
help to fulfill the gap between in vitro and translational research.
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Modulation of Cancer Cell Metabolism
and Microenvironment by Phytochemicals 6
Amarjeet Shrama, Priyanshi, and Chandi C. Mandal

Abstract

The quiddity of neoplastic disease is represented by chronic and often times
uncontrolled cell multiplication. It includes deregulated proliferative capability of
the tumorigenic cells, along with the modulation in metabolic process for cellular
proliferation and growth. Discovery of this metabolic alteration as one of the
hallmarks of cancer cells has provided the new way to target tumor cell metabo-
lism for therapeutic purpose. Tumors are not only insular masses of proliferating
cancer cells; they also have another dimension of intricacy: they recruit ostensibly
normal cells that help in acquiring hallmarks characteristics by forming the
microenvironment near by the tumor cells which is called as tumor microenvi-
ronment (TME). Beside of these existing diversity of tumors reported in the
identical or distinct locations and organs in the body, similar components and
properties have been revealed in the tumor microenvironment of epithelial
originated cancer. Various modern therapeutics have been developed targeting
cancer cell metabolism and modulating tumor microenvironment. In recent years,
several phytochemicals are being identified as the possible therapeutic
compounds with their anticancer properties. Phytochemicals are the crucial
ingredients of traditional medicine, and are also widely used to synthesize the
novel therapeutics to treat numerous diseases. Recent investigations have been
made by using distinct cancer models to highlight the role of these
phytochemicals as the modulator of cancer cell metabolism and how these
phytochemicals are altering the tumor microenvironment. Here, we have selected
some phytochemicals based on their distinct anti-tumorigenic nature and
discussed their effects in modulating the TME microenvironment and cancer
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cell metabolism. The prominent targets of the phytochemicals, i.e. the site of
action where they modulate the cancer cell metabolism and tumor microenviron-
ment are also being highlighted. With the integrated understanding of effects of
phytochemicals on tumor cells, advancements can be made in better cancer
treatment.

Keywords

Cancer cell metabolism · Tumor microenvironment · Phytochemicals

Abbreviations

α Ketoglutarate
ACS Acetyl-CoA synthetase
ACS Acyl-CoA synthetases
ALT Alanine aminotransferase
ANGPT Angiopoietin
ATP Adenosine triphosphate
EMT Epithelial to mesenchymal transition
FAS Fatty acid synthase
FBAA Fructose bisphosphate aldolase
GDH Glutamate dehydrogenase
HIF 1α Hypoxia inducible factor
HK Hexokinase
NADH Nicotine amino dehydrogenase
nSMase Neutral sphingomyelinase
PFK Phosphofructokinase
PFKB 6-phosphofructo-2-kinase/fructose-2,6,bisphophatases
PG Phosphoglycerate
ROS Reactive oxygen species
SAM S-adenosyl methionine
SCDs Stearoyl-CoA desaturase
SPT Serine palmitoyal transferase
TCA cycle Tricarboxylic acid cycle
TME Tumor microenvironment
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
WHO World Health Organization
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6.1 Introduction

In today’s world, according to WHO, cancer is the second leading cause of the death
throughout the globe, which means that cancer is a big health issue. This disease is
responsible for a roughly calculated 9.6 million deaths in 2018 that means 1 from
6 deaths are occurring due to cancer only. Many factors are responsible for the
cancer, including Tobacco consumption, low fruits and vegetables intake, and less
exercise. Research regarding to cancer treatment areas has been progressively
increased throughout the decade. But there is no such improvement has been seen
in the cancer survival rate. Resistant against the molecular targeting therapies has
been a big concern [1], which forced the scientist to look for a better treatment
approach like targeting the cancer cells with certain effective molecules which are
naturally present on the earth, and have certain properties to treat the cancer. These
molecules are known as phytochemicals. Beside the cancer preventive effect of some
phytochemicals, directly obtained from the dietary sources, some phytochemicals
can target the various metabolic pathways in tumor cells along with a significant
targeting of distinct cancer cell signaling, while showing zero or least side effects in
healthy active cells [2]. The modulation of metabolism and TME in cancer cells with
respect to the normal cell is now become a good therapeutic target. Many
phytochemicals have been reported as the inhibitors of metabolic enzymes, widely
used in the cancer cells for deregulated growth. Thus, phytochemicals are good
therapeutic molecules to treat the cancer. According to statistical analysis, form
around 175 approved cancer therapeutic molecules, till the year 2014, 85 from them
were only the phytochemicals, and their derivatives [2]. Good effects have been
observed in the laboratories, but not achieved on the same rate in clinical trials due to
the change in certain physiological conditions between in vivo and ex vivo
experiments. Here in this chapter, we are discussing precisely about the distinct
targets, activity, and mechanism of various phytochemicals which have been
reported as a good anticancer compounds, in terms of tumor microenvironment
and deregulated tumor cell metabolism by highlighting the, metabolic enzyme
inhibition, cellular cross talk inhibition in TME, and ROS formation because of
the phytochemicals and how it is affecting the cancer cell survival. Firstly, a
discussion is there about cancer cell metabolism and how it is modulated from the
normal cell, then there is a discussion about the TME and the relation between TME
and cancer cell metabolism. A brief introduction of phytochemicals and followed by
individual discussion of the phytochemicals and their targets have been addressed
(Figs. 6.1 and 6.2). Phytochemicals are selected of three different classes i.e.,
polyphenols, terpenoids, and alkaloids. Finally, the chapter is concluding with the
future prospects of the use of phytochemicals as cancer therapeutics.
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6.2 Cancer Cell Metabolism

Cancer cells need abundant energy and macromolecules for their growth and to
assist in their proliferation this energy is obtained by cells through ATP hydrolysis.
To cope up with the increasing demand for energy, they have to alter their metabo-
lism. So, modification in cancer cell metabolism is of the essence for tumor initiation
and progression [3]. Reprogramming of metabolism is considered as a hallmark of
cancer cell. Tumor cells alter their several metabolic pathways along with their
interactions with TME in response to the need of enhance uptake of various nutrients
including glucose and glutamine [4]. Various alterations in cancer cell metabolism
are associated with cancer linked oncogenic signaling pathways [5]. These changes

Fig. 6.1 Schematic view of cancer cell metabolism and targets of different phytochemicals. Red
and blue phenolic compounds, Pink and green alkaloid compounds, Light blue isoprenoids. Glc
glucose, HK hexokinase, Glc-6-P glucose-6-phosphate, GPI glucose-6-phosphate isomerase, F-6-P
fructose-6-phosphate, PFK phosphofructokinase, F-1,6 BP fructose-1,6-bisphosphate, ALDOA
aldolase, G-3-P-glyceraldehyde-3-phosphate, DHAP dihydroxy acetone phosphate, TPI triose
phosphate isomerase, 3-PG 3 phosphoglycerate, PGK phosphoglycerate kinase, PK pyruvate
kinase, LDH lactate dehydrogenase, PDH pyruvate dehydrogenase, ACC Acetyl-CoA carboxylase,
FAS fatty acyl synthase, ROS reactive oxygen species, PPP pentose phosphate pathway
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in cancer cells are thought to be the edge point of oncogenic activation, beside this
these changes provide them assessment in tumor development. Hence, much novel
therapeutics can be made targeting altered metabolic pathways in cancer cells
(Figs. 6.1 and 6.2).

6.2.1 Glycolysis and Warburg Effect

Glucose exists as major constituent of nutrients present in the blood, and it is the
fundamental substrate for cells metabolism in mammals. In aerobic conditions when
oxygen is present, normal cells attain energy by oxidative phosphorylation of
glucose derived pyruvate which enters in mitochondria’s TCA cycle before
undergoing oxidative phosphorylation in mitochondria. But as observed by Otto
Warburg in some proliferative cells mainly in tumor cells, there is more glycolytic
flux and they conversely metabolize the glucose derived pyruvate into lactate even
when oxygen is present [6–8]. This effect is acknowledged as “Warburg effect.” The

Fig. 6.2 Influence of various phytochemicals on tumor microenvironment. Blue line: targets of
different phytochemicals. IL interleukins, TGF-β transforming growth factor beta, BMP bone
morphogenetic protein, and MMP matrix metalloproteinases
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preferred shift to aerobic glycolysis from oxidative phosphorylation is the most
inspected altered metabolism of cancer cells. Distinct classes of hexose transporters,
like glucose transporters (GLUTs) and transporters for sodium-mediated glucose
transportation (SGLTs), are reported to be responsible for glucose transport across
the cellular membrane. GLUTs all have identical transmembrane anatomy, but there
are many isoforms of them which vary in substrate recognition and tissue distribu-
tion [9, 10]. Tumor cells have aggravated glucose intake and GLUT 1 is mostly
overexpressed in cancer cells [11]. The upregulated expression of GLUT1 and other
enzymes involved in glycolysis such as hexokinase (HK) 1-2 and phosphofructoki-
nase is mediated by KRAS. Along with increased glycolytic flux, cancer cells also
have elevated level of enzymes related to the glycolytic pathway. The important
elevated enzymes are lactate dehydrogenase (LDH) and pyruvate kinase isoform M2
(PKM2 [12, 13]. In very first glycolytic step, the formation of glucose -6-phosphate
via glucose as a substrate, which is first committed (irreversible) step and is mediated
by hexokinase, can be done by its two isoforms which are hexokinase 1 and 2. Out of
the two isoforms, hexokinase 2 is mostly highly upregulated in malignant cells while
hexokinase1 is abundantly present in normal cells [14]. Cancer cells have high
proliferation rates due to which they encounter oxygen tension and have high
expression of hypoxia inducible factor (HIF)-1α. After conversion of glucose to
glucose-6-phosphate another checkpoint of glycolysis is the step related to formation
of fructose-1,6 bisphosphate from fructose-6 phosphate, mediated by the enzyme
phosphofructokinase-1(PFK-1). The expression of PFK-1 can be regulated by many
mechanisms. In malignant cells its activity has been found to be increased because of
the activity of oncogenes. Beside of this, HIF-1α is also reported as the responsible
factor for the same [15]. The conversion of fructose to fructose 1,6- bisphosphate by
PFK-1 is negatively regulated by ATP and it is shown that Akt kinase might activate
PFK-1 by phosphorylating and releasing the inhibition of PFK-1 by ATP[16]. The
most effective allosteric regulator of PFK-1 is fructose 2,6-bisphosphate which is
produced and degraded by a class of bi-functional PFKB enzyme. In human cancers
PFKB is often overexpressed which not only upregulates the expression of fructose
2,6-bisphosphate, but also plays an crucial part in proliferation of tumor cells
through the regulation of cell cycle [17]. After glycolysis, pyruvate formed is
preferentially converted into lactate by the enzyme lactate dehydrogenase which is
also overexpressed in cancer cells, in this reaction NAD+ is regenerated which helps
in maintaining the glycolytic flux [18]. There are numerous benefits of “Warburg
effect” to the cancer cells. Reduction in mitochondrial oxidation and increase in
aerobic glycolysis lead to the accumulation of precursors which are required for the
synthesis of major cellular products such as amino acids, nucleotides, and lipids.
This altered metabolism helps in fueling the anabolic pathways like serine biosyn-
thesis pathway along with the phosphogluconate pathway (hexose monophosphate
shunt) [19]. Reduction mitochondrial respiration also leads to decrease in ROS
production which is advantageous for rapidly proliferating cells. Exacerbate glyco-
lytic flux and lactate production in cancer cells is advantageous for prompt energy
production, accumulation of biomass, and redox maintenance [14].
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6.2.2 Altered Glutamine Metabolism

In spite of the glucose, an important substrate known as glutamine is recorded as a
very crucial substrate for cancer cell metabolism and growth. To be used in the form
of anaplerotic precursor, glutamine first converts to glutamate and further it converts
into α-ketoglutarate. Various enzymes are there to carry out these reactions, includ-
ing glutamine dehydrogenase (GDH), and numerous transaminases [20]. Because of
the higher ALT [20] and GDH [21] activity, metabolism of glutamine is found to be
elicited in cancer cells, it results in large glutamine-derived α-KG formation, and
further this α-KG is used up in the tricarboxylic acid (TCA) cycle. Intermediates and
bi-products of the TCA cycle are precursors of different anabolic pathways, result in
the synthesis of lipid, nucleotide, and other alpha nitrogen containing acids
[21]. Therefore, the metabolism of glutamine in cancer cells is a relatively speedy
and preferable source of carbon to fulfill the demand of various biosynthetic
pathways. Along with these, glutamine metabolism also promotes the accumulation
of lactate via malate formation and aggravates glycolysis along with NADPH
generation via glutaminolysis. Most of the α-nitrogen from glutamine degradation
is secreted from the cancer cells as ammonia and alanine which means that secretion
of amino groups from Glutamine is a required phenomenon of the use of glutamine
as an anapleoritc precursor and to generate NADPH more preferably than
maintaining the amino acid pool inside the cancer cell [20].

6.2.3 Lipid Metabolism Alterations

To proliferate rapidly cancer cells need a great amount of lipid and steroids so that
they can fulfill the demand of different phospholipids for the formation of lipid
bilayer and signaling molecules derived from the lipids [22]. The expression of the
enzymes related to the lipid synthesis as well as the transcription factors controlling
the lipid homeostasis is deregulated in the cancer cells [23]. The expression of these
enzymes and transcription factors is increased in tumor cells. Beside the deregulated
metabolism of the lipids in cancer cells, the lipid related factors are also very crucial
for the accretion of important lipid messengers like prostaglandin and
lysophosphatidic acid [23].

The enzyme ATP citrate lyase (ACL) is responsible for the conversion of citrate
into acetyl-CoA (a lipogenic precursor) and reported to be highly expressed in
various human cancers, the expression of this enzyme is reported under the positive
regulation of PI3K/Akt pathway [24]. Another enzyme called acetyl-CoA carboxyl-
ase (ACC) is also overexpressed in many human cancers [25], this enzyme is
responsible for the formation of malonyl-CoA from acetyl-CoA, which is considered
as rate limiting step in fatty acid production pathway. One more enzyme, FAS is also
described as a key regulatory lipogenic enzyme, it is a multicomplex enzyme which
is required for the successive condensation of malonyl-CoA and acetyl-CoA as a
substrate to form palmitate [26]. FAS expression is upregulated in most of the cancer
cells [23] and it is being described as a potential biomarker to diagnose cancer for
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therapeutic mean [27–29]. Due to the ubiquitous upregulation of the FAS in most of
the cancer cells, several inhibitors of FAS are being developed to test their efficacy
on the preclinical models [30, 31]. Apart to these core key regulatory enzymes, one
transcription factor termed as sterol regulatory element binding transcription protein
1 (SREBP1) is also upregulated in the cancer cells [22, 32], and the target gene of
this transcription factor promotes the tumorigenesis [33]. Some other enzymes
promoting lipogenesis which is known to be involved in metabolic deregulation,
are also upregulated in cancer cells; it includes enzymes related to fatty acid
synthesis like ACS & SCDs [34]. Beside these, enzymes like choline kinase [for
choline synthesis and 3-hydroxy-3methylglutaryl-CoA reductase (HMGCR) (for
cholesterol synthesis)] are also highly expressed and there role in tumor develop-
ment is also identified.

6.3 Influence of Tumor Microenvironment on Cancer

In earlier times there was a reductionist view of cancer according to which tumor was
considered as an assemblage of relatively homogenous cancer cells. According to
the reductionist view by knowing about the autonomous properties of a cancer cell
we can understand almost all the tumor biology. By the advancement in techniques it
is now being found out that tumors have multiple complexities. With the help of
different types of cells present in tumor it creates a microenvironment which often
promotes its growth and invasive properties during tumorigenesis. To understand
about the tumor biology, it is important to know about the function of each cell type
which are present within it [3]. The tumor microenvironment includes different types
of cells and factors present in the locality of tumor which help in tumor invasion and
metastasis. The different types of cells which are present in tumor microenvironment
are cancer stem cells, immune cells, endothelial cells, cancer associated fibroblast,
pericytes, cancer associated macrophages, cancer associated adipocytes, etc. Various
cytokines/growth factors/metabolites performing different signaling are available in
TME. Different cells and cytokines along with their effect on tumor are being
discussed below.

6.4 Cancer Stem Cells (CSCs)

CSCs have almost similar transcriptional profiles as the normal tissue stem cell
populations and are present in tumor along with cancer cells which carry oncogenic
and tumor suppressor mutations. They have the capability of seeding new tumors
after injecting them in the preclinical models like mice. These cells are the tumor
initiating cells and display different surface markers. There are two theories of
cancer stem cells origin one is that they may arise from normal tissue stem cell by
ongoing oncogenic transformation, other one is that they may arise from partially
differentiated progenitor cells that may be subjected to oncogenic transformation
acquiring more stem like characteristics. After formation of primary tumors, cancer
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stem cell can do two functions: they can self-renew themselves maintaining their
population or can differentiate into more derivatives. Cancer stem cells support EMT
(epithelial to mesenchymal transition) by initiating tumor at some sites other than
their site of origin. These cells can also be the reason of recurrence of tumor even
after chemotherapy because they are more resistant to the chemotherapy and may
also persist for many years after therapy and may suddenly flare up and generate
tumor. The growth of tumor is supported by these different kinds of cells within the
tumor that have different functions and help in overall growth of tumor. In this way,
tumors are not relied on the environment to provide different cells for their growth
rather they take the support from stromal cells by forming different type of cells by
modulation [3].

6.5 Endothelial Cells and Pericytes

The vasculature present in the tumor is formed by the endothelial cells. During the
formation of tumor as there is increased growth rate and there is basal lamina
between them and connective tissue as a result of which blood supply is reduced
which causes hypoxia, due to which angiogenic switch occurs in the quiescent
endothelial cells and they enter a biological program to form new blood vessels.
Along with providing nutrients to the growing tumor endothelial cells also afftects
infiltration of immune cells and composition of stroma. Endothelial cells associated
with tumor express various cell surface receptors like VEGFR2 and various others
cytokine receptors such as ACKR1 (DARC), ACKR3 (CXCR7), CXC4, and CCR2.
The induction of angiogenesis for the growing tumor is done by the recruitment of
endothelial cells is response to the released chemokines and these endothelial cells
overexpress there receptors and turn on feedback loops for forming new blood
vessels. Migration, recruitment, and proliferation of endothelial cells are also con-
trolled by chemokines such as CCL2 and other CXC chemokine [35]. By targeting
distinguishing cell surface receptors on tumor endothelial cells various drugs can be
formulated. For example, there are many drugs targeting VEGFR2. The change in
tumor associated tumor cells as compared to the normal endothelial cells can be done
by the transcriptome analysis. [3]. Pericytes are specialized mesenchymal cell type.
They are found wrapping around the endothelial tubing of blood vessels. Pericytes
help in maintaining the integrity and function of vasculature. They are recruited at
the newly forming vessels in response to platelet-derived growth factor B, and their
interaction with the endothelial cells occurs with ANGPT-TIE2 system [36]. Gener-
ally, pericytes are embedded in basement membrane and secrete growth factors for
endothelial cells and other ECMmolecules which promote their survival and hamper
their proliferation [36, 37]. Further pericytes recruitment is promoted by NG2
proteoglycan and neural cell adhesion molecule 1 (NCAM 1) secretion from the
attached pericytes. The interaction of pericytes and endothelial cells is disrupted by
the increased secretion of VEGFA which promotes the expression of ANGPT2 and
ANGPT2 competes with ANGPT 1 for binding with TIE-2. In this way, the
detachment of pericytes from endothelial cells further promotes neo-angiogenesis
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and unevens blood flow within the tumor, which further potentiates tumor develop-
ment [36, 38, 39].

6.6 Immune Cells

Along with many subpopulations of stromal cells various immune cells are also there
in tumor microenvironment, which performs both the functions of promoting the
growth of tumor and antagonizing the growth of tumor, they do these functions in
varying proportion. There are many tumor promoting leukocytes which promote
oncogenesis. Various macrophages subtypes, T and B lymphocytes, mast cells and
neutrophils are present in tumor, which modulate oncogenesis [40]. Various inflam-
matory cells secrete different signaling molecules including angiogenic growth
factor VEGF, tumor growth factor EGF, and other pro-angiogenic factors: cytokines,
FGF2, and chemokines. Other enzymes which help in invasion by degrading matrix
are also secreted, which are matrix metalloproteinases, cysteine cathepsin proteases,
and heparanase [41]. Immune cells associated with tumor not only promote angio-
genesis and tumor progression, but also provide a path to escapes form destruction
by immune cells. Main tumor promoting cells in TME are myeloid-derived suppres-
sor cells (MDSCs) and regulatory T cells (Tregs). Tregs express Foxp3 surface
marker along with CD4+ marker. It helps in maintaining peripheral tolerance. Foxp3
surface marker is important for specification of its lineage and suppressive signals
regulation [42]. In normal tissues, Tregs can control the over-reactive immune cells
and can suppress them in auto-immune diseases while in TME they prevent the
cancer cells from cytotoxic T cells [43]. MDSCs are considered to have a crosstalk
with the tumor which is important for its development [44]. It can promote many
properties of tumor cells like angiogenesis by the production of MMP 9, vascular
endothelial growth factor (VEGF) and prokinectin2, migration of cancer cells and
metastasis [45]. They can also inhibit the function of T cells by the production of
immunosuppressive cytokines (TGF-β, IL-10), Arginase and inducible nitric oxide
synthase [46, 47]. There are mainly three strategies by which immune cells can be
targeted for therapeutic purposes. First is the stimulation of anti-tumor response by
administrating cytokines for non-specific immune stimulation such as GM-CSFs
[48], Interleukins (IL-2, IL-12, IL-15 and IL-21) and interferon as an adjuvants while
treating cancer [49]. Second is adoptive cell transfer strategy in which the T cell is
modified to target the tumor cells by either deriving it from unmodified tumor-
infiltrating T/N cells or the receptors can be modified genetically to recognize
antigens on tumor cells such a modified T cell receptor and chimeric antigen receptor
[50, 51]. Third is to modulate immune checkpoints. This can be done by interfering
with the inhibitory checkpoints and suppressing them or by promoting the stimula-
tory checkpoints using antibodies. One example of blocking the inhibitory check-
point is the blockade of CTLA-4 signaling by utilizing CTLA-4 antibody [51] and
the blockade of PD-1 signaling by utilizing PD-1/PD-L1 antibody [52].
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6.7 Cancer Associated Fibroblasts

There are two categories of fibroblast which are present in tumor and support its
epithelial tissues by creating structural foundations. One is the normal fibroblast cells
and other is myofibroblasts which have distinct α-smooth muscle actin expression
(SAM). Myofibroblast are also present in some other tissues like: liver, lung, and
kidney where they help in tissue repair but they cause problems in chronic inflam-
mation and pathological fibrosis. In tumor cells, fibroblast cells enhance cancer cell
growth, angiogenesis, metastasis, and invasion by secreting different extracellular
matrix components [3].

6.8 Cancer Associated Adipocytes

Adipocytes stimulate the creation of a microenvironment hospitable for tumor
progression by the secretion of several factors [53]. Increase in factors such as the
chemokines CCL5 and CCL2 and IL-6 and TNF-α increases proliferation and
invasion of tumor cells [54]. The characteristics of adipocyte tissue in obesity are
the same as that in CAAs of tumorous tissue, in turn suggesting they play a part in
tumor development in people with obesity. They have thus been emerging as targets
to treat cancer. Some signals that the adipocytes receive from their neighbor tumor
cells are those that activate metastasis in distant organs. Blocking of adipocyte-
derived progression of cancer can open new pathways to treat the disease in obese
patients.

6.9 Influence of Tumor Microenvironment on Cancer Cell
Metabolism

Tumor cells show deregulated metabolism, which is a hallmark of cancer. This
deregulation is basically coupled with the adaptation of cancer cells, against change
in the environment where these cells are growing, what type of nutrients have been
provided to the tumor cells along with the quantity of nutrients. TME is the main
regulator for alteration of metabolism occurring in cancer cells. TME provides
certain cytokines, regulatory molecules so that cancer cells can adopt to the difficult
environmental conditions, CAFs (cancer associated fibroblasts) and ECM (extracel-
lular matrix) are known to be the main regulatory elements for the changes related to
metabolism in cancer cells [55]. Various metabolites like pyruvate, lactate, aspartate,
and glutamine are secreted by the CAFs. And these metabolites are further used up
by the cancer cells to achieve cellular growth and proliferation. Further the alteration
in metabolism caused by CAFs leads to the increased metabolism of glutamine by
upregulation of TCA cycle. Beside of this, the components of ECM like laminin,
fibronectin, are reported as the proteins to be responsible for integrin mediated
control of nutrients signaling. But despite this there is a lot more to be found soon,
increase in growth of the tumor, and very less blood supply leads the formation of
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nutrients-deprived TME. This leads cancer cells to adopt various preventive
strategies to achieve the required metabolic substrate for energy. Metastatic breast
cancer cells represent increase in proliferation and migration capabilities when cells
grow in the presence of obese adipocytes. The adipocyte secrets some fatty acid in
the TEM, that transfer to the invasive breast cancer cells. Furthermore, it leads to the
induction of ATGL-mediated lipid digestion and fatty acid oxidation in the cellular
power house [56]. Cancer cells can use ECM lipids in starvation and hypoxic
conditions. Lipid is required by the cancer cells to produce the cell membrane and
to proliferate more.

6.10 Phytochemicals Affecting Cancer Cell Metabolism
and Tumor Microenvironment

In concomitant with finding the alteration in cancer cell metabolism and changes in
tumor microenvironment, the next logical objective is to find out the therapeutic and
preventive purposes of this information. The specific alterations can be discern as the
probable molecular targets of novel anticancer compounds [23]. Most suitable
anticancer compounds can be found in the natural products and out of the natural
products the class which has been profusely studied for its biological effects is
phytochemicals. Various phytochemicals have entered in clinical trials for providing
the therapeutic compounds for cancer [57]. Phytochemicals are classified into four
major classes: alkaloids, phenolics, terpenoids, and tannins according to their chem-
ical properties. Here the anti-cancerous properties of some of the phytochemicals are
being discussed along with the molecular targets that how they are targeting the
modulated cancer metabolism and tumor microenvironment. The following
phytochemicals are mentioned for their effect on the cancer cell metabolism:
curcumin, Gallic acid, EGCG, genistein, apigenin (Phenolic compounds), geraniol,
oleanolic acid (Isoprenoids), piperine, berberine, capsaicin (Alkaloid), and the
following phytochemicals are discussed for their effect on the tumor microenviron-
ment and cancer cell metabolism (Figs. 6.1 and 6.2).

6.10.1 Curcumin

Curcumin (diferuloylmethane) belong to the class of phenolic compounds of
phytochemicals and has been widely studied for its medicinal properties. Curcumin
is obtained from the rhizome of plant Curcuma longa (Zingiberaceae). Curcumin has
been shown to have multiple effects acting as an agent that can modify many distinct
pathways of signaling which are occurring inside the cell and which further influence
cellular growth, apoptotic response and inflammentry response. Due to its properties
like anti-oxidant, anti-inflammatory it can be used for treating some diseases [58].
There are various studies which have shown the anti-cancerous properties for
curcumin in many cell lines and animals. In cancer cells PKM2 expression is altered
which is targeted by curcumin. Curcumin decreases the glycolytic flux by inhibiting
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PKM2 expression due to which other metabolic pathways such as Hexose Phosphate
Shunt for which metabolic precursors are provided by glycolysis are also inhibited.
Curcumin is also reported to be an inhibitor of higher growth capability of cancer
cells because of its modulatory properties thus results in the synthesis of products
like nucleic acids, amino acids, and lipids by the intermediates of glycolysis.
Curcumin is also known to reverse the inflammatory effect of TNF-α. TNF-α
increases the glycolytic flux by increasing GLUT1 expression and curcumin reverses
this effect by decreasing of GLUT1 expression at both transcriptional and transla-
tional levels in cells which have been stimulated by a cytokine, TNF-α [59]. In some
cancer cell lines, curcumin have been observed to decrease the glucose transporta-
tion into the cells from outside environment related to tumor, lactate production and
ATP production is also shown decreased in these cells. Expression of HK-2 is also
decreased by curcumin along with its separation from mitochondria through activa-
tion of Akt signaling which leads to apoptosis mediated by cellular power house.
Other than that curcumin can decrease the expression of FAS lipogenic enzyme in
many tumor cells which deprive cancer cells of energy [60]. Apart from targeting
altered metabolism curcumin also targets other pathways to inhibits the cancer
development, such as induction of apoptosis, stabilization of mTOR, Wnt, Notch,
inhibition of PI3K signaling, activation of AMPK, inhibition of cell cycle,
downregulation of tumor promoting genes, inhibition of NF-қB activity, regulation
decreasing the metastatic properties of cancer cells, inhibition of angiogenesis,
regulation of miRNA, DNA damage and repair [61]. When we talk with respect to
the tumor microenvironment, curcumin delivered as a conjugate with PEG and Trp2
peptide vaccine results in downregulation of IL-6 production and reduced expres-
sion of factors responsible for suppression of immune system in melanoma bearing
mouse model [62]. Beside this curcumin in reported as a modulator of tumor cell
microenvironment by showing an inhibitory on Hh signaling in pancreatic tumor
[63] (Figs. 6.1 and 6.2).

6.10.2 Gallic Acid

There are many sources from which Gallic acid can be obtained such as gallnuts,
sumac with hazel (Hamamelis virginiana), clove (Syzygium aromaticum), tealeaves,
oak bark, sundew, and some other plants. It is present in many edibles also such as
Blackberry, common walnut, hot chocolate, vinegar, wine and it belongs to the class
of phenolic compounds. Gallic acid shows anti-tumorigenic activity through various
mechanisms [64]. Gallic acid promotes apoptosis via mitochondrial pathway by
increasing the expression of cleaved forms of caspase-9, caspase-3 PARP-1 and
genes BAX and BAD which are required for apoptosis, along with the
downregulation of genes Bcl-2 and Bcl-XL which are responsible for inhibition of
apoptosis. Gallic acid is also responsible for the overexpression of distinct enzymes
related to glycolysis which includes glucokinase, α-enolase, and aldolase. There are
two reasons through which interactions between apoptosis and glycolysis can be
explained, first is that BAD which is pro-apoptotic and glucokinase involved in
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glycolysis resides in mitochondrial complex, second reason is that while intensifying
glycolysis Gallic acid is responsible for the production of reactive metabolite,
i.e. methylglyoxal (MG), leading to apoptosis through mitochondrial intrinsic path-
way [65] (Figs. 6.1 and 6.2).

6.10.3 Epigallocatechin Gallate (EGCG)

This phytochemical also belong to the class of phenolic compounds and it is
obtained from green tea [23]. The anti-tumorigenic activity of EGCG has been
reported in various cell lines highlighting the multiple targets of EGCG. In colon
cancer cells (HT-29), it reduces the mRNA levels of GLUT1, and (VEGF) while
foster the activation of AMPK. Phosphorylation of ACC is also elevated by EGCG
which leads to decreased fatty acid synthesis [66]. When talk in context with amino
acid metabolism, EGCG increases glutamine consumption and decreases the embel-
lishment of Glutamate [67]. Various anabolic pathways which are upregulated in
cancer cells to meet the increasing demand of energy due to high proliferation rates
are also targeted by EGCG such as enzymes of hexose phosphate shunt, TKT, and
glycolytic enzyme G6PD. Glycolysis can also be inhibited by depleting the expres-
sion of HK2 which is significantly regulated by PI3K/Akt signaling [68]. EGCG also
decreases the anti-apoptotic effects of HK2 by decreasing its translocation to the
mitochondrial outer membrane. Other enzymes which are downregulated by EGCG
are PFK that can result in inhibition of glycolysis [22]. Other enzyme of glycolysis
which is inhibited by EGCG is phosphoglycerate mutase 1(PGAM1), which
converts 3-PG into 2-PG playing a crucial role in regulation of PPP flux
[69]. Other than glycolysis EGCG is also known to inhibit the activity of FAS
decreasing the lipid synthesis in cancer cells [70]. In some cancer cell lines such as
pancreatic adenocarcinoma cells EGCG also decreases Acetyl-CoA, leading to the
reduced synthesis of palmitate which is mainly required for cellular membranes
[71]. With respect to TME, EGCG can also reduce the IL-6 level in the TME of
breast cancer by affecting tumor associated macrophages (TAMs) [72]. EGCG has
shown its suppressive effect on the myofibroblast differentiation in relation with
prostate cancer [73] (Figs. 6.1 and 6.2).

6.10.4 Genistein

Genistein is a phytochemical which belongs to the family of flavonoids and is
present in soybean and some forage plants. The main anti-tumorigenic effect of
genistein is in the inhibition of cell viability and upregulated cellular proliferation.
Genistein decreases GLUT1 expression in cancer cell lines, thus decreasing glyco-
lytic flux in cancer cells while elevates the expression of pro-apoptotic genes which
are p53 and p21. In many of the chemo-resistant cells COX 2 expression is increased
which is reduced by genistein by doing the phosphorylation of AMPK. The possible
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signal which is present at upstream of AMPK is ROS hence genistein also increases
ROS production which can induces death of cancer cells [74] (Figs. 6.1 and 6.2).

6.10.5 Apigenin

Apigenin also belongs to the family of flavonoids and is mostly found in fruits and
vegetables. It possesses various properties such as anti-oxidative, anti-inflammatory,
and anti-cancerous property also. Apigenin targets glycolytic flux by decreasing the
uptake of glucose by downregulating the GLUT1 mRNA and protein levels
mediated by PI3K/Akt pathway [75]. Decrease in glycolytic flux helps in decreasing
ATP production which can lead to inhibition of growth, cause apoptosis and
intensify the chemotherapeutic drugs sensitivity [76, 77]. In some cancer cell lines,
apigenin can induce GLUT4 expression while downregulate GLUT1 expression;
while in other cell line it downregulates expression of both GLU1 and GLUT4
[78]. Apigenin is also thought to be an allosteric inhibitor of PKM2. Inhibition of
PKM2 results in decreased proliferation due to reduced glucose consumption, lactate
production, and ATP generation [79]. Other than that, apigenin also targets FAS
downregulating its expression [80]. Downregulation of FAS results in lipid synthesis
inhibition which can cause membrane deformity and inhibition of various signaling
pathways in cancer cells (Figs. 6.1 and 6.2).

6.10.6 Capsaicin

This compound belongs to the alkaloid class of secondary metabolites, which is
obtained from the capsicum fruits, capsaicin is considered as the main pungent
component of this fruit. Chili peppers of the genus capsicum are being used in the
form of spices throughout the globe. Biologists have found that this plant has some
remarkable clinical properties, thus contains some therapeutic significance as well
[81]. In recent experiments, it is reported that this plant contains anticancer effects
against various human cancers, therefor it has become a good point of attraction for
many cancer researchers to look for some therapeutic role of this plant for the
treatment of cancer. In the experimental analysis of the pancreatic tumor cells, a
significant increase in the apoptosis was recorded in capsaicin treated cells [82], it
was correlated with the amount of ROS produced and impairment of the mitochon-
drial functions. In further studies it was also observed that capsaicin was having
some inhibitory role in the ROS defense mechanism of cancer cells which was
responsible for the increased apoptosis [82]. Beside the role in mitochondrial
dysfunction and apoptosis in the cancer cells, capsaicin also has a role in the
downregulation of FAS protein level thus affects the lipogenesis [83] along with
the decrease in de novo fatty acid synthesis (Figs. 6.1 and 6.2).

6 Modulation of Cancer Cell Metabolism and Microenvironment by Phytochemicals 157



6.10.7 Berberine

Berberine, an alkaloid found in plants, is being reported as an inhibitor of cell-
proliferative capabilities and is also shown as a good inducer of apoptosis in a very
large number of distinct cancer cell lines [84]. Proteomics study have revealed that a
number of glycolytic enzymes, like TPI, FBAA, and enolase-α were downregulated
[85] when the cells were treated with this phytochemical and thus represents the anti-
tumor effect of this natural extract. This was attributed to the compound’s effect on
pro apoptotic proteins and indicated a response wherein carbohydrates were passed
on from glycolysis to some other distinct metabolic pathways that generated some
molecules in the form of reducing power moieties which are highly required for
prevention from oxidative stress which is being produced by ROS [85]. Experimental
studies on breast cancer cells showed a changed level of several enzymes required
for glycolysis, further validating the suppression of glycolysis via berberine. Berber-
ine is also reported as a phytochemical responsible for increased ATP production, in
tandem with over activation of OXPHOS and in direct opposition to what has been
observed in mature lung cancer cells [86]. In breast tumor, it suppressed fatty acid
synthesis by increasing p-ACC levels and decreasing p-ACL levels (Figs. 6.1 and
6.2).

6.10.8 Tanshinone IIA

Talking about the natural extracts with clinical significance, Tanshinone IIA is an
important phytochemical due to its well-known growth suppressor activity.
Tanshinone IIA is lipophilic compound which isolated from Salvia miltiorrhiza
Bunge roots, it targets the tumor cell glucose metabolism and thus decreases the
growth of cancer cell [87] by downregulating the enzyme glucose-6-phosphate
isomerases (GPI), and further reduces the glucose metabolism and thus decreases
the production of pyruvate. The repressive effect of Tanshinone IIA is found to be
related with the overexpressed p53 which in turn downregulates the Akt signaling.
Beside the role in glycolysis, other pathway called gluconeogenesis is also reported
to be deregulated which is coupled with the overexpression of PCK2 gene, along
with reduce expression of LDHB and MDH1 genes [88].

6.10.9 Geraniol

Geraniol belongs to the isoprenoid class of phytochemicals, it is a monoterpenoid,
various plants produce the geraniol as the components of essential oils, which
produce aroma, and these plants are widely used for the medical purpose in Ayur-
veda and natural therapies (1 online link). Geraniol is reported as an anticancer
phytochemical due to its significant preventive role towards numerous cancers [89],
although researchers are focusing to find out the proper reason of anticancer and
growth suppressive activity of Geraniol, but very less is known about how this
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compound affects the cellular metabolism of cancer cells in HepG2 HCC cells, this
compound is reported as a decreasing agent of fatty acid metabolism [90, 91]. Gera-
niol also shows its inhibitory effect on HMGCR and thus downregulates the
mevalonate pathway which further results in reduction in the cell proliferation and
prevention from apoptosis [91]. Apart from this, geraniol also helps in
overexpression of p-ACC in some cancer cells via AMPK pathway activation [92]
(Figs. 6.1 and 6.2).

6.10.10 Resveratrol

Resveratrol is very well-known phytochemical which is highly known for its
modulatory action on lipid metabolism of the cancer cell metabolism, it is a phenolic
compound, which has been reported as AMPK activator, which further results in the
inhibitory phosphorylation of the ACC [62, 93]. Beside this, activated AMPK also
inhibits the GSK3 [93]. Further, resveratrol also shows an inhibitory effect on FAS at
both transcriptional and translational level and thus gives an anti-proliferative effect
through the FAS Inhibition [94, 95]. Other studies also show that resveratrol
increases the production of arachidonic acid. Furthermore, resveratrol is also respon-
sible for the increase in ceramide level, which is a core component of the
sphingolipids responsible for the cell proliferation and apoptosis by working as
secondary messengers [96–98] this increase ceramide leads to its accumulation in
the cells due to upregulation of two different enzymes, SPT & (nSMase) responsible
for the ceramide biosynthesis. This increased accumulation of ceramide occurs due
to the upregulated sphingomyelin degradation [98]. Beside its inhibitory role in the
fatty acid synthesis, resveratrol is a well-known modulator of glucose metabolism
where it targets many core glycolytic enzymes including, Hexokinase (HK),
phosphoglycerokinase (PGK) enolase, and pyruvate kinase. Resveratrol can also
inhibit the IL-18 production in melanoma tumor microenvironment and thus helps in
the reduction of metastasis of cancer cells [99] (Figs. 6.1 and 6.2).

6.10.11 Plumbagin

Plumbagin is a plant secondary metabolite which forms yellow color dye, derived
from naphthoquinone. The name plumbagin was given for the plant genus plumbago
from which it was originally obtained. Other plants like Drosera and nepenthes are
also known as a good source of it. Plumbagin is a propitious phytochemical for
showing a clinically significant and useful effect on to the bone metastasis of breast
cancer [100] via targeting the cancer microenvironment [101]. The main target of
this compound is RANK and TRAF6, therefor inhibiting the MAPK and NF-κB
Signaling [101]. Plumbagin is reported as an inhibitor of c-MYB activity therefor it
can be a good therapeutic agent to modulate the tumor-stromal cross-talk present in
the pancreatic tumor signaling [102] (Figs. 6.1 and 6.2).
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6.11 Conclusion and Future Prospects

How phytochemicals reduce different properties required for the cancer develop-
ment and progression is well defined. Analog derived from said compounds have
been experimentally tested in various pre-clinical research models. These researches
hint at the fact that many of the effects of these phytochemicals is due to their
regulation of TME and metabolism of cancer cell. The targeting of the tumor cell
metabolism is not yet completely explored, here in our chapter, we have mainly
focused on the deregulation of metabolism which takes place in the early stage of
cancer along with the role of TME in cancer growth, proliferation, and metastasis
and how these alteration have been counteracted by using certain phytochemicals to
achieve better chemoprevention. Despite all these knowledge’s about
phytochemicals and their role in cancer therapeutic by acting on altered metabolism
and deregulated TME, effective agents need to be discovered which show better
anticancer properties without having any toxic effects on the healthy cells. Although
the TME is important in cancer progression, studies involving its regulation and
participating components can get quite challenging. This is primarily due to the
unavailability of assays that mimic the subtleties of the TME. For fast and efficient
screening of new naturally extracted compounds, a 3D microfluidic device that has
the capability to test multiple compounds in tandem for their anti-tumor potential has
been reported to fulfill the above said assay needs [103]. A better representation of
the TME can be obtained by co-culturing of endothelial/fibroblast/macrophages cells
and cancer cells, with their 3D morphology, in this device. Advancement in experi-
mental power has increased the hope for use of phytochemicals for treatment of
cancer in the upcoming time. Although these phytochemicals have beneficial
properties regarded to human health, but still some difficulties are present, which
are affecting the use of these compound for therapeutic purpose these obstacles
include bioavailability of the natural extracts and there absorption by the cellular
system, stability and metabolism of these compounds by human body. Thus we
conclude that additional research must needs to be performed for the use of these
natural products for a better therapeutic purpose.
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Role of Nutrigenetics and Nutrigenomics
in Cancer Chemoprevention 7
Indranil Chattopadhyay

Abstract

Cancer is a multi-factorial complex genetic disorder that is characterized by
multiple genetic alterations. Epigenetic and genetic alterations that drive expres-
sion of oncogenes are associated with malignant transformation of healthy cells.
Nutritional deficiencies played a significant role in the progression and develop-
ment of the tumor. Fruits, vegetables, cereals, nuts, green tea, and red wine
showed an association with cancer chemoprevention and chemotherapy. Dietary
nutrients showed significant inhibition of the growth of the tumor in both in vitro
and in vivo model. Dietary nutrients are involved in the repair of DNA damage
caused by environmental pollutants, free radicals, radiation, and infectious
agents. Dietary chemicals alter gene expression patterns that drive the progression
of cancer. The dietary natural compounds are involved in the inhibition of cell
proliferation, invasion, angiogenesis, and metastasis of cancer as well as inhibit
stem cell proliferation. Genetic polymorphisms influence the alteration of the
response of the host to dietary components. Therefore, it is critical to assess the
role of natural dietary compounds as chemotherapeutic agents in cancer treat-
ment. In this chapter, the role of dietary natural compounds, macronutrients, and
micronutrients in cancer chemoprevention in the context of nutrigenomics and
nutrigenetics is focused. Nutrigenetics defines the effect of nutrition on the
genetic constituents of cancer patients, whereas nutrigenomics represents the
effect of dietary nutrition on the genomics and transcriptomic level of cancer
patients. Nutrigenomics and nutrigenetic studies are required to understand the
mode of action of dietary natural compounds on cancer genomes and their
application in chemotherapy. Research in nutritional genetics and genomics
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may help to address how bioactive food components regulate genetic and geno-
mic events in cancer.

Keywords

Cancer · Nutrigenomics · Nutrigenetic · Dietary Natural Compounds · Cancer
Chemoprevention

7.1 Introduction

The uncontrolled growth of the cell through multiple genetic alterations causes
cancer [1]. Multiple genetic and epigenetic factors are involved in the progression
of tumors [2]. Several epidemiological studies reported that dietary natural
compounds present in fruit and vegetables played a significant role in cancer
prevention [3] particularly in the early stage of tumorigenesis [1]. Nutrigenetics is
defined as the influence of nutrition on the gene level of the host [4], while
nutrigenomics represents the molecular perception of a nutrition role at the genomic
level of the individual genotype. Nutrigenomics is utilized in the personalized
nutrition of cancer patients [5]. Fruit and vegetables, cereals, nuts, black and green
tea, and red wine showed a correlation with cancer chemoprevention
[6]. Carotenoids, phenolic compounds, or phytosterols derivatives are used in cancer
chemoprevention [7]. Certain nutrients which are involved in tumor inhibitory
mechanism such as inducing apoptosis and inhibition of angiogenesis are considered
as a personalized medicine for cancer chemoprevention [8]. Natural nutrients inhibit
carcinogenesis at the genetic, epigenetic, and transcriptomic level which enhance
efficacy and reduce side effects of chemotherapeutic drugs commonly used in cancer
treatment [9]. Dietary natural compounds affect 30–40% of cancers and influence the
predictive tumor biomarkers [1]. This chapter aims to understand and highlight the
effect of natural phytochemicals, micronutrients, and macronutrients on a genetic,
epigenetic, and transcriptomic level in vitro and in vivo model of cancer cell and its
role in chemoprevention (Fig. 7.1).

7.2 Definition of Nutrigenomics and Nutrigenetics

Nutrigenomics and Nutrigenetics are the studies of the interaction between the
dietary compounds and genomic or genetic constituents of the host. The term
nutrigenomics was first coined by Pelegrin in 2001 [10]. Nutrigenomics is used to
determine the genomic alterations at DNA and RNA levels in the host cells in
response to dietary natural compounds by using high throughput genomic technol-
ogy and systems biology tools. Even though nutrigenomics showed similarity with
pharmacogenomics, the main difference between the nutrigenomics and
pharmacogenomics is that natural bioactive compounds are involved in
nutrigenomics and synthetic chemicals are involved in pharmacogenomics
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[5]. Nutrigenetics is related to genetic and epigenetic alterations of host DNA in
response to natural dietary components [11]. Gene expression microarrays and
qRT-PCR evaluate the effect of natural compounds on the genomics level. The
effects of natural compounds on epigenetic alterations such as DNA methylation,
histone modification, nucleosome organization, and expression of methyl-binding
proteins are evaluated by microarray, pyrosequencing, next-generation sequencing,
and qRT-PCR-array panel [12]. The objectives of nutrigenomics are listed below:

(a) To identify the transcription factors and signaling pathways influenced by
dietary nutrients at the cellular level

(b) To recognize cancer biomarkers controlled by dietary nutrients for early
diagnosis

7.3 Role of Phytochemicals in Epigenetic Alterations of Cancer
Prevention

Phytochemicals, polyphenols, terpenoids, and thiols are the sources of color, taste,
and aroma of fruit and vegetables [13]. Flavones (kaempferol and quercetin),
flavonols (apigenin and luteolin), flavanones (naringenin and hesperidin), isoflavone
(daidzein and genistein), flavan-3-ols (catechins and gallocatechins isomers), and
anthocyanins are under the category of flavonoids [14]. Phytoestrogens such as
flavones and isoflavone influence signal transduction pathways which are regulated
by sex hormones in cancer [15]. Estrogen receptors in human breast cancer cells and
androgen receptors (AR) in prostate cancer are targeted by the flavonoids

Fig. 7.1 Schematic representation of the effect of dietary natural compounds on epigenetic
alterations and cellular processes that drive the transformation of a normal cell to tumor cell
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compounds [16, 17]. The risk of oesophageal cancer was dramatically reduced by
the dietary intake of anthocyanidins, flavanones, flavonoids, and flavones
[18]. Flavonoids are responsible for preventing invasion and metastasis of breast,
lung, liver, prostate, ovarian, and colon cancer through epigenetic modifications
[19–39] (Table 7.1).

7.3.1 Isothiocyanates (ITC)

Glucosinolates and sulforaphane are dietary isothiocyanates (ITC) which are com-
monly found in cruciferous vegetables such as broccoli and brussels sprouts. Sulfo-
raphane hinders the proliferation of colon cancer cells through the cell cycle arrest
and suppression of DNMT1 and HDAC3 activity. Sulforaphane also prevents the
growth of cell lines of prostate cancer through reduced expression of DNMT1 and
-3b and reprogramming of CCND2 expression [28]. It induces cell cycle arrest by
overexpression of p21 and apoptosis by up-regulation of Bax expression in human
prostate cancer epithelial cells such as LNCaP and PC-3 cells through the prevention
of HDAC activity and acetylation of levels of histones [29].

7.3.2 Apigenin

Apigenin inhibits the growth of human prostate cancer cells such as PC-3 and 22Rv1
through the inhibition of class I HDACs activity and induction of programmed cell
death [30].

7.3.3 Curcumin

Curcumin inhibits the activity of p300/CBP HAT in prostate cancer and is used for
cancer chemoprevention. Curcumin showed global hypomethylation in leukemia
cells [31, 38].

7.3.4 Epigallocatechin Gallate (EGCG)

EGCG treatment in oesophageal cancer cells reverses the expression of epigeneti-
cally silenced tumor suppressor genes including p16, hMLH1, RARβ, and MGMT
[32]. EGCG treatment reduces expression levels of DNMT1 at mRNA and protein
level which drives re-expression of p16 (INK4a) and p21/Cip1 mRNA [33]. EGCG
reactivates the expression of estrogen receptor-α (ER-α) in triple-negative breast
cancer cells such as MDAMB-231 [34]. EGCG reverses the expression of tumor
suppressor gene RECK in oral carcinoma cells [35].
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Table 7.1 Effect of phytochemicals on epigenetic alterations in cancer

Phytochemical Source

Effect on
epigenetic
alterations in
cancer Anti-tumor activity Reference

Epigallocatechin
gallate

Green tea Methylation of the
promoter region of
RARβ, suppression
of acetylation level
of H3K9,
suppression of
methylation of
promoters of tumor
suppressor genes
such as p15 and
p16.

Target epigenetic
alteration of cancer
cell, antioxidant
activity; induction
of apoptosis,
inhibition of
angiogenesis, and
metastasis of
human pancreatic
adenocarcinoma
cell line

[19]

Quercetin Citrus fruits Histone
modification,
induces expression
of E-cadherin in
triple-negative
breast cancer cells

Antiproliferation
and inhibition of
epithelial to
mesenchymal
(EMT) transition

[20]

Apigenin Citric fruit Inhibits DNMT and
HDAC activity
through down-
regulation of
DNMT1,
DNMT3a, and
DNMT3b proteins

Antioxidant [21]

Genistein Soybeans Demethylation of
CpG island
promoter regions of
tumor suppressor
genes such as
GSTP1, EPHB2,
RARβ, p16, and
MGMT

Antioxidant;
inhibition of cancer
cell proliferation
and invasion

[22]

Luteolin Carrots,
peppers, celery,
olive oil,
peppermint,
thyme,
rosemary, and
oregano

Inhibition of
DNMT enzymes

Antioxidant [23]

Pelargonidin Blueberries,
cherries,
strawberries,
blackberries,
raspberries,

Activation of tumor
suppressor genes
(p53) through
inhibition of
DNMT1 and
DNMT3B

Anti-inflammation [24]

(continued)
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7.3.5 Resveratrol

Resveratrol had demonstrated antiproliferative activities in breast, lung, liver, pros-
tate, and colon cancer cells [36]. It prevents invasion and migration of colon
cancer [37].

7.3.6 Genistein

Genistein reactivates the tumor suppressor genes such as p16, RARβ, and MGMT in
oesophageal squamous cell carcinoma and prostate cancer cells [39].

7.4 Role of Natural Products in Controlling miRNAs Involved
in Tumorigenesis

Dietary natural compounds such as curcumin, epigallocatechin-3-gallate, genistein,
resveratrol, and indole-3-carbinol target carcinogenesis through the regulation of
miRNAs (Table 7.2).

Table 7.1 (continued)

Phytochemical Source

Effect on
epigenetic
alterations in
cancer Anti-tumor activity Reference

Resveratrol Blueberries,
peanuts,
raspberries,
grapes

Inhibits
methylation of the
BRCA-1 gene and
activity of DNMT
3b; reduces the
level of RASSF-1α
methylation and
expression of
androgen receptor

Induces apoptosis
and inhibits cell
proliferation,
inflammation, and
angiogenesis

[25]

Ellagic acid Pomegranate Induces cell cycle
arrest of androgen-
independent
prostate cancer
cells in S-phase
through down-
regulating the
expression of
cyclin B1 and
cyclin D1 levels.

Antiproliferation [26]

Isothiocyanates Vegetables
belong to
Cruciferae
family

Suppresses the
expression of
DNMT1 and -3b
activity

Induces apoptosis
and suppression of
metastasis

[27]
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7.4.1 Curcumin

Curcumin which is present in turmeric showed anti-inflammatory activity in differ-
ent type of cancers. The expression of several genes involved in NFκB, Akt, and
MAPK is regulated by curcumin [40]. Curcumin inhibits the proliferation of pancre-
atic cancer cells through the overexpression of miR-22 and lower expression of
miR-199a. In gastric cancers, it reduces the expression of oncogenic miRNA
(MiR-196) [41]. It reduces the expression of miR-200 and miR-21 which in turn
drives the overexpression of tumor suppressor gene PTEN in pancreatic cancer
[42]. It inhibits proliferation and induces apoptosis of triple-negative breast cancer
cells MDA-MB-231 through the overexpression of miR-181b which prevents the
expression of matrix metalloproteinases and release of chemokines [43]. Yang et al.
reported that curcumin suppressed the expression of antiapoptotic gene Bcl-2 and
over-expressed miR-15a and miR-16 in MCF-7 breast adenocarcinoma cell [44]. It
induces apoptosis in A549 lung adenocarcinoma cells through the suppression of
oncogenic miRNA miR-186 [45]. It induces cell cycle arrest and apoptosis by
inhibiting oncogenic expression of miR-21 and miR-34a which targets Notch-1
and overexpression of tumor suppressor miRNA let-7a in human oesophageal cancer
cells [46]. Curcumin induces apoptosis of hepatocellular carcinoma cells through the

Table 7.2 Oncogenic and tumor-suppressive miRNAs regulated by dietary natural compounds
(*# indicates down- and "indicates up-regulation)
Dietary
natural
compounds

Targeted
miRNAs

Expression
level* Functional role in cancer

Resveratrol miR-21 # Induces apoptosis of pancreatic cancer cells

miR-17-92,
miR-10ab

# Targets tumor suppressor gene PTEN in prostate
cancer cells

Curcumin miR-181b " Inhibits migration of breast cancer through the
inhibition of CXCL1, CXCL2, and MMP
expression pattern.

miR-21 # Targets PDCD4 in colon cancer

miR-22 " Inhibits cell proliferation and migration in
pancreatic cancer through the regulation of
Erbb3.

EGCG miR-16 " Inhibits the expression of apoptosis through the
inhibition of Bcl-2 gene in hepatocellular
carcinoma

miR-98-5p # Enhances the apoptosis by cisplatin in lung
cancer cells

Genistein miR-34a " Induces programmed cell death and inhibits cell
proliferation in pancreatic cancer

miR-1296 " Arrest the prostate cancer cells at S-phase

miR-23b-
3p;
miR-1260b

# Induces apoptosis and inhibits invasion of renal
cell carcinoma through the regulation of PTEN
and Smad4, respectively
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suppression of Bcl-2 level and overexpression of miR-200a- and miR-200b induces
resistance in cells against curcumin [47].

7.4.2 EGCG

EGCG inhibits the expression of apoptosis inhibitory gene Bcl-2 through the
up-regulation of miR-16 in HepG2 cells [40]. It enhances the apoptosis by cisplatin
in lung cancer cells through the down-regulation of miR-98-5p [48]. Oncogenic
miRNAs such as miR-92, miR-93, and miR-106b are reduced, and tumor-
suppressive miRNA such as miR-7-1, miR-34a, and miR-99a are upregulated by
EGCG in a neuroblastoma cell line [49].

7.4.3 Genistein

Genistein blocks the expression of tumor-inducing genes such as EGFR, NFκB,
IRAK-1, and MTA-2 through the overexpression of miR-146a in pancreatic cancer
cells [50]. Genistein induces the expression of miR-1296 which arrests the prostate
cancer cells at S-phase [51]. Down-regulation of miR-221 and miR-222 by genistein
leads to the up-regulation of the ARH1 gene that inhibits proliferation and invasion
of prostate cancer cells [52]. Genistein inhibits prostate cancer cells invasion and
migration by miR-151 down-regulation [53]. Genistein induces apoptosis and
reduces invasive potential of renal carcinoma through the inhibition of miR-23b-
3p expression which targets PTEN expression [54]. miR-1260b, which is involved in
proliferation and invasion of renal cancer, was inhibited by genistein [55]. Genistein
up-regulates miR-34a which induces programmed cell death and inhibits cell prolif-
eration in pancreatic cancer [56].

7.4.4 Sulforaphane and Indole-3-Carbinol (I3C)

Sulforaphane and indole-3-carbinol (I3C) are derived from the Cruciferous/Brassica
vegetables group, and can be used as chemopreventive agents in cancer. I3C induces
the expression of miR-34b, miR-26a, and miR-125a which targets p53, TGF-β, and
ERBB2 genes regulation in cancer [57]. Phenethyl isothiocyanate (PEITC) induces
the expression of miRNAs such as miR-99b, miR-123, miR-192, miR-146, let-7a,
let-7c, and miR-222 which target activation of Ras gene, cell proliferation, angio-
genesis, activation of NFκB, and apoptosis [58].

7.4.5 Quercetin

Quercetin drives apoptosis in hepatocellular carcinoma cells through the
up-regulation of miR-34a [59]. Quercetin inhibits the expression of claudin-2 in
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lung adenocarcinoma cells through the overexpression of miR-16 [60]. Through the
overexpression of miR-142-3p, it inhibits proliferation, and induces apoptosis of
pancreatic ductal adenocarcinoma [61].

7.4.6 Resveratrol

Resveratrol prevents the proliferation of MCF-7 breast adenocarcinoma cells
through the up-regulation of miR-663 and miR-774 which down-regulates mRNA
and protein level of eukaryotic translation elongation factor 1A2 (eEF1A2) [62]. Res-
veratrol induces apoptosis of cancerous pancreatic cells through the inhibition of
miR-21 expression [63]. It inhibits the expression of oncogenic miR-17-92 and
miR-106ab clusters which targets tumor suppressor gene PTEN in prostate cancer
cells [64]. It also inhibits the miR-21 in gastric cancer [65]. Tumor suppressive
miRNAs such as miR-141 and miR-200c were up-regulated by resveratrol in triple-
negative breast cancer cell lines such as MDA-MB-231 [66]. Resveratrol inhibits the
expression of miRNAs such as miR-17, miR-21, miR- 25, miR-92a-2, and miR-
196a which are involved in the progression of colorectal cancer [67].

7.5 Effect of Plant-Derived Phytochemicals on Genetic
Alteration

Biological activity of plant-derived phytochemicals in a cancer cell is influenced by
genetic alterations of cancer cells [68]. Evaluation of single nucleotide polymor-
phism (SNP) is used to study the effect of dietary habits in cancer
[5]. Phytochemicals influence SNP of genes involved in the antioxidant defense
system and phase I/II detoxification system in cancer. Natural compounds interact
with SNPs of phase I detoxification enzymes such as cytochrome P450 (CYP) and
phase II detoxification enzymes such as glutathione S-transferase P1 (GSTP1). The
redox potential of APE1/Ref-1 is influenced by curcumin, resveratrol, and EGCG
[69]. EGCG prevents transcriptional activation of mutant AR hotspot (T877A) in
prostate cancer [70]. EGCG interacts with Gln54, Gly55, Asp57 ILe72, Cys73, and
Lys96 residues of TRAF6 which is involved in the invasion of tumor cells [71].

7.6 Effect of Plant-Derived Phytochemicals on Gene
Expression in Cancer

Plumbagin (5-hydroxy-2-methyl-1, 4-naphthoquinone) which is derived from plant
Plumbago zeylanica induces apoptosis in NSCLC cell lines H460 through arresting
the cells at G2/M-phase and regulating transcription of apoptosis inducing genes and
cell survival genes [72]. Plumbagin prevents cell proliferation, invasion, angiogene-
sis, and metastasis through down-regulation of chemokine receptor CXCR4 in
various tumor cell lines and animal models [73].
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Cucurbitacin B (CuB) along with chemotherapeutic agents showed anti-tumor
activity against head and neck cancer, breast, pancreas, liver, brain, and skin cancer
without increasing cytotoxicity. Plumbagin induces programmed cell death in colon
cancer cells through the release of Cytochrome C and activation of Caspase-3
through TNF-α mediated pathway [74]. MAPK, NFκB, COX-2, iNOS, STAT
signaling pathways, which are involved in inflammation, are influenced by dietary
nutrients [75]. EGCG induces apoptosis and cell cycle arrest in many cancer cells
[76]. EGCG inhibits expression of antiapoptotic genes BAG3, XIAP, RIPK2
[77]. Genistein and resveratrol induce autophagy in ovarian tumor cells and endo-
metrial cancer cells, respectively [5].

7.7 Role of the Potential Impact of Macro and Micronutrients
on Cancer Therapy

Nutrients showed cancer inhibition through the inhibition of angiogenesis and
inducing apoptosis (Table 7.3).

7.7.1 Vitamin A

All-trans-retinoic acid (RA) is a bioactive form of Vitamin A and it functions as a
tumor suppressor in breast, lung, liver, pancreas, prostate, and bladder cancer models
[78]. Dietary vitamin A is obtained from the carotenoids of plants. It reduces head,
neck, and lung cancer in animal models through its antioxidant properties and DNA
damage protection mechanism and modulation of DNA methylation [79]. Retinoids
and lycopene showed inhibitory mechanisms against oral premalignant lesions such
as leucoplakia through alterations of genes that drive cell proliferation and

Table 7.3 Role of nutrients in cancer chemoprevention

Nutrient Role in cancer prevention

Vitamin A Inhibits the growth of lung tumor through inducing of apoptosis
and blocking of the JAK-STAT pathway

Vitamin C Drives programmed cell death of tongue tumor cell

Vitamin D Inhibits cell proliferation and angiogenesis through the
regulation of p21 and p27

Vitamin E Regulates the expression of miR-122 and miR-125b which are
involved in inflammation and lipid metabolism

Folic acid Inhibits the growth of hepatocellular carcinoma through the
suppression of miR-122 expression

Selenium Induces the expression of hypermethylated genes such as
GSTP1, APC, and CSR1 in human prostate cancer cells through
suppression of DNMT and HDAC activity

n-3-polyunsaturated fatty
acids (n-3 PUFAs

Inhibits VEGF, PDGF, and MMP-2 driven tumor angiogenesis
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differentiation [80]. 4-nitroquinoline 1-oxide induced oral carcinogenesis was
inhibited by the combinatorial effect of bexarotene and retinoids through inhibition
of ROS production [81]. Retinoic acid inhibits the growth of lung tumors through the
induction of apoptosis and blocking the JAK-STAT pathway [82]. RAR promoter
methylation has been reported in non-small cell lung cancer (NSCLC) [83].

7.7.2 Vitamin C

Concentrations of Vitamin C in cancer patients’ plasma were significantly lowered
as compared to healthy controls. A high dose of Vitamin C drives apoptosis of tumor
cells through the production of hydrogen peroxide [84]. Vitamin C prevents the
growth of tongue tumors through the production of hydrogen peroxide and superox-
ide anion radicals that drive programmed cell death of tongue tumor cells [85]. Vita-
min C showed anti-tumor activity against laryngeal squamous cell carcinoma
through the production of ROS (reactive oxygen species), activation of protein
kinase C (PKC) and inducing the level of calcium in the cytoplasm that drives
necrosis of laryngeal tumor [86].

7.7.3 Vitamin D

Vitamin D and one of its metabolites [25(OH) D or 1, 25(OH)2 D] prevent colorectal
and breast cancers [87]. Slattery et al. reported that VDR Fok I genotype (rs2228570)
was associated with the risk of colorectal cancer. The ff genotype showed an
association with colorectal cancer patients having obesity [88]. BsmI polymorphism,
which is located in the intronic region of 3’end of the VDR gene, showed an
association with the risk of prostate cancer [89]. Genes involved in inflammation,
cell proliferation, and apoptosis have Vitamin D response elements (VDREs) in their
promoters [90]. Growth of ovarian and breast cancer cells was inhibited at G1 to the
S-phase of the cell cycle by 1, 25(OH)2 D through transcriptional overexpression of
cyclin A1 and cyclin D2 genes [91]. 1, 25(OH) 2 D induces the expression of
insulin-like growth factor-binding protein 3 (IGFBP3) gene and p21 prostate epithe-
lial cells [92]. Vitamin D is involved in prostaglandin metabolism, where the
expression of COX-2 was inhibited by 1, 25(OH)2 D in prostate cancer cell
[93]. miRNAs are regulated by Vitamin D and its metabolic derivatives such as
1,25-dihydroxyvitamin D3 (1, 25D3), 25-hydroxyvitamin D3 (25(OH)D3 in different
cancers. 1,25D3 inhibits the expression of miR-181a and miR-181b in human
myeloid leukemia cells which results in cell cycle arrest at the G1 phase through
the overexpression of p27Kip1 and p21Cip1 [94]. Vitamin D showed anti-tumor
activity against head and neck, breast, ovary, prostate, and colon tumor. Vitamin D
receptor (VDR) is involved in cell proliferation, differentiation, inflammation, and
metabolism (Fig. 7.2) [95]. Genetic polymorphisms of VDR genes and genes such as
CYP27B1 and CYP24B1 involved in vitamin D metabolism pathway are involved
in oral squamous cell carcinoma and prostate cancer. Fok I gene polymorphism in
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VDR was associated with the survival of oral cancer [96, 97]. Vitamin D induces
autophagy through the sensitization of breast cancer cells to radiotherapy [98]. Vita-
min D inhibits proliferation and angiogenesis of pancreatic cancer through the
activation of cell cycle regulating genes such as p21 and p27 [99].

7.7.4 Vitamin E

Vitamin E succinate (VES) inhibits proliferation and induces apoptosis through the
down-regulation of surviving and X-linked inhibitor of apoptosis proteins (XIAP)
genes in pancreatic cancer cells [100]. Vitamin E is involved in the expression of
miR-122 and miR-125b which are involved in inflammation and lipid
metabolism [101].

7.7.5 Folic Acid

Folate inhibits the growth of hepatocellular carcinoma through the suppression of
miR-122 expression [102]. People with MTHF reductase 677TT genotype and
methylation of RASSF-1α have a higher risk of developing oral squamous cell
carcinoma if they have a habit of ethanol consumption [103]. Reduced level of
folate concentrations induces tumor-inducing mutation, breaking DNA double-
strand by introducing uracil into DNA double helix. This is considerd as an impor-
tant mechanism of tumorigenesis [104]. Methylene tetrahydrofolate reductase
(MTHFR) is involved in folic acid metabolism. C677T polymorphism in MTHFR
gene induces concentrations of homocysteine and DNA hypomethylation has been
associated with the survival of lung, colon, breast, and blood cancer
[105]. DNMT3B methylation enzyme polymorphism (C46359T) and SHMT1
C1420T) have been involved in folate metabolism which is related to head and
neck cancer [106].

Fig. 7.2 Role of Vitamin D in cancer regulation
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7.7.6 Selenium

Selenium enters into our body through food and drinking water [107]. Sodium
selenite induces the expression of miR-34b and miR-34c in prostate cancer cells
[108]. It has been reported that selenium prevents colorectal cancer of African
Americans [109]. Selenocysteine is incorporated into glutathione peroxidases
(GPXs) and thioredoxin reductases (TrxRs). Promoter methylation of GPX3 showed
clinical association with oxaliplatin resistance colorectal cancer [110]. Selenium-
containing proteins showed anti-inflammatory and antioxidant properties [111]. Oxi-
dative forms of selenium such as selenium oxide, selenious acid, selenite salts inhibit
the formation of DNA adducts [112]. Selenium binding protein 1 (SBP1) has been
associated with lymph node metastasis in lung, nasopharyngeal, breast, and renal
cell carcinoma [105]. Expression of selenoprotein induces the secretion of IL-6 and
interferon-γ [113]. Overexpression of selenoprotein TXNRD1 has been reported in
lung cancer [114]. Selenium induces expression of hypermethylated genes such as
GSTP1, APC, and CSR1 in human prostate cancer cells through suppression of
DNMT and HDAC activity [115].

7.7.7 Polyunsaturated Fatty Acids

n-3-Polyunsaturated fatty acids (n-3 PUFAs) which are present in green vegetables,
seed oils, soybeans, walnuts, and fish-oil showed a protective role in colon cancer
through up-regulation of tumor suppressor miRNAs [116]. PUFAs inhibit VEGF,
PDGF, and MMP-2 driven tumor angiogenesis [117].

7.8 Role of Vitamins in Preventing Genomic Instability

Genomic instability triggers tumor initiation and progression. Selenium prevents the
gain or loss of chromosomes, and damage of mitochondrial DNA (mtDNA). Vita-
min D is involved in the protection of genome from chromosomal aberrations,
shortening of telomere and telomerase activity. Vitamin B3 (niacin), folate, and
vitamin B12 are involved in the protection of both nuclear and mitochondrial
genomes [118].

7.9 Role of Phytochemicals as Adjuvants in Cancer Therapy

Genistein enhances the sensitivity of gentamicin through the prevention of miR-223
expression in pancreatic cancer models [119]. EGCG enhances response to cisplatin
in non-small cell lung cancer patients through the up-regulation of Copper trans-
porter 1 (CTR1) [120]. EGCG decreases resistance to Cisplatin in ovarian cancer
cells through CTR1 and also reduces Cisplatin induced toxicity in nephron
[121]. EGCG enhances doxorubicin induced autophagy in Hep3B cells [122].
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7.10 Effect of Phytochemicals on Cancer Stem Cells (CSCs)

Phytochemicals target CSCs and stem cell signaling pathways such as
Wnt/Frizzled/β-catenin, Notch signaling, Hippo signaling, Hedgehog signaling,
JAK-STAT, and PI3K/Akt/mTOR signaling pathway which are involved in prolif-
eration, differentiation, and maintenance of cancer stem cells. Curcumin inhibits the
growth of CSCs in breast cancer through the down-regulation of Notch,
Wnt-β-catenin, and Hedgehog pathways. Curcumin prevents translocation of
β-catenin in the nucleus, transcriptional activation of the Slug transcription factor
and inhibits the migration of breast CSCs. It enhances the sensitivity of breast cancer
cell lines MCF-7 and MDA-MB-231 to mitomycin C, doxorubicin, cisplatin, and
paclitaxel. Resveratrol induces autophagy in breast CSCs through the up-regulation
of autophagic markers such as Atg-7, Beclin-1, and LC3-II.

Resveratrol reduces CSCs-like characteristics in breast cancer cells through the
overexpression of Argonaute2 (Ago2) and tumor-suppressive microRNAs such as
miR-16, �141, �143, and -200c. Green tea polyphenols such as epicatechin-3-
gallate and epigallocatechin-3-gallate (EGCG) inhibit the growth of ALDH-positive
inflammatory breast cancer cell lines such as SUM-149 through the down-regulation
of VEGF-D. EGCG also inhibits the proliferation of CD44+/CD24- stem cell
population in MDA-MB-231 human triple-negative breast cancer cells through the
suppression of the mTOR pathway and overexpression of the AMPK pathway.
Sulforaphane prevents proliferation, angiogenesis, and metastasis of MDA-MB-
231 breast cancer cells through activating cell cycle arrest at S- and G2/M-phase
by up-regulating p21WAF1 and p27KIP1 and by reducing cyclin A, cyclin B1, and
CDC2. The synergistic effect of sulforaphane and HDAC inhibitor induces the
expression of ER-α in MDA-MB-231 cells. Treatment of sulforaphane decreases
the number of SOX9 and ALDH1 positive cells in ER-α-negative breast cancer cells.
Sulforaphane reduces the secretion of IL-1β, IL-6, TNF-α, interferon-γ, IL-4, plate-
let-derived growth factor, and VEGF from MDA-MB-231 cells.

A combinatorial approach of Indole-3-carbinol (I3C) and its dimeric product
3, 30-diindolylmethane (DIM) and Herceptin reduces clonogenicity of SKBR3 and
MDA-MB-468 breast cancer cells through the overexpression of miR-200 and
down-regulation of FoxM1 expression. Genistein inhibits mammospheres formation
through the suppression of the Hedgehog-Gli1 signaling pathway. Quercetin
enhances the inhibitory effects of geldanamycin on ALDH+ breast cancer cells.
All-trans-retinoic acid (ATRA) which is the metabolic derivative of vitamin A
inhibits the mammospheres formation capacity of MCF-7 cells through the suppres-
sion of expression of SLUG, Notch-3, and Jagged-1. ATRA enhances the sensitivity
of ALDH+/CD44+ MDA-MB-468 cells to chemotherapy and radiotherapy through
the up-regulation of CK8/18/19 expression [123].

Quercetin inhibits the proliferation of CSCs in pancreatic and head/neck cancer.
Anthocyanin prevents the epithelial-mesenchymal transition of uterine cervical
cancer cells. A combinatorial approach of green tea polyphenols, sulforaphane,
and quercetin induces apoptosis of CSCs in pancreatic cancer. Sulforaphane inhibits
the proliferation of green tea polyphenols through regulation of the Wnt/β-catenin
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signaling and hedgehog signaling pathway. Sulforaphane reduces the expression of
the Akt/mTOR signaling pathway which is essential for survival and invasion of
CSCs. Down-regulation of Akt induces apoptosis and reduces the motility of CSCs.
Selenium induces apoptosis of CSCs in leukemia through the regulation of
arachidonic acid metabolism and Akt/mTOR signaling pathways. Vitamin A
reduces the proliferation of CSCs in glioblastoma through the reduced expression
of Notch signaling pathways [124].

A combinatorial approach of phytochemicals such as tetrandrine, rhamnetin, and
others along with paclitaxel, doxorubicin down-regulates the expression of
P-glycoprotein (P-gp) in tumor cell lines such as U-2OS, Caco-2, MCF-7,
CEM/ADR5000, HCC cells. Quercetin inhibited the growth of multidrug resistance
AGS-cyr61 cells. Overexpression of CYR61 induces migration, invasion, and drug
resistance in cancer cells. Isothiocyanate inhibited the growth of chemoresistance
cancer stem cells in a colorectal cancer cell lines (HT29) through the down-
regulation of LGR5 and PROM1 expression. ATRA enhances the sensitivity of
radioresistant breast cancer cells (MCF7/C6) to Epirubicin. Gambogic acid
(GA) enhances the chemosensitivity of colorectal cancer cells (HCT-15,
HCT-15R) through the activation of apoptosis by up-regulating the JNK signaling
pathway. Ellagic acid enhances the sensitivity of breast cancer cells (MCF-7) to
radiotherapy. Resveratrol and berberine also enhance the sensitivity of nasopharyn-
geal carcinoma cells (CNE-1, CNE-2) to radiotherapy [125].

7.11 Future Perspectives

“Omic” technologies such as next-generation sequencing technology are used in
nutrigenetics and nutrigenomics to identify the impact of nutrition in cancer patients.
Dieticians, medical practitioners, and geneticists need knowledge about the field of
nutrigenetics/nutrigenomics to integrate dietary natural compounds as personalized
medicine in cancer treatments. Nutritional epigenetics may address the regulative
role of bioactive food components on the epigenetic mechanisms in cancer.
Nanomaterials encapsulation of bioactive natural compounds such as curcumin,
resveratrol, EGCG, and genistein enhance bio-availability. Dietary natural
compounds may not be useful for the advanced stage of the tumor due to the
presence of multiple genetic alterations in the tumor cells. Epigenetically active
dietary natural compounds may be used in early diagnosis of the tumor due to
reverse the methylated cancer genome and possess multiple epigenetic targets.
Dietary natural compounds may be used in the prevention of recurrent tumors by
alterations of miRNAs. Nutrigenetics and nutrigenomics are the foundation to design
the novel drug from natural products.

7 Role of Nutrigenetics and Nutrigenomics in Cancer Chemoprevention 181



7.12 Conclusions

Dietary phytochemicals that alter DNA methylation of essential inflammatory genes
and tumor suppressor genes, HDAC activity, histone modifications and alterations of
oncogenic and tumor-suppressive miRNAs are used in cancer prevention. The doses
of dietary nutrients used in in vitro and in vivo experiments need to apply in clinical
studies. Dose, bio-availability, and routes of administration of bioactive dietary
natural compounds are essential to determine chemopreventive strategies for the
treatment of cancer patients. Nutrigenomics also addresses the impact of dietary
components on the expression of genes involved in cell proliferation, apoptosis,
DNA repair mechanism, angiogenesis, and metastasis in a tumor cell. Future studies
are required to use dietary components as a personalized treatment of cancer.
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Nano-Delivery Carriers for Enhanced
Bioavailability of Antitumor
Phytochemicals

8

Anu Kalia and Gagandeep Kaur

Abstract

Phytochemicals, the plant derived natural products or bioactive compounds,
exhibit immense diversity regarding origin and mechanism of action. The recent
two decades have witnessed renaissance in anti-cancer therapeutics stressing
identification of anti-neoplastic or anti-cancer properties of different
phytochemicals/plant nutraceuticals. However, the available formulations of
these phytochemicals exhibit pharmacological limitations such as low water
solubility and reduced bioavailability. These aspects can be possibly improved
by developing nano-enabled formulations of these phytochemicals. Various
nano-scale delivery vehicles which include branched globular polymeric particles
(dendrimers), unilamellar micelles, double layered liposomes, and other zero-
dimensional nanomaterials have been developed to address the low water solu-
bility and poor uptake issues. The phytochemical of interest can be encapsulated,
embedded, or adsorbed on these nano-scale carriers. The nano-scale dimensions
of these engineered delivery vehicles could help enhance the stability of water
dispersed formulations. Further, the nano-size enables easy infiltration to cancer
cells at rates higher than the non-nano-formulations of the same anti-cancer
phytochemical thereby reducing the dosage required to achieve effective anti-
cancer action. The amenability to multiple surface functionalization of these
nano-delivery vehicles can ensure decoration with ligands that can lead to
targeted delivery of the phytochemical to cancer cells leading to decreased
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cyto-toxicity to normal tissues. This manuscript describes the various types of
phytochemical payloaded nano-carriers for targeted or site-specific delivery of
active anti-cancer chemical(s) to reduce undesirable side effects of chemothera-
peutic agents on application in cancer subjects.

Keywords

Anti-cancer drug · Bioactive compounds · Nano-carriers · Nanoparticles · Natural
products

8.1 Introduction

Cancer has emerged as the second most dreaded cause of human deaths claiming
every one in six individuals globally. Cancer is characterized by rapid and uncon-
trolled growth of abnormal cells exhibiting omission of the contact inhibition
phenomena followed by invasion of adjoining tissues and other visceral organs of
the body leading to metastasis and ultimately death [1]. International Agency for
Research on Cancer (IARC) through its World Cancer Report (2014) has predicted
an upsurge in the reported cancer cases to 25 million by the year 2035. In 2018, 9.6
million deaths have been reported due to cancer with the under-developed and
developing countries being the prima foci accounting for nearly 70% of the cancer
related deaths. Due to expensive treatment options and post-treatment patient care
costs, the economic impact of cancer is immense. In 2010, approximately US$ 1.16
trillion was the estimated gross annual economic cost of cancer [2]. Cancer Preven-
tion and Control through an Integrated Approach (WHA70.12), a resolution passed
by WHO in 2017 aims to accelerate designing strategies; conventional, alternative,
and advanced, to reduce premature mortality due to cancer.

8.2 Use of Phytochemicals for Treatment of Cancer

Use of products of natural origin as remedies has been practiced since ancient time.
Various ancient scriptures like Charaka Samhita from India andWu Shi Er Bing Fang
from China include illustrative documentation of more than 200 natural products of
therapeutic relevance. Ben Cao Gang Mu published in sixteenth century documented
more than 1000 natural bioactive agents [3]. Early nineteenth century marked the
isolation of morphine fromOpium plant by a German pharmacist, Friedrich Serturner,
and since then it has been widely applied in the medical field as anesthesia [4]. A
plethora of natural bioactive compounds have since been isolated including alkaloids,
glycosides, and flavonoids. Plant based pharmaceuticals have been extensively studied
as treatment options for cancer and currently over 60% of the total anti-cancer drugs in
use have been derived from plants [5]. For example, curcumin, a polyphenol extracted
from Curcuma longa (turmeric), possesses remarkable anti-cancer properties [6]. Sim-
ilar anti-cancer potential has also been reported for secondary metabolites derived
from actinobacteria [7]. However, it is earier to obtain scaled up quantities of the plant
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based anticancer [8]. The non-edible or even edible tissues/organs of diverse plant
genera including fruits, vegetables, and medicinal plants contain anti-neoplastic
phytochemicals. Relative safety of these drugs and their easy availability makes
these phytochemicals a promising alternative treatment for cancer.

Common anti-neoplastic phytochemicals include original compounds or their
derivatives namely taxanes, podophyllotoxin, vinca alkaloids, camptothecin,
anthracyclines, and many others. The action mechanism of these drugs is not just
limited to anti-oxidative and immune-modulatory roles, but they have been observed
to actively target cancer related metabolic pathways [7]. Genistein, a plant based
estrogen homolog obtained from legumes, is being tested for its therapeutic effects
against cancers of pancreas, kidneys, rectum, and ovaries [9]. Likewise, lycopene
(beta carotenoid), a lipophilic hydrocarbon isolated from tomatoes, papaya, water-
melon, and carrots can prevent Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS) mediated DNA damage. Apart from the preventative
effects, lycopene also directly affects cancer related metabolic pathways in prostate
cancer [10]. The phytochemicals with more targeted effect on cancer such as
paclitaxel isolated from Pacific yew, Taxus brevifolia acts as a mitotic inhibitor
and thus can prevent cancer cell division by stabilizing the microtubules. Both
paclitaxel and its derivative compound, docetaxel, have been approved by FDA to
be used as anti-cancer drugs against breast, lung, and ovarian cancers [11].

Plant based anti-cancer drugs, therefore, show a range of possibilities, from their
anti-oxidative and immune-modulating activities to directly acting as anti-mitotic
agents. Their low toxicity, higher tolerance, and easy availability signify their role
and potential in cancer therapy. However, their use has been limited by some factors
discussed below.

8.3 Phytochemical Use: Possible Limitations

Plant based drugs encounter many limitations in terms of their pharmacological
activities. One of the major challenges is low solubility of phytochemicals which
hinders development of drug formulation. Such poorly formulated drugs exhibit
inferior blood circulation. Some of these drugs may show low gastrointestinal
absorption, while others get quickly metabolized and does not remain effective for
longer durations. When the drugs have faster clearance rate, higher doses have to be
applied at frequent intervals, making the process very tedious (Table 8.1).

Table 8.1 Lists of the some common phytochemicals and their limitations when applied as anti-
cancer drugs

Phytochemical or its derivative Limitation Reference

Paclitaxel, docetaxel Low solubility and poor penetration [12, 13]

Taxol and taxotere Hypersensitivity, toxicity [14]

Cremophor®EL Hepatic disposition [15]

Vincristine Short terminal elimination half-life [16]

Docetaxel and paclitaxel Multi-drug resistance [17]
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8.4 Nano-Enabled Approaches for Phytochemical Application:
Can Nanotechnology Help Circumvent Possible
Pharmacological Limitations of Phytochemicals?

As discussed in Sect. 8.3, the pharmacological limitations of phytochemicals need to
be addressed by use of appropriate delivery systems. One of the convergent
disciplines, Nanomedicine—the nanotechnological applications for biomedicine,
has gained tremendous interest involving use of nanomaterials as novel drug deliv-
ery vehicles. Likewise, nano-enabled devices can ensure improved targeting, high
efficacy, and decreased side effects to patient under treatment. The phytochemicals
can be loaded on to nano-carriers to achieve improved solubility, better stability,
bioavailability, and target specificity on application. The bio-safety of the nano-
vehicles can be ensured if these carriers can be fabricated or encapsulated using
biodegradable compounds [18, 19].

One of the main characters of cancerous tissue is angiogenesis. Tumors generate
defective and leaky blood vessels that continuously leak fluids into interstitial
spaces. From here, the fluids are drained by poorly formed lymphatic system. By
targeting this phenomenon, a nano-sized drug carrier can be applied that can easily
invade the tumor and accumulate there. This is called Enhanced Permeability and
Retention effect or EPR effect [14]. The challenge of multi-drug resistance in tumor
cells can also be averted by modifying the surface of the nano-carriers through
chemical functionalization. These modifications will alter the interactions between
drug carriers and cell membranes [20]. Some of the FDA approved nano-carrier
based delivery systems are discussed in the following text.

8.4.1 Antibodies Drug Conjugation (ADC)

The conventional unconjugated anti-cancer drugs exhibit high cellular toxicity
causing death of normal body cells besides the tumor cells due to low specificity
to target the cancerous tissue alone. Therefore, one of the novel biopharmaceutical
drugs, the Antibody drug conjugation (ADC), which combine the specific immuno-
genicity feature of monoclonal antibodies with the higher toxicity of the drug
molecule can effectively ensure improved targeting of the cancer cells [21]. The
monoclonal antibody(ies) is/are raised against specific surface antigens produced
and secreted by the tumor cells. These antigenic moieties exist on the outer end of the
cell membrane of tumor cell. Monoclonal antibodies against these specific tumor cell
surface antigens are then attached to highly potent anti-cancer agents or drug
molecules via a chemical linker domain. The size of the final bioconjugate remains
in nano-scale dimensions; however, ADCs are considered to be non-nano anti-
cancer agents. The common anti-cancer agents used include two types of cytotoxins
viz., DNA damaging agents and microtubule inhibitors. Microtubule inhibitors can
be further of two types: maytansinoids and auristatins. Maytansinoids are derivatives
of maytansine, a phytochemical isolated from African shrub Maytenus serrata
[22, 23]. Selection of suitable cytotoxin, linkers, and target antibodies are key
components to be considered while designing ADCs.
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8.4.2 Nanoparticles

Nanoparticle is a term used in nanopharmaceutics to identify zero-dimensional
particles falling in size range of 10–1000 nm. The drug of interest can either
be embedded or coated in these nanoparticles. Chemically, the origin of
nanoparticles is diverse and include metal/ non-metal oxides/sulfides/nitrides,
polymers, and carbon nanomaterials. Among these nano-delivery vehicles, the
polymeric nanoparticles represent a very diverse group including the
nanoparticles derived or formulated from biodegradable high molecular weight
polymer compounds (e.g., poly(lactic-co-glycolic acid (PLGA) nanoparticles),
and natural polymers (e.g., albumin nanoparticles, gelatin cellulose nanoparticles,
and chitosan nanoparticles) [24]. These nanoparticles have high storage stability.
PGLA and poly lactic acid (PLA) based nanoparticles have been synthesized
using formulation of ginsenoside and luteolin, and have been found to be
effective against lung cancer cells [25, 26].

8.4.2.1 Liposomes
Liposome-polymeric nanoparticles were the first well-explored and prudently
commercialized nano-based drug delivery system used in cancer therapeutics
[27]. Structurally, liposomes are comprised of a hydrophobic shell and hydrophilic
core. Therefore, the polar drugs can be loaded in the core while the non-polar drugs
can be loaded in the shell. The properties of a liposome can be suitably altered by
simply modifying the composition of the phospholipid bilayer. A commercial
preparation under the name Lipusu® has been developed as a more stable and less
toxic substitute for Taxol® using liposome based delivery. Lipusu® showed higher
retention in tumor tissues in mice compared to Taxol® [28].

8.4.2.2 Micelles
Micelles are the smallest nano-vehicles (�10 to 400 nm) that can be utilized for
efficient drug delivery. These are formed when the concentration of a surfactant gets
higher than critical micelle concentration (CMC). Polymeric micelles are being
increasingly used for the development of several drug formulations. These micelles
can be prepared by polymerization of the natural organic or synthetic compounds
(monomer). Most commonly used compounds include the hydrophilic monomer
PEG while the core-forming compounds include poly(propyleneoxide), poly
(caprolactone), poly(D, L-lactic acid), and poly(L-aspartic acid) compounds
[29]. An example of polymeric micelle formulation of a known anti-cancer drug
containing Paclitaxel, Genexol-PM, has a size dimension in nano-regime (24 nm). In
clinical trials for cancer, this drug has shown higher inhibition of tumor cell growth
compared to Taxol [24].

8.4.2.3 Dendrimers
Dendrimers are nanoscopic, radially symmetric large molecular weight polymer
molecules that exhibit extensive branched structure [30]. The peripheral groups
present on the branched structure can be easily modified to help in binding of
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hydrophobic drug molecules [30]. The distinct physical-chemical and structural
properties of dendrimers can be very useful for their role as ‘Excipients’
[31]. Dendrimers of gallic acid with polyamidoamine (PAMAM) have been
formulated and found to be active against breast cancer cell lines [32].

8.4.2.4 Metal Nanoparticles
Metal nanoparticles can be synthesized using green nanotechnology approaches
where solutions of desired metals are treated with suitable phytochemical solution.
Phenolic compound rich extracts of plant Albizia adianthifolia were used to synthe-
size silver nanoparticles (AgNPs). Similarly, stem latex of Euphorbia nivulia plant
have been used to generate AgNPs. Both of these nanoparticles showed anti-cancer
effects against A-549 cancer cells [33]. Gold, copper, and titanium based
nanoparticles have been synthesized and tried at pre-clinical levels for their effects
against cancer cells.

Shape of nanoparticles is also an important aspect ensuring efficacy and uptake of
the loaded anti-cancer drug. It has been demonstrated that nano-rods have 1.6-fold
higher uptake by cancer cells compared to nano-spheres [34]. While larger particles
are cleared quickly from the body, smaller ones are harder to filter. For EPR,
5–100 nm size has been found to be most suitable.

Application of nanoparticles is limited due to unavailability of substantial infor-
mation regarding their toxic effects. The small size that makes nanoparticles suitable
for therapeutic use can also create problems inside the body. The nanoparticles can
cross barriers and get accumulated in vital organs like heart, lungs, brain, and liver.
This can lead to complications such as systemic failure or inactivation of immune
cells, inflammation, edema, etc. [35].

8.4.2.5 Carbon Nanotubes
Carbon nanotubes are hollow, rolled cylindrical tubes derived from single C-atom
sheets, graphene. These long and thin cylinders exhibit remarkable mechanical and
physical properties. The walls of these nanotubes can be functionalized with desired
drug [36]. Multi-walled carbon nanotubes functionalized by PTX have been shown
to be effective against HeLa cell lines [37].

8.5 Conclusion

Plant based anti-cancer drugs have a unique potential for use in cancer therapy.
However, the efficacy of these phytochemicals get limited due to issues regarding
the stability of the formulation and its bioavailability. Therefore, among the other
alternatives that have been explored for addressing these issues, use of nano-inspired
or -enabled phytochemical delivery systems can possibly circumvent the pharmaco-
logical limitations of these natural products. Nano-carriers can improve the solubility
due to decrease in size dimensions, bioavailability, and uptake owing to larger
surface area on nano-scaling, target specificity, and kinetics of these drugs besides
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lowering the toxicity of these drugs [38]. Further, analysis of advanced toxicity
studies can ensure the safer administration of these drugs.
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Biphasic Effects of Phytochemicals
and their Relevance to Cancer Therapeutics 9
Urvashi Vijayvergia, Shreetama Bandyopadhayaya,
and Chandi C. Mandal

Abstract

Cancer is one of the most deadly diseases caused worldwide. Enormous active
anti-cancer agents that are available in nature play an efficient role in therapies
associated to cancer for different organ-specific cancers like breast, skin, pan-
creas, and thyroid. These anti-cancer agents which occur naturally are derived
mostly from various sources such as herbs, plants, and microorganisms. How-
ever, spontaneous uses of these therapies have no proper data on their therapeutic
benefits available, which might induce side effects or off-target toxicity on due
course. This book chapter throws light on the effect of these natural compounds in
a dose-dependent manner on various human cancer cells and how these
compounds show biphasic effects at different concentrations. The naturally
occurring compounds exhibit a biphasic nature depending on their dose, i.e.,
they show both stimulatory and inhibitory effects on tumor cells depending on
their concentrations. There has been no study conducted which explains the
reason behind the biphasic nature of these naturally occurring compounds. This
book chapter summarizes the role of different naturally occurring compounds
such as resveratrol, quercetin, falcarinol, genistein, kaempferol, berberine, daid-
zein, indole-3-carbinol, umbelliprenin, glabridin, and 12-O-
tetradecanoylphorbol-13-acetate (TPA) used as chemotherapeutic agents based
on their toxicity, dosage, and its exhibition of biphasic effects. This chapter also
highlights the major signaling pathways involved in showing anti-cancer effects
of the above compounds having a biphasic effect.
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Abbreviations

COX-2 Cyclooxygenase-2
CYP1A1 Cytochrome P450 family 1 subfamily A member 1
EGFR Epidermal growth factor receptor
EMT Epithelial mesenchymal transition
ERK Extracellular receptor kinase
EROD 7-ethoxyresorufin-O-deethylase
GSK Glycogen synthesis kinase
GST-P Glutathione S-transferase placental form
HCT-116 Human colorectal carcinoma
HIF-1α Hypoxia-inducible factor-alpha
HL-60 Human leukemia cell line
JAK/STAT Janus kinase/signal transducer and activator of transcription
LNCaP Lymph node carcinoma of the prostate
MMP Matrix metalloproteinase
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
PGE2 Prostaglandin E2
PKB/AKT Protein kinase B
PTEN Phosphatase and tensin homolog deleted on chromosome 10
ROS Reactive oxygen species
SCC-25 Squamous cell carcinoma
TGF-B Transforming growth factor-beta
TPA 12-O-tetradecanoylphorbol-13-acetate

9.1 Introduction

Cancer is the most complex and majorly occurring disease worldwide. At least 60%
of anti-cancer compounds are derived naturally from plants, i.e., about three-quarters
of anti-cancer compounds are natural products [1]. Some anti-tumor plant products
derived from alkaloids and flavonoids. Dietary phytoestrogens like flavonoids
(quercetin), isoflavonoids (genistein, daidzein), and stilbenes (resveratrol) prevent
estrogen-related diseases like post-menopausal symptoms and reduce the risk of
estrogen-dependent cancer. Different approaches to cancer management have been
proved ineffective because of various reasons like drug resistance, adverse reactions,
insufficient and inadequate target specificity of a single anti-cancer agent [2]. There-
fore, an approach developed which involves the application of one or more anti-
cancer agents combined, which thereby produced a synergistic effect boosting the
cytotoxicity of cancer cells.

Natural compounds, herbs, and plant derivatives or extracts used to make drugs
for cancer therapy [3]. Although these compounds are assumed to be safe at times,
these can be toxic, too, if not prescribed properly. Many compounds exhibit a
biphasic effect, which means the compound at low and high doses will produce
opposite effects towards cancer cells. The process by which an organism or cell
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exhibits a biphasic effect with the response to increasing amounts of any compound
or a drug is known as hormesis. In 2005, the first assessment and documentation of
the biphasic dose-response relationship in tumorigenesis came to the limelight
[4]. The biphasic dose-response relationship is highly generalized, i.e., the responses
not restricted by the biological model [4]. Some natural compounds specific for the
treatment of cancer might become not effective for the same cell at any other
concentration, either high or low dose. The sources and common uses of some of
the natural compounds having biphasic effects in tumorigenesis are mentioned in
Table 9.1.

This book chapter describes various natural compounds which have a biphasic
effect in different cancer cells (Table 9.2). For example, daidzein from soybean
possesses estrogen-like and estrogen-dependent activity [26]. Resveratrol from
blueberries, mulberry, and raspberry is a potent tumorigenic inhibitor [27]. Falcarinol
found in carrots is known to reduce the cancer risk [28]. Kaempferol found in onions,
tomatoes, cucumbers, and spinach is a effectual anti-oxidant showing anti-cancer
effects on human cancer cells [29]. Quercetin from red onions regulates cell signal-
ing, suppression of growth and proliferation, pro-apoptotic, and anti-oxidant effects
[30]. Berberine from Oregon grape and poppy exerts anti-tumor potential in multiple
ways, including the suppression of angiogenesis, cell proliferation, and metastasis in
various types of cancers such as breast cancer, melanoma, liver cancer, and gastric
cancer [31]. Indole-3-carbinol also exerts anti-cancer potential [32]. Similarly, an
anti-cancer effect of umbelliprenin has been depicted in the case of colorectal cancer
in a dose-dependent manner [33]. Genistein is used as a chemotherapeutic agent,
which alters cell cycle, apoptosis, angiogenesis, and metastasis, also is inhibited by it
[34]. A phytochemical glabridin from Glycyrrhiza glabra exhibits anti-tumor activ-
ity [35]. 12-O-tetradecanoylphorbol-13-acetate (TPA) causes many tumor cells to
die [36] (ChemBioDraw Ultra draws all the structures of mentioned compounds in
this book chapter). This book chapter has described the biphasic effects of the above
mentioned natural products on various human cancer cells (Tables 9.1, 9.2, and 9.3).

9.2 Natural Compounds Showing Biphasic Effects in Cancer

Resveratrol
Resveratrol, also known as stilbenoid (3, 4, 5-trihydroxy-trans-stilbene) produced by
the plants which are attacked by the bacteria and fungi, grapes skin, and seed,
peanuts, blueberries, mulberries, and raspberries (Table 9.1). It is identified as a
PAN assay interference compound that directly affects the cell membranes and also
has the ability of varied interactions. Resveratrol inhibits carcinogenesis in mouse-
skin cancer [27], and it also exhibits cytotoxic effects in vitro in cancers like breast,
skin, cervix, stomach, prostate, ovary, pancreas, and thyroid. Studies conducted
in vitro and in vivo report the inhibition of all the stages of carcinogenesis by
resveratrol, e.g., initiation, promotion, and progression [56]. It also affects the
signaling pathways like Akt/GSK and ERK pathways, EMT and SMAD signaling,
ROS-notch1/PTEN/Akt, and HIF-1α/ROS/p53 signaling pathways as described in
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Table 9.1 Sources and uses of natural compounds having a biphasic effect

Sr. no. Compound Source Uses Ref.

1. Resveratrol
(polyphenol)

Grapes skin, peanuts,
blueberries, mulberries,
and raspberries

High cholesterol, cancer,
heart disease

[5]

2. Falcarinol (fatty
alcohol)

Carrots, ivy, and red
ginseng

Protects roots from
fungal diseases, such as
licorice root, colon
cancer

[6]

3. Kaempferol
(flavonoid)

Onions, cucumbers,
tomatoes, potatoes,
spinach, raspberries,
plants like Moringa
oleifera, Cuscuta,
Chinensis, cocaine
grandis, and Glycine
max

Reduces oxidative stress,
cancer treatment

[7]

4. Quercetin (flavonol) Red onions, tomatoes,
and honey

Arthritis, bladder
infections, and diabetes,
cancer treatment

[8]

5. Berberine (alkaloid) Barberry, Oregon grape,
goldenseal, yellow root,
Amur cork, and prickly
poppy

High blood pressure,
high levels of cholesterol
or other fats (lipids) in
the blood
(hyperlipidemia), and
diabetes

[9]

6. Indole-3-carbinol Brussels sprouts,
collards, broccoli,
cabbage, mustard
greens, kale,
cauliflower, turnips, and
rutabagas

Prevents various cancers
like colon cancer, breast
cancer, etc.

[10]

7. Daidzein (isoflavone) Soybeans (hypocotyl)
and legume

Blood cholesterol,
menopausal relief,
osteoporosis, heart
disease, and lowers the
risk of some cancers
caused due to hormonal
imbalance

[11]

8. Umbelliprenin Anethum graveolens,
Pimpinella anisum,
Ferulago campestris,
and grecescu

Acts as skin whitening
agent

[12]

9. Genistein Tofu, fava beans,
soybeans, kudzu, and
lupin

Prostate cancer, bladder
cancer, and breast cancer

[13]

10. Glabridin The root extract of
licorice (Glycyrrhiza
glabra)

Acts as anti-
inflammatory, anti-
oxidant, and skin
whitening agent

[14]

11. 12-O-
tetradecanoylphorbol-
13-acetate (TPA)

Croton plant
(Euphorbiaceae)

Tumor promoter [15]

200 U. Vijayvergia et al.



Table 9.2 Summarizes biphasic role of natural compounds

Sr. no.
Compound
name Biphasic effects

Type of cancer
cells Ref.

1. Resveratrol • Both stimulatory and inhibitory
effects in SCC-25 cell line

Oral squamous
carcinoma cells,
prostate cancer

[16]

2. Falcarinol • Decreases DNA strand breakage in
Caco2 cells
• Increase in caspase-3 activity in
Caco2 cell line

Colon cancer [17]

3. Kaempferol • Biphasic response on the
concentration of E2 via ER-dependent
or independent pathway in MCF-7

Breast cancer [18]

4. Quercetin • Stimulates and inhibits cell
proliferation in MCF-7, HT-29, and
HCT-116

Breast cancer,
colon cancer

[19]

5. Berberine • Induces CYP1A1 mRNA expression
and elevates 7-ethoxyresorufin-O-
demethylase (EROD) activity in
HEPG2 cells

Liver cancer cell [20]

6. Indole-3-
carbinol

• Exhibits enhanced effect on post-
initiation stage and inhibitory effect on
the pre-initiation stage in the medium-
term liver bioassay in glutathione
S-transferase placental form (GST-P)
positive liver cell foci

Hepatocarcinoma [21]

7. Daidzein • Stimulate cell growth, estrogen-like
effects and inhibits cell growth, cells
got arrested at G0/G1 phase, anti-
estrogen effect in LoVo cell line

Colon cancer [22]

8. Umbelliprenin • Increases the percentage of apoptosis
at <10 μM in Jurkat T-cell line
• Decreases the cell-death in the Jurkat
T-cell line at >100 μM

Myeloid leukemia [23]

9. Genistein • In PC3 cell line, the number of cells
increased to 1.5 fold at 500–1000 nmol/L
• A threefold decrease in cell number at
50,000 nmol/L in the PC3 cell line

Prostate cancer,
breast cancer

[24]

10. Glabridin • Inhibits the proliferation of ER- and
ER+ at ˃10 μM and increases
proliferation at 100 nM-10 μM in PC3
cell line

Prostate cancer [25]

11. TPA • Before 24 h rapid cell–cell contacts
and after 24 h loss of cell–cell contact
seen in human SCC cell line

Human epidermal
squamous
carcinoma

[25]
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Table 9.3. Resveratrol also exhibits a dual effect in some conditions. For example, in
human oral squamous carcinoma cells SCC-25, literature represents that, at 1 μM,
resveratrol had stimulatory effect while at 10 μM resveratrol exhibits inhibitory
effect. At 100 μM concentration, resveratrol shows inhibitory effect on both DNA
synthesis and cell growth. HL-60 when treated with TPA (12-o-tetra-
hydrodecanoylphorbol-13-acetate), resveratrol inhibits in a dose-dependent manner

Table 9.3 Signaling pathways affected by various phytochemicals exhibiting biphasic activity

Sr. no. Compound Signaling pathway Type of cancer/cell line

1. Resveratrol • Downregulates AKT/GSK and
ERK pathways [37]

OVCAR-3 ovarian cancer
cells,

• Suppresses EMT and SMAD
dependent signaling [38],

Glioblastoma cells

• ROS dependent downregulation of
notch1/PTEN/Akt signaling [39]

Human ovarian cancer cell
line A2780 and SKOV3

• Induction of apoptosis via HIF-1α/
ROS/p53 signaling [40]

Prostate cancer

2. Falcarinol • Downregulates NF-kB [41] Rat colorectal cancer

3. Kaempferol • Impairs MAPK pathway [42], Hepatocellular carcinoma

• Downregulates PI3K/AKT
signaling [43]

Skin, colon, liver cancer

• Blocks the EGFR-related pathway
[29]

Pancreatic cell cancer

4. Quercetin • Inhibits NF-kB and MMP-2/9
pathway [44]
• Inhibits PI3K/AKT/mTOR
• Regulates Wnt/β-catenin, MAPK/
ERK1/2 pathway [45]

SAS human oral cancer
cells

5. Berberine • Downregulates COX2/PGE2-
JAK2/STAT3 pathway [46]

Colorectal cancer cells

6. Indole-3-
carbinol

• Represses ER-alpha signaling [47] Breast cancer cells

7. Daidzein • Inhibits Hedgehog/gli1 signaling
[48]

Breast cancer,

• Inhibits RAF/MEK/ERK cascade
[49]

SKOV3 human ovarian
cancer cells,

• Inhibits FGFR3 pathway [50] Bladder cancer

8. Umbelliprenin • Activates intrinsic and extrinsic
apoptosis pathways [51]

Jurkat T-cell line

9. Genistein • Inhibits Wnt signaling via ERS
dependent pathway
• Inhibits NF-kB [52]

Prostate cancer

10. Glabridin • Inhibits FAK/Rho signaling [53] Human lung cancer A549,

• Inhibits TGF-β/SMAD2 signaling
pathway [54]

Hepatocellular carcinoma

11. TPA • Activates MEK-ERK [55] Oesophageal squamous
cell carcinoma
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[16]. In cultured mouse hepatoma cells (Hepa 1c1c7), resveratrol induces quinone
reductase activity. A combination of quercetin with resveratrol has proved to be a
potent inhibitor of oral cancer cell growth. In LNCaP cells, resveratrol at 20 μM
concentration inhibited 50% of DNA synthesis (Table 9.2) [16].

Falcarinol
Falcarinol [(3R)–(9Z)-heptadeca-1, 3-diene-4, 6-diyn-3-ol], also known as
panaxynol or carotatoxin is a natural pesticide present in carrots, ivy, and red ginseng
(Table 9.1). It guards roots from fungal diseases like licorice root and acts as an
antagonist for covalent cannabinoid receptor inducing pro-allergic effects in the skin
[57]. The NF-kB pathway is affected in rat colorectal cancer by it (Table 9.3).
Hormesis of biphasic effects has recently observed in falcarinol in the Caco2 cell
line [17]. At 0.5–10 μM conc., basal DNA strand breakage decreases with the
decrease in the expression of apoptosis indicator caspase-3, while at a concentration
more than 20 μM, the detachment of the CaCo2 cells from the surface of cultured
flask increases within 24–48 h. At a concentration of 1–20 μM falcarinol, there was a
decrease in DNA strand breakage in colon cells, and at 100 μM concentration, active
caspase-3 concentration increases in CaCo2 cells. By SCGE (single-cell gel electro-
phoresis), falcarinol at a concentration of 50–100 μM induces comet remnants, and
this reflects nuclear degradation taking place during apoptosis. Therefore, the integ-
rity and proliferation of CaCo2 cells were induced dose-dependently by falcarinol
(Table 9.2) [17].
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Kaempferol
Kaempferol is a class of flavonol present in pteridophytes, angiosperms, pinophytes,
vegetables, and fruits like Brussels sprouts, blackberries, cucumbers, tomatoes,
onions, potatoes, spinach, and raspberries. Moreover, some plants like Moringa
oleifera, Cuscuta, Chinensis, cocaine grandis, glycine max (Table 9.1) contain
kaempferol [7]. It reduces oxidative stress by acting as an anti-oxidant and the
most important dietary phytoestrogen. It also impairs MAPK, PI3K/PKB, and
EGFR-related signaling pathways, as mentioned in Table 9.3. However, it has a
response of hormesis on estrogen receptor, i.e., it has both estrogenic and anti-
estrogenic activity. In the absence of E2, in the MCF-7 cell line, kaempferol induces
the estrogen agonist activity. It activated the E2 responsive reporter gene dose-
dependently and showed maximal effect at 10�5 M, whereas at higher concentration,
at >10�5, it decreases the luciferase activity (Table 9.2). When a focus assay
performed to investigate the malignancy, it is seen that kaempferol inhibited the
cell foci formation by E2. In the absence of estrogen, at concentration > 10�5 M
kaempferol, cytotoxicity not restoring the anti-proliferation caused by excess E2. So,
kaempferol regulates the estrogenic levels in the body and might also prevent
estrogen imbalance diseases like osteoporosis and breast cancer [18].
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Quercetin
Quercetin, plant flavonol derived from Quercetum (oak forest), can be found in red
onions, organically grown tomatoes, and honey (Table 9.1) [58]. It regulates cell
signaling, growth suppression, and shows anti-proliferative, pro-apoptotic, and anti-
oxidant effects [30]. It inhibits COX (cyclooxygenase) and lipooxygenase which
thereby, decreases the inflammation, inhibits the platelet aggregation, and improves
the endothelium, has potent anti-cancer properties, and also reduces the number and
size of rectal adenomas [59]. It alters the NF-kB and MMP2/9 signaling pathways
and also inhibits the PI3K/Akt/mTOR, MAPK/ERK1/2, and Wnt/B-catenin
pathways as summarized in Table 9.3. However, quercetin shows different stabilities
at different conditions. It is unstable at 7.4pH; in 0.1 M potassium phosphate, it
degrades in 10 hr., whereas, at the same pH in McCoy’s 5A culture, it degrades in
2 hr. It modulates cell proliferation as a biphasic response, which is also known as
growth hormesis, and in both the conditions, quercetin gets stabilized by ascorbic
acid. Quercetin shows a stimulating effect in MCF7 cell lines, whereas a biphasic
effect seen in cell proliferation in colon cancer cell lines. Generally, quercetin
inhibits the proliferation in colon cancer cell lines, but only at high concentrations
(above 30 μM for HCT-116 cells and 80 μM HT29 cells) (Table 9.2). On the
contrary, quercetin shows a significant increase in cell proliferation even at low
concentrations [19], which suggests that quercetin in a concentration-dependent
manner balances between the pro-oxidant and anti-oxidant activity. Quercetin
shows a dual effect in SCC-25 (oral squamous carcinoma cell line), at a concentra-
tion of 1–10 μM, its stimulatory effects on growth, whereas at 100 μM it causes
growth inhibition. Ranges of quercetin concentrations can have both promoting as
well as inhibiting effect, depending upon the cell type. For example, human blood
serum levels have enhanced cell proliferation after quercetin ingestion from onions,
wine, etc. (around 1 μM), and higher concentration of quercetin has been found in
intestine (250–500 mg).
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Berberine
Berberine, derived from Oregon grape and poppy (Table 9.1), exerts anti-tumor
activity by multiple routes such as by suppressing the cell proliferation, angiogene-
sis, and metastasis in breast cancer, melanoma, gastric cancer, and hepatoma [31]. It
is a yellow alkaloid which was first isolated from Xanthoxylon cava in 1826 by
Chevallier and Pelletan [60] found in plants like barberry, Oregon grape, goldenseal,
yellow root, amur cork, prickly poppy [61]. Berberine is a quaternary ammonium
salt derived from the protoberberine group having a strong yellow fluorescence and
thus is used in histology. It is considered as an anti-malarial drug also effective
against diabetes, hypertension, obesity, artery diseases, Alzheimer’s, and polycystic
ovary. It alters the COX2/PGE2-JAK2/STAT3 pathway, as discussed in Table 9.3.
The biphasic effect of berberine is seen on CYP1A1 in HepG2 cells [20]. It induces
CYP1A1 mRNA expression at 1uM concentration, whereas, at 50 μM, the induction
attained efficiency. It inhibits the enzyme catalytic activity and induces the gene
expression at high doses of berberine for 24–48 h (Table 9.2). On treatment, it
significantly elevated the EROD (7-ethoxyresorufin-O-demethylase) activity,
whereas after 6 h of incubation with high dose of berberine, the EROD activity
was significantly decreased. The PI3K/AKT/Bcl-2 cell survival and Nrf2/HO-1 anti-
oxidative signaling pathway were upregulated which helped in the mediation of the
hormetic and neuroprotective effects of berberine [62].
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Indole-3-Carbinol
Indole-3-carbinol is commonly present in vegetables like cabbage, broccoli, cauli-
flower, sprouts, and kale and collard greens. It is derived from glucobrassicin of the
Brassica vegetables [63] (Table 9.1), possesses anti-oxidant, atherogenic and anti-
carcinogenic properties. It is a phytochemical and also exerts anti-cancer properties
[32]. It works by repressing ER-α signaling, as mentioned in Table 9.3. Indole-3-
carbinol shows biphasic modifying effects on glutathione S-transferase placental
form (GST-P) positive liver foci development and on the post-initiation stage, it
exerts a promoting effect while on the pre-initiation stage; it exerts an inhibitory
effect in the liver bioassay. On the contrary, AFB (alpha toxin B1) induced liver
tumor of rainbow trout, indole-3-carbinol shows biphasic effects on hepato-
carcinogenesis. Pre-initiation exposure to indole-3-carbinol reduces the AFB
initiated hepatocarcinoma, whereas indole-3-carbinol given 3 weeks before
diethylnitrosamine (DEN) exposure inhibits the development of GST-P positive
liver cell foci in rats (Table 9.2) [21].
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Daidzein
Daidzein (7-hydroxy-3-(4-hydroxyphenyl)-4H-chromen-4-one) belonging to the
class of isoflavone is found in soybeans [26] and legumes [64] (Table 9.1) and it
possesses estrogen-like and estrogen-dependent properties derived from the
shikimate pathway. Epidemiologic studies evidenced some association between
soy exposure and a decrease in breast cancer, whereas few other studies report no
association between these. It modulates Hedgehog/Gli1 signaling in breast cancer,
inhibits RAF/MEK/ERK cascade, and inhibits FGFR3 signaling in bladder cancer
cells as depicted in Table 9.3. The effect of daidzein has proved to be biphasic
[65]. For instance, in LoVo cell lines, during MTT assay, when cells incubated in a
medium of different concentrations of daidzein, it enhanced cell growth at lower
concentration (0.1 and 1 μM), whereas inhibited the cell growth at higher doses
(10–100 μM). Daidzein induces apoptosis in LoVo cells dose-dependently. At
higher concentrations of daidzein, cells got arrested at G0/G1 phase (Table 9.2).
Low concentration of daidzein causes estrogen-like effects which stimulates cancer
cells growth, while at higher concentration, the cell growth is inhibited by anti-
estrogen effect. Daidzein treatment induces DNA fragmentation due to apoptosis via
caspase activation. Daidzein reduces the MNU (N-methyl-N-nitrosourea) induced
mammary carcinogenesis by 20%. Therefore, about 600 g of soybean must be taken
in diet per day to benefit from the anti-tumorigenic effects of daidzein [65]. No effect
on differentiation is seen as proved by the ALP activity in daidzein treated colon
cancer cells where ALP is the marker used to determine the differentiation in colon
cancer cells [22].
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Umbelliprenin
Found in plants belonging to the Apiaceae-Anethum graveolens (dill an herb in
celery) L. Pimpinella anisum L. (aniseed) and Ferulago campestris (Table 9.1)
[66]. It shows anti-inflammatory, immunomodulatory, anti-melanogenic, and
pro-apoptotic effects as well as promising skin whitening agent [66]. In Jurkat
T-cell line, it activates the intrinsic and extrinsic apoptosis pathways, as shown in
Table 9.3. It initiates apoptosis by activating the caspase-8 following the intrinsic
pathway and caspase-9 of the extrinsic pathway which is mediated by the tumor
necrosis factor receptor (Table 9.2) [23].

Genistein
Genistein is an isoflavone, best known as a phytoestrogen and an angiogenesis
inhibitor found in a variety of plants like kudzu, lupin, soybeans, fava beans, and
Psoralea (Table 9.1) [67]. Genistein, a chemotherapeutic agent alters cell cycle,
apoptosis, angiogenesis, and also inhibits metastasis [34]. It inhibits NF-kB signal-
ing, as mentioned in Table 9.3. Regulation of cell proliferation in PC3 cells and
in vitro invasion is carried out by genistein in a biphasic manner. A concentration of
500–1000 nmol/L of genistein for 72 h induces a significant 1.5 fold increase in
several cells while >threefold decrease in cell number occurs with 50,000 nmol/L
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genistein. To assess the invasion, cells were subjected in the Boyden chamber with
Matrigel assay and with 500 nmol/L genistein, an increase in the number of invaded
cells was observed, whereas a twofold reduced invasion was observed with
50,000 nmol/L genistein (Table 9.2) [24]. In a 250 mg/kg diet group of TRAMP-
FVB mice (transgenic adenocarcinoma mouse prostate) consuming diet
supplemented with genistein, a significant twofold upregulation was found while
no significant decrease was observed in 1000 mg/kg diet in the prostatic lysates.
These studies show that genistein exposure affects the progression in TRAMP-FVB
mice dose-dependently.

Glabridin
Glabridin, present in the root extract of licorice (Glycyrrhiza glabra) (Table 9.1), is a
phytoestrogen that binds to the human estrogen receptor and enhances creatine
kinase activity in the ventricle, bone, heart, and cartilage. It also exhibits anti-
tumor properties [35]. It works by inhibiting FAK/Rho signaling and TGF-β/
SMAD2 signaling pathway in hepatocellular carcinoma, as shown in Table 9.3.
Zava et al. first showed biphasic effects in glabridin [68]. At 0.1–10 nM conc.,
glabridin showed equal and maximum growth stimulation like estradiol. At<10 μM,
it promotes cell growth, and at >15 μM, glabridin inhibits the cell growth. With
0.1–10 μM glabridin, in ER+ breast cancer cell lines, cell growth increased above
control, and then abruptly, it inhibited at approximately 25 μM glabridin. The cell
growth was not increased in the ER-cell line, but at 25 μM, it exhibited an inhibitory
effect. When glabridin (10 μM) was added to the tamoxifen-treated cells (1 μM), it
inhibited the maximum growth of ER+ breast cancer cells by 50% while an increase
in tamoxifen up to 5 μM inhibited the proliferative effect of glabridin
(Table 9.2) [69].
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12-O-Tetradecanoylphorbol-13-Acetate (TPA)
12-O-Tetradecanoylphorbol-13-acetate (TPA), a phorbol diester (compound isolated
from croton seeds) (Table 9.1), is the most effective tumor promoter and modulator
of differentiation in epidermal keratinocytes, which induces a rapid formation of
cell–cell contact with an increase in protein kinase C on low calcium grew cells. TPA
can cause many tumor cells to die [36]. It can modulate the MEK-ERK pathway in
oesophageal squamous cell carcinoma, as discussed in Table 9.2. It is used for
cytogenetic testing as a B-cell specific mitogen in cancer diagnostics and is also
applied along with ionomycin to stimulate T-cell activation, cytokine production,
and cell proliferation [70]. However, it exhibits a biphasic effect on treatment more
than 24 h, causing loss of cell–cell contact and a decrease in membrane-bound
protein kinase C activity [25].
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9.3 Metabolomics Studies

Metabolomics deals with the evaluation of the mechanism of action of various types
of anti-cancer agents. It is applicable to understand the tumor cell response to
nutritional agents. It throws light on the quantitative analysis of all the metabolites
present in an organism to examine the relationship between the metabolites and the
physiological and pathological changes. New inflammatory drugs can be discovered
using metabolomics as it acts as an effective tool to understand the mechanism of
inflammation [71]. Metabolomics of resveratrol showed that it modulated the poly-
amine biosynthesis in human breast cancer cell lines, MDA-MB-231 and
MCF-7 [72].

9.4 Quality of the Product

The medicines from natural products or their derivatives often puzzle consumers by
being labeled as “natural,” and thereby, implicating them as “completely safe”
products simply based on perception. These natural products might affect the body
in unwanted ways and might cause severe side effects or even death in certain cases.
Therefore, there is a need to understand the detection, separation, purification,
quantification, and identification of the best suitable compounds for therapeutics of
various diseases, especially cancer. However, the main issue comes from a drug
development perspective as the question arises as to how to expand scientific
research into pre-clinical studies? Depending on the upcoming rapid and sensitive
techniques, novel approaches developed.

9.5 Different Types of Drug Toxicity

Different types of drug toxicities reported like cardiotoxicity, nephrotoxicity, neu-
rotoxicity, skin toxicity, and hepatotoxicity. Even the natural compounds show a
different type of toxicity or the side effects on different doses of varying
concentrations. For example, resveratrol causes nephrotoxicity when given in high
doses when studied in in vivo animal studies. Resveratrol can also lead to DNA
damage and cell cycle interruption by its pro-oxidant effect [56]. Some substances
interfere with the normal reproduction and affect the normal sexual functionality of
humans, known as reproductive toxicity shown mainly by genistein [73]. Daidzein
causes changes in the fertility and developmental toxicity in the female rat’s repro-
ductive tract. High dose of daidzein reduces the body weight and circulating
progesterone levels [74]. Kaempferol exhibits genotoxic effects [75] as it possesses
in vitro pro-oxidant activity. The activity of quercetin was evaluated and it was
found, after 2 years, toxic and neoplastic lesions appeared in the kidney of male rat,
also increased hyperplasia, neoplasia, nephropathy, benign tumor in the renal tubular
epithelium was caused [76]. Some adverse effects of indol-3-carbinol (I3C) are also
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reported, where a patient taking 400 mg of I3C twice a day had tremor and
imbalance [77].

9.6 Possible Reasons for Drug Toxicity

As natural products are easily available in the market, people take it easily without
any prescription. These products advertised without side effects; thereby, a large
population gets attracted to it, and hence, an influence of self-treatment starts.
Medical practitioners who possess a vast knowledge about the drugs, its mechanism
of action, the human body, case studies, and pharmacology are allowed to do the
practice. However, 50% of practitioners are not qualified enough to practice medi-
cine. These under-qualified and untrained practitioners are unaware of the toxic side
effects of natural products which are used as medicine and, therefore, are unable to
treat their patients leading to non-rectified mistakes causing serious health issues
[78]. Many sub-standard natural products are available in the market, not tested for
the quality before marketing and use. Some products do not contain the active
ingredients at all, and some might have a small number of active ingredients.
Therefore, using such adulterated products instead of original loses its efficacy
[78]. Some of the natural compounds taken as dietary supplements, but the proper
dose not mentioned. The same dose is taken by different persons of different ages
and weight without any mentioned period for it and, thus, might cause many harmful
side effects [78].

9.7 Limitations

Multidisciplinary collaboration will facilitate the natural product discovery which
requires proper escalation through the application of both combinatorial and medic-
inal chemistry and biochemistry. There is still so much to explore, and with the new
emerging technology, new prototypes are getting developed, which are proved to be
efficient candidates for pharmacologically active compounds and hence, increase the
exploitation of the elements present in nature. The biggest limitation of clinical
translation of resveratrol is its rapid metabolism, which leads to limited bioavailabil-
ity in vivo [79]. The major limitation of genistein is its low bioavailability and high
pleiotropy [34]. Reducing the side effect, the toxicity of quercetin nanoparticles, and
the cost-effectiveness of the Nano formulations considered as the limitation of
quercetin [80]. Kaempferol has a limitation of poor bioavailability [43]. Question
arises whether these agents produce biphasic response and immune response at
different stages of carcinogenesis and/or simultaneously. These naturally occurring
agents might either enhance or diminish the cancer cell proliferation at one particular
concentration while at some other concentrations, it may enhance or diminish the
cell-mediated immunity [4]. Also, it is found that in certain clinical circumstances,
some agents with low concentration generate a stimulatory response thereby,
enhancing the tumor proliferation [4]. It is still not known why the compounds
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show biphasic effect or the opposite effect at low and high concentrations, but dose-
response relationship mainly depends on the exposure time and route of administra-
tion, i.e., different routes and time exposure leads to different relationship and a
different conclusion. This limitation is major because of the complex biosystems and
bioprocesses between the cells and tissues and external exposure.

9.8 Conclusion

The different natural compounds described in this book chapter have shown to
produce opposite effects at different concentrations and conditions (Table 9.3). For
example, the LoVo cells, daidzein can both stimulate the cell growth at low
concentrations, whereas it can also arrest the cell cycle at the G0/G1 phase at high
concentrations. In SCC-25 and LNCaP cells, resveratrol can show both inhibitory
and stimulatory effects on the cells. In colon cancer, falcarinol decreases the DNA
strand breakage as well as can also increase the caspase-3 activity of Caco2 cell
lines. In the MCF-7 cells, kaempferol can show biphasic response on different
concentrations of estradiol via ER-dependent or independent pathways. In HT-29
and HCT-116 cell lines, quercetin can both inhibit and stimulate cell proliferation at
different concentrations. In the HEPG2 cell line, berberine increases as well as
decreases the EROD activity at a different time of exposure. At post-initiation and
pre-initiation, indole-3-carbinol in the glutathione S-transferase placental form liver
cell foci shows both promoting and inhibiting effects, respectively. In Jurkat T-cell
line, Umbelliprenin can increase the percentage of apoptosis at <10 μM as well as
decrease the apoptosis. Genistein in PC3 and MCF-7 cells changes the number of
fold increase in cell number. Glabridin when treated in mouse adenocarcinoma
prostate cell line, PC3 and MCF-7, both lead to the increment as well as decrement
of cellular proliferation at different concentrations. In human epidermal squamous
cell carcinoma consisting of both ER+ and ER� cells, when treated with 12-O-
tetradecanoylphorbol-13-acetate (TPA), increases and decreases the cell-cell contact
at a different time of exposure. The basic signaling pathways, biphasic effects, and
toxicity issues of these natural compounds summarized in Fig. 9.1.

9.9 Future Perspective

High-throughput screening along with combinatorial chemistry drives the future
success of the pharmaceutical industry. Also, natural product discovery, proteomics,
genomics, metabolomics, metagenomics, semi-synthesis, recombinant DNA meth-
odology, genome mining, structure–function drug design, and combinatorial bio-
synthesis are associated with it. Intelligent screening methods like screening by a
robot or robotic separation alongside metabolic engineering and structural analysis
offer dimensions to technologies for new natural product discovery for the origina-
tion of anti-tumor compounds [81]. Another promising approach to develop effec-
tive chemotherapeutic anti-cancer agents is, by conjugating the potent cytotoxic
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natural products to monoclonal antibodies by targeting epitopes present on tumors of
interest. Many natural compounds act by more than one mechanism as some have a
greater degree of efficacy, whereas many works against multi-drug resistance [3].

Moreover, in-depth research is required for the better understanding of the
compounds derived from the natural products and their therapeutic applications,

Fig. 9.1 Figure depicting different signaling pathways, toxicity, and biphasic effects of natural
compounds. The natural compounds are depicted here by an oval inside the circular ring. The inner
circle depicts the signaling pathways exhibited by the natural compounds. The dotted rectangular
box inside the ring represents the toxicity or the side effects by the respective natural compound.
The portion outside the ring represents the biphasic effects shown by the natural compounds in
various cancer cell lines at different concentrations
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which will help to meet the major challenges in treating cancer. Of course, a broad-
spectrum study is recommended in various cell culture and/or animal models to
verify and affirm the biphasic effect of the same drug/natural compound. Under-
standing the differential molecular mechanisms and signaling transduction pathways
involved in the biphasic effect of the same natural compound and drug is necessary
to increase the effectiveness of the cancer treatment. This detailed study might lead
to identifying some target molecules/other drugs used in combination with the
compound having a biphasic effect to prevent the tumorigenic potential of this
natural compound.
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Potential Pharmacotherapeutic
Phytochemicals from Zingiberaceae
for Cancer Prevention
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Abstract

Cancer, one of the most nefarious maladies, is set to affect one in five of the
global population soon. Aberrant uncontrolled cell divisions, proliferation and
metastasis are hallmarks of cancer. For quite some time now, numerous cancer
prevention and treatment strategies have been formulated with a capricious
investment of wealth and resources. The state-of-the-art treatment procedures
rely on surgeries, radiation therapies, stem cell induction in conjunction with
chemotherapy, immunotherapy and hormonal therapeutics. Yet, these combined
treatments are not foolproof often leading to secondary health risks, unspecific
outcomes and toxicity. Plant extracts have been used to prevent and cure cancer-
ous growth since times immemorial. In the traditional Indian pharmacopoeia,
many phytochemical extracts are listed as potent pharmacotherapeutics against
cancer. Zingiberaceae, one of the largest monocot families with a centre of
diversity in India, is a promising source of many anti-cancerous, anti-proliferative
compounds, attributable to its high polyphenol and flavonoid contents. Principal
phytochemicals include curcumin, curcumol, kaempferol, zerumbone, apigenin,
galangin, 6-gingerol and 8-gingerol. These compounds are reportedly effective
against human colorectal, cervical, breast, lung, ovarian, gastric and liver cancers.
Interestingly, the modus-operandi of each compound against cancer cells is
unique: curcumin and curcumol reportedly induced apoptosis via p53 regulation
and accumulation of ROS/oxidative stress or by modulation of MAPK pathway
and inhibition of NF-κB; kaempferol inhibited angiogenesis by suppressing
ERK-NFκB-cMyc-p21-VEGF pathway, while apigenin modulated signalling
pathways that include PI3K/AKT, MAPK/ERK, JAK/STAT, NF-κB and
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Wnt/β-catenin pathways and zerumbone caused apoptosis by expression of
pro-apoptotic proteins like Bax via cytochrome-c dependent caspase activation,
simultaneously decreasing levels of anti-apoptotic proteins like Bcl2. These
phytochemicals are effective in cancer cell lines resistant to chemotherapeutic
drugs like cisplatin and 5-fluorouracil. Plant-based compounds offer flexibility of
usage and diversity of action, affording recourse to most of the woes left behind
by systematic and commercial chemical drugs. In this context, the present chapter
will thoroughly look into the pros and cons of using phytochemicals of
Zingiberaceae on various cancer cell lines, delving into their mode of action,
potential side effects, discussing how far research has progressed and what the
immediate future holds for us.

Keywords

Cancer · Zingiberaceae · Phytochemicals · Pharmacotherapeutics · Treatment

Abbreviations

AP 1 Activator protein 1
cAMP Cyclic adenosine monophosphate
COX Cyclooxygenase
CREB Cyclic AMP response element binding
EGCG Epigallocatechin gallate
EGFR Epidermal growth factor receptor
ERE Oestrogen responsive element
ERK Extracellular signal-regulated kinases
FAK Focal adhesion kinase
FDA Food and Drug Administration
FOXO Forkhead box O
FU Fluorouracil
GSK Glycogen synthase kinase
HDAC Histone deacetylases
HIF Hypoxia-inducible factor
HNSCC Head and neck squamous cell carcinoma
IL Interleukin
JAK Janus kinase
MAPK Mitogen-activated protein kinase
MMP Matrix metalloproteinase
mTOR Mammalian target of rapamycin
NF κB Nuclear factor-κB
NRF Nuclear factor erythroid 2-related factor
NSCLC Non-small cell lung carcinoma
PARP Poly ADP ribose polymerase
PI3K Phosphatidylinositol 3-kinase
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PTEN Phosphatase and tensin homolog gene
ROCK Rho-associated protein kinase
ROS Reactive Oxygen Species
STAT Signal transducer and activator of transcription
TGF Transforming growth factor
TNF Tumour necrosis factor
uPA Urokinase plasminogen activator
VEGF Vascular endothelial growth factor

10.1 Introduction

Cancer is the second largest non-communicable killer worldwide after cardiovascu-
lar diseases [1]. In developed and developing countries cancer has emerged as a
major concern to public health with high incidence of morbidity [2]. With the third
highest number of deaths by cancer registered globally per year, number of cancer
patients in India is predicted to increase by a further 25% by the year 2020 (https://
economictimes.indiatimes.com/industry/healthcare/biotech/pharmaceuticals/indias-
share-in-global-herbal-medicinal-market-just-0-5-government/articleshow/55498419.
cms).The National Cancer Prevention and Research Institute confirmed that around
1.7 million new patients would be reported in India by early 2020s, killing at least
0.8 million of those affected, at the rate of around 1300 lives lost per day according
to a recent report (http://www.vims.ac.in/blog/cancer-treatment-in-india/. Accessed
07 Jan 2020). While breast cancer is most common in women, oral and lung cancer
kills most cancer afflicted men in India (http://ncdirindia.org/NCRP/ALL_NCRP_
REPORTS/PBCR_REPORT_2012_2014/ALL_CONTENT/PDF_Printed_Version/
Chapter1_Printed.pdf. Accessed 07 Jan 2020). Against the worldwide trend, in India
more women are affected by cancer than men (https://www.bbc.com/news/world-
asia-india-43539369. Accessed 07 Jan 2020). Recent advancements in terms of
cancer drugs and therapeutics have seen a ginormous growth and development of
target oriented drugs have opened novel dimensions in cancer treatment but even the
most advanced strategies are often rendered ineffective during metastasis [3]. For the
last five decades, chemotherapy has been the most common treatment module for
cancer patients, though more often than not, these agents cause multiple toxicities in
the already cancer-ravaged weakened patients [4], inciting a range of problems like
renal failures, cardiovascular problems, myelotoxicity and vasospasm, pulmonary
problems, immunosuppression and alopecia [5]. Most of the common and effective
chemotherapeutic drugs, like 5-fluorouracil, doxorubicin, bleomycin and cyclophos-
phamide, cause one or more of these above problems [6]. As recourse to such plight,
multiple plant-based products have gained favour of doctors and patients alike for
their promise in controlling cancerous growth, as evident in many recent studies.
Interestingly, though people of different ethnicities around the world, especially in
Asia, Africa and America, have used plants for curing different diseases since times
immemorial, in recent times plant-based remedies have found newer proclivity, their
usages having increased manifold [7, 8].
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Plants have retained prominent status in human civilizations for thousands of
years as chief sources of economic, industrial and commercial products. Ayurveda,
the ancient Indian system of healing and well-being, is based entirely on plant
products [8]. Similar plant-based medicines are prevalent in many Asian and African
cultures too. Compounds extracted from terrestrial plants had long been known for
their anti-cancerous properties, especially those which are now known to be rich in
polyphenols, flavonoids, brassinosteroids, etc. [9]. According to a recent report,
approximately 50–60% patients suffering from various cancers in the USA rely on
and use plant-based compounds along with prescription drugs and conventional
therapies for efficient disease mitigation [10, 11].

The most common mechanism of action of these plant-based compounds includes
their effects on expression of P53 protein, NF-κB expression and beginning of
apoptosis cascades, reduction of cyclin-dependent proteins like P21 and P27 expres-
sion, interfering with or inhibiting pathways like PI3K/Akt/mTOR and associated
biochemical changes like reduced acid phosphatase levels and lipid peroxidation,
culminating in checking cell cycle proliferation of different cancers [12].

Compounds like curcumin from turmeric, polyphenols from tea, gingerol from
ginger, genistein from soybean, resveratrol from red grapes, sulforaphane and
isothiocyanates from cruciferous vegetables, lycopene from tomato as well as
rosmarinic acid and apigenin from members of Umbelliferae are the most sought
after for anti-cancer drug development [11, 13, 14]. While traditional medicinal
systems have used plant extracts for cancer treatment for a long time, the first plant
metabolite to be adopted for cancer therapeutics was taxol [15].

The search for safer, selectively toxic anti-cancer plant-based drug has been a
long and exhaustive one. While many metabolites, like taxol, campothecin, vinca
alkaloids, were approved by FDA, USA, for human use and are routinely used as
chemotherapeutic agents, they too can induce severe side effects ranging from
cardiomyopathy to neurotoxicity. In fact, most anti-cancer drugs developed so far
have potent cytotoxicity that would hamper a wide range of cells. In the recent years,
with multiple developments, specific agents have been developed that target only
tumorigenic pathways and cellular checkpoints. However, presently, many precision
drugs have been designed to meet the particular needs of a patient [16]. Chemically,
the secondary metabolites exuded by plants have been a wholesome source of anti-
tumorigenic, anti-neoplastic compounds. The most common chemotherapeutics,
namely taxanes, vinca alkaloids and anti-microtubule compounds like camptothecin
and podophyllotoxins, are all originally extracted from various plants [17].

Chemopreventive compounds have been recommended by health care
professionals in the recent years because of their manifold health benefits. Fig-
ure 10.1 shows a simplified diagram showing types of cancer therapies that can be
achieved through plant products. With the rise in so many lifestyle disorders, use of
phyto-nutraceuticals has gained much impetus. Compounds like resveratrol, genis-
tein, eriocitrin, apigenin, rosmarine, piperine, andrographolide are some plant
derived preventive compounds found mostly in leafy greens and plant-based food
items that are being used extensively all across the globe [18–20].Through detailed
analyses and trials, many new plant-based compounds have gained popularity, and
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the global market is around $70 billion; India’s share in it is, however, minute, only
around 0.5% [3]. Many novel anti-cancer products are now being used in conjunc-
tion with other known drugs to better their effectiveness [21, 22]. India has a rich
diverse reserve of endemic flora that has long been used as a good repertoire of many
indigenous compounds with widespread health benefits.

Zingiberaceae, perhaps the most diverse family in India, has a plush variety of
various chemical compounds that could potentially be used as miracle drugs to cure
multiple ailments and health conditions. From diabetes to coronary dysfunction to
cancer prevention and therapy, this family can provide an elixir for all. Yet it is one
of the most underutilized, overlooked family, the main incentive has been put on the
use of few rhizomes as herbs and spices. Few compounds like curcumin, gingerol,
zerumbone and kaempferol have received both praises and flack for their astounding
health benefits, but were soon relegated to obscurity. India already fares poorly when
it comes to reaching out, popularizing and marketing its plant products for holistic
purposes. Compared to the wide market availability and popularity of Chinese

Fig. 10.1 Schematic diagram showing types of cancer therapies based on plant-based products
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traditional medicines, Indian products have remained underutilized. In this review,
the authors would try to expound and illustrate such underutilized plants of
Zingiberaceae family that have gained considerable popularity and scientific interest
in the recent years.

10.2 Zingiberaceae: The Wonder Family

Zingiberaceae the ‘ginger family’ belongs to the order Zingiberales of the monocots
and is one of the largest plant families [23], comprising of 52 genera and more than
1200 species worldwide [24]. India has one of the richest diversities of
Zingiberaceae, with 20 genera and more than 200 species, including a host of
endemic taxa [25]. Members of Zingiberaceae are well known for their medicinal
value since times immemorial. A large variety of phytochemicals obtained from
different parts of these plants possess potent anti-diabetic, anti-tumour, antioxidant
and anti-cancer properties. While members of this family are characterized by
presence of rhizomes and in most cases aroma in their leaves [26], chemically they
are distinguished by high phenolic and flavonoid contents [27]. Phenolic compounds
(phenols and flavonoids) apart from being potent antioxidants have other biological
activities like anti-cancer [28, 29], anti-inflammatory [30], anti-diabetic [31] and
anti-pyretic [32]. Very recently, anti-obese property of phenolic compounds was also
established [33]. The most important genera of medicinal importance from this
family are Alpinia, Curcuma and Zingiber [34, 35]. Figure 10.2 shows the diverse
nature of this family via few distinct representatives.

Medicinally important phytochemicals from rhizomes and leaves of
Zingiberaceae include galangin, apigenin, kaempferol, acacetin, quercetin, alpinetin,
rutin, oxyphyllacinol, luteolin [36], curcumin, curcumenol, cineole, pinocembrin,
cinnamic-acid, coumaric acid, eugenol, curdione, limonene, cuminyl-alcohol,
turmerone, arturmerone, germacrone, ar-curcumene [37], 6-gingerol, 8-gingerol,
10-gingerol, shogaols like 6-shogaol, 8-shogaol, kaempferol, zerumbone, zingerone,
zingiberene, cardamonin, α-zingiberene, β-bisabolene, β-sesquiphellandrene,
β-bisabolene, β-phellandrene, kaempferol 3-glucuronide, quercetin, sabiene,
3-glucuronide, quercetin 3-glucoside, myricetin, beta-sitosterol, proglumide,
convallatoxin, osthol [38]. Out of this array, the principal phytochemicals with
reported anti-cancer properties are curcumin, apigenin, galangin, alpinetin,
6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, zerumbone, kaempferol,
zingiberene, zingerone and cardamonin. However, no other secondary metabolite of
Zingiberaceae can even come close to the scientific attention that curcumin has
merited till date. Figure 10.2 shows some of representatives depicting the morpho-
logical diversity in this family.

The following section focuses on the different phenolics and flavonoids found in
various members of Zingiberaceae that have potent anti-cancer activities.
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Fig. 10.2 Diversity in Zingiberaceae family—few representatives

10 Potential Pharmacotherapeutic Phytochemicals from Zingiberaceae for Cancer. . . 227



10.3 Chemical Nature of Medicinally Important Secondary
Metabolites of Zingiberaceae

Curcuma longa (L.), the golden spice of India, is one of the most important species
of the genus for its utilities as medicine, spice, food, cosmetics, dye, along with
myriad cultural and spiritual importance in Asian countries. Active constituents of
turmeric are Curcuminoids, diarylheptanoid or diphenylheptanoid flavonoids and
include curcumin, demethoxycurcumin, bisdemethoxycurcumin and cyclocurcumin
[39, 40]. Curcumin (C21H20O5), chemically a diferuloyl methane or 1,6-heptadiene-
3,5-dione-1,7-bis(4-hydroxy-3-methoxyphenyl)-(1E,6E), was isolated in 1815, and
is the principle compound of curcuminoids [41]. Polyphenolic curcuminoids impart
the characteristic yellow colour to rhizomes and extracts typically contain 71.5%
curcumin (curcumin I), 19.4% demethoxycurcumin (curcumin II) and 9.1%
bisdemethoxycurcumin (curcumin III) [42–44]. Apigenin (40,5,7-trihydroxyflavone)
is a dietary flavonoid usually synthesized naturally in rhizomes and leaves of
different Alpinia species [45]. Galangin (3,5,7-trihydroxyflavone) is a naturally
active flavonoid, present in high concentrations in propolis and roots of Alpinia
officinarum [45]. Alpinetin (ALP,7-hydroxy-5-methoxyflavanone) is a medicinally
important plant flavonoid isolated from Alpinia katsumadai [46]. The pungent
phenolic substances from Zingiber species, gingerols and shogaols are generally
extracted from Zingiber officinale. 6-gingerol (1-[40-hydroxy-30-methoxyphenyl]-5-
hydroxy-3-decanone) is the most potent anti-cancer compound, while 8-gingerol
[5S)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl) dodecan-3-one], 10-gingerol
[(5S)-5-ethoxy-1-(4-hydroxy-3-methoxyphenyl)tetradecan-3-one], 6-shogaol
[1-(3,4-dimethoxyphenyl)dec-4-en-3-one], 8-shogaol [1-(4-hydroxy-3-
methoxyphenyl)dodec-4-en-3-one] are also promising with respect to cancer inhibi-
tion [47]. Zerumbone (2,6,9,9-tetramethylcycloundeca-2,6,10-trien-1-one), a cyclic
sesquiterpene, is the main constituent of Zingiber zerumbet [48], which has garnered
extensive attention in the recent decade for anti-cancer activities. Zingiberene
(2-methyl-5-[(2S)-6-methylhept-5-en-2-yl]cyclohexa-1,3-diene) is a sesquiterpene
hydrocarbon, isolated from Zingiber officinale [49], as is Zingerone
(4-(4-hydroxy-3-methoxyphenyl)butan-2-one), a phenolic alkanone in nature
[50]. Kaempferol [3,5,7-trihydroxy-2-(4-hydroxyphenyl)chromen-4-one] is a natu-
ral dietary flavonol derived from the rhizome of Kaempferia galanga
L. [51]. Cardamonin [1-(2,4-dihydroxy-6-methoxyphenyl)-3-phenylprop-2-en-1-
one], a chalcone isolated from Alpinia katsumadai, is also an emerging anti-cancer
phytochemical from Zingiberaceae [52].

The list of such medicinally important secondary metabolites from Zingiberaceae
is literally unending with newer ones being characterized regularly. However, an
exhaustive table detailing all the reported anti-cancer metabolites of Zingiberaceae,
their chemical structures as well as reported activities has been compiled
(Table 10.1). The following section focuses on the mode of action of some of the
most important compounds that have been elucidated with rigorous scientific
research spanning over decades as depicted in Fig. 10.3.
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10.4 Generalized Mode of Anti-cancer Action of Some
Important Secondary Metabolites of Zingiberaceae

The molecular basis of anti-carcinogenic and chemopreventive activities of
curcumin is attributed to its effect on several targets including transcription factors,
growth regulators, adhesion molecules, apoptotic genes, angiogenesis regulators and
cellular signalling molecules. Excitingly, curcumin successfully acts at all three
phases of cancer, namely initiation, advancement and development, by targeting
critical processes involved in cancer development and progression [53]. The anti-
carcinogenic nature of curcumin has been reported in preclinical models of
lymphomas, multiple myeloma, leukaemia and brain, pancreatic, gastric and colo-
rectal cancers [54]. Curcumin has been shown to down-regulate production of
pro-inflammatory cytokines tumour necrosis factor-α (TNF-α), IL-1β and inhibit
transcription factors like Nuclear Factor-κB (NF-κB), Signal Transducer and Acti-
vator of Transcription 3 (STAT3) and Activator Protein-1 (AP-1), which regulate
signal cascades of genes involved in the pro-inflammatory pathways and protective
antioxidant functions [55] that play key roles in cancer development and progres-
sion. It also inhibits Specificity Protein 1 (Sp-1) and its housekeeping genes to
prevent cancer formation, migration and invasion [56]. Inhibition of downstream
gene products like c-myc, Bcl-2, COX-2, NOS, Cyclin D1, TNF-α, interleukins
(IL) and MMP-9 demonstrates the anti-proliferative property of curcumin. In addi-
tion, curcumin affects a variety of growth factor receptors and cell adhesion
molecules involved in tumour growth, angiogenesis and metastasis [57]. Apart
from action on STAT3 and NF-κB pathways, curcumin has been shown to inhibit
cell proliferation, causing cell cycle arrest and stimulating apoptosis via modulation
of other transcription factors, such as AP-1, Erg-1, p53, β-catenin, Notch-1, HIF-1
[58]. Curcumin asserts its anti-tumour activity in cancer cells by altering the
deregulated cell cycle via cyclin-dependent, p53-dependent as well as
p53-independent pathways. Curcumin has major positive influences on key signal
transduction pathways of cell cycle and its effectiveness in animal model systems
has made it eligible as a ‘multiple edged sword’ in combating the deadly disease—
cancer [59]. Moreover recent studies show that curcumin can exert its anti-
proliferative and pro-apoptotic action by modulating the expression of micro-
RNA, like miR-33b, in case of gastric cancer lines BGC823 and SGC7901 [60]
and down-regulation of Wt-1 protein through miR15a/16-1 in leukemic cells
[61]. Figure 10.4 depicts the mode of action of curcumin.

Though many other metabolites from different members of Zingiberaceae are
being investigated for their anti-cancer activities, their modes of action are not as
thoroughly researched as curcumin. Induction of apoptosis by generation of oxida-
tive stress is known to be induced by flavonoids. Galangin, 6-gingerol, 6-shogaol,
zerumbone and kaempferol all reportedly induce ROS and arrest cell proliferation in
different types of cancer. Another potent target of anti-cancer drugs is the
mitochondria, as mitochondrial dysfunction brings on apoptosis. Galangin, apigenin,
alpenitin, 6-gingerol, 6-shogaol, zerumbone and kaempferol are some of the promi-
nent metabolites with proven capacity of inducing mitochondrial dysfunction in
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different cancer cell lines [46, 47]. Zerumbone and kaempferol are further implicated
in the disturbance of the endoplasmic reticulum affecting a number of critical cellular
processes that finally culminate in cell death [48, 51]. In some reports, galangin,
apigenin, 6-shogaol and zerumbone are shown to interfere with autophagic cascades
compromising cancer cell survival and potentiating apoptosis. Along similar lines,
many of these compounds are known to modulate different cell cycle checkpoints
and ushering in premature cell cycle. Probably the most interesting application of
these zingiberaceous metabolites was in compromising cell adhesion and
discouraging metastasis, the two most crucial requirements for proliferation of
cancer [35].

In the next section, the authors have reviewed the cell signalling cascades and
cellular pathways modulating different aspects of cancer induction and progression.

10.5 Cell Signalling Pathways Modulated by Zingiberaceous
Metabolites Related to Their Anti-cancer Activities

10.5.1 NF-kB Pathway

Atypical activation of the NF-κB pathway has a significant role in cancer pathogen-
esis [62–64]. Curcumin can effectively disrupt many of integral activation steps of
this pathway, thus promises to be of great use in cancer remediation. Curcumin

Fig. 10.3 Comparison of the number of research publications pertaining to the different anti-
cancerous compounds of Zingiberaceae in the last three decades (data acquired from PubMed
Central, accessed on 31 Jan 2020)
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reportedly blocked TNF-α-induced nuclear translocation of NF-κB, further
compromising its DNA binding ability via inhibition of IκBα phosphorylation by
down-regulating NF-κB-inducing kinase (NIK) and IκB kinase (IKK), which was
followed by degeneration in the most common myeloid leukaemia cell line in human
beings [65]. Similarly, curcumin is known to prevent cell proliferation, invasion,
metastasis, angiogenesis as well as chemotherapy and radiotherapy resistance of
numerous cancers by manifold manipulation of target molecules originally regulated
through NF-κB pathway. In colon and ovarian cancer for example, curcumin
induced apoptotic behaviour through inhibition of numerous genes namely survivin,
BCL-2, specificity protein (Sp) transcription factors (Sp1, Sp3, and Sp4) and
Sp-regulated genes, NF-κB (p65 and p50), hepatocyte growth factor receptor
(c-MET), and cyclin D1, finally preventing tumorigenesis [53, 66]. On the other
hand, in prostate cancer, curcumin promotes deactivation of androgen receptors and
androgen receptor-related cofactors encompassing NF-κB as well [67]. Curcumin-
induced down-regulation of NF-κB pathway also shows promise in treatment of lung
cancer [68]. Hypopharyngeal cancer, one of the most hostile forms of head and neck
malignancies with substandard prognosis [69], shows NF-κB playing a crucial link
between neoplastic and inflammatory events in epithelial cells [70]. Vageli et al. [71]
demonstrated in in vitro model that bile-related activation of NF-κB and its tran-
scriptionally activated oncogenic factors can be inhibited by the usage of turmeric
supplements (curcumin) in exposed normal human hypopharyngeal cells. Their

Fig. 10.4 Schematic depiction summarizing the mode of action of curcumin on cancer cells
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discovery indicated that selective dietary supplements with anti-inflammatory and
anti-apoptotic properties like curcumin can suppress acidic bile-induced oncogenic
mRNA phenotype in human hypopharyngeal cells and may be useful for the
prevention of extra-oesophageal reflux-related hypopharyngeal neoplasia. The fact
that NF-κB inhibition could effectively decrease the expression of genes with cell
proliferation or anti-apoptotic function in Head and Neck Squamous Cell Carcinoma
(HNSCC) and the role of curcumin in potentiating it was also supported by various
reports [72–75]. In breast cancer cells, the survival signalling molecules such as
NF-κB play a pivotal role in cell proliferation [76]. It was reported that curcumin was
able to inhibit NF-κB expression and toggled many downstream signalling
pathways, silencing inflammatory cytokines (CXCL1 and CXCL2) and upregulating
expression of matrix metalloproteinase 9 (MMP-9) in breast cancer cell lines [77], as
well as repression of urokinase plasminogen activator (uPA), uPA receptor (uPAR),
intercellular adhesion molecule 1 (ICAM-1) and chemokine receptor 4 (CXCR4)
[78] ultimately leading to inhibition of colorectal cancer as well [79]. Reports reveal
that effectiveness of curcumin and its cohorts in preventing breast cancer cell growth
and invasion could partially be regulated through downregulation of NF-κB signal-
ling pathways [80] and downregulation of the insulin-like growth factor 1 (IGF-1)
signal cascades [81].

Preclinical studies have demonstrated that curcumin exerts anti-cancer effects
against the deadly pancreatic cancer (PC) by modulating multiple molecular targets
[82]. Curcumin can hinder survival of PC cells, under both in vitro and in vivo
conditions, rendering activities of essential factors and modulators of different
signalling cascades like COX-2, NF-κB, CD-31, VEGF- and IL-8 useless [83]. In
vitro studies have shown potent cytotoxic effects of curcumin on different PC cell
lines including MiaPaCa-2, Panc-1, AsPC-1 and BxPC-3. In addition, in vivo
studies on PC models have shown that the anti-proliferative effects of curcumin
are caused by inhibition of oxidative stress and angiogenesis through induction of
apoptosis [84, 85]. Li et al. [83] demonstrated that curcumin down-regulated NF-κB
and associated growth control molecules in human pancreatic cells in a time and
dose-dependent manner. These effects were accompanied by marked growth inhibi-
tion and apoptosis, which was confirmed by other studies as well [86]. In hepatocel-
lular carcinoma liver cancer cell lines SK-Hep-1, Huh7, etc. curcumin induced
decreased NF-κB expression and lowering of COX-2 levels which led to inhibition
of both migration and invasion of cancer cells [87]. Jutooru et al. [88] showed that
curcumin inhibited NF-κB expression and cancer cell growth by down-regulation of
the specificity protein Sp1. Tolfenamic acid and dietary spice curcumin co-treatment
reportedly enhanced anti-proliferative effect in PC cells through Sp1 suppression,
disruption of NF-κB translocation to the nucleus and cell cycle phase distribution
[89]. Marquardt et al. [90] evaluated cancer cell depleting potential of NF-κB
inhibition in liver cancer achieved by its inhibitor curcumin. Their work
demonstrated that blocking NF-κB specifically target cancer stem cell populations
and suggest a potential for combined inhibition of NF-κB and HDAC signalling for
treatment of liver cancer patients with poor prognosis. This study along with others
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uncovered the potential of curcumin to diminish growth of difficult to treat hepato-
cellular cancer [91, 92].

The gamut of activities of other zingiberaceous metabolites echoes the action of
curcumin on NF-κB. Clinical administration of extracted apigenin has shown to
inhibit NF-κB activation in in vivo TRAMP mice models [93] and blocks IKKα
activation as well as suppresses prostate cancer progression [94], however, apigenin
did not show any inhibitory effect on NF-κB in A549-non-small cell lung cancer cell
lines in human, but it did suppress translocation of NF-κB from to the nucleus [95],
similar to curcumin’s action as mentioned earlier. Galangin also inhibited activity of
nuclear factor kappa B (NF-κB) and its binding activity to activator protein1 (AP-1)
[96]. NF-κB inhibition and concomitant inhibition of MEK-ERK signalling occurred
upon treatment of ovarian cancer cells with kaempferol [97, 98]. 6-Gingerol (6G), on
the other hand, reportedly inhibited NF-κB activity and hence suppressed NF-κB
pathway in liver cells [99, 100] and in cervical cancer cells as well [101]. Similar
observations were reported in mouse skin where 6G application suppressed NF-κB
DNA binding ability and activation of p53 MAPK [102, 103], as does 10-gingerol in
cervical cancer according to reports [104]. Cardamonin is also known to modulate
cell cycle through suppression of NF-κB and decrease in cyclin D1 expression in
lung cancer A549 xenograft in mice [105]. 6-shogaol is reported to activate PPARc
and suppress NF-κB expression in colorectal cancer lines HT29 and HCT116
inhibiting cancer proliferation [106].

10.5.2 STAT3 Pathway

STAT3, a pro-inflammatory transcription factor, is responsible for controlling and
onset of various cancers [107]. Both chemo- and radioresistance in cancer cells are
modulated by STAT3. Curcumin shows widespread success in inhibiting STAT3
activation pathway, as reported in multiple myeloma cells and both clinical trials and
animal models [108, 109]. Curcumin either alone or in combination with
5-flourouracil is effective against gastric cancer and with cisplatin shows promising
results in HNSCC cells by inhibiting STAT3 phosphorylation [110, 111] as well as
in human non-small cell lung cancer (H460) cells [112]. In mice models, curcumin
when administered intraperitoneally effectively inhibited STAT3 activation
[113]. Similar results were documented in pancreatic cancer, multiple myeloma
[114, 115] and dextran sulphate sodium (DSS)-induced colitis in mice model too
[116]. Curcumin inhibited JAK-STAT3 phosphorylation in K562 chronic leukaemia
cells through suppression of JAK2, cyclin D1 and v-src gene expression. In chronic
lymphocytic leukaemia, curcumin down-regulated JAK-STAT3 pathway by
inhibiting the kinase Jak 1 and influencing STAT3 phosphorylation, resulting in
growth arrest and apoptosis [117].

Among the other metabolites, 6-shogaol reportedly down-regulated STAT3 path-
way and suppressed breast cancer in a time-dependent manner [118]. Apigenin was
also reported to suppress JAK/STAT pathway through decreased nuclear transloca-
tion of STAT3 [119]. In another study, ovarian cancer cells when treated with
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alpinetin showed variations in expression levels of STAT3, pSTAT3, c-myc and
surviving cells, indicating decreased phosphorylation of STAT3 and suppression of
the STAT3 pathway [120]. Modulation of STAT3 pathway and inhibition of cancer
cell division as well as proliferation were reported in prostrate and gastric cancer
cells treated with cardamonin [121, 122]. Suppression of the STAT3 and associated
pathways upon application of zerumbone is reportedly responsible for the inhibition
of prostate cancer line PC3 and kidney cancer xenograft mice model [123, 124].

10.5.3 PI3K/AKT/mTOR Pathway

Curcumin exhibited remarkable anti-apoptotic effects in different malignancies
through modulation of the phosphatidylinositol 3 kinase/phosphatidylinositol
3-kinase and the mammalian target of rapamycin (PI3K/Akt/mTOR) signalling
cascades [125]. Curcumin induced apoptosis in HNSCLC cell line by curbing
PI3K/Akt and precluding miR-192-5p [126]. In breast cancer, curcumin degraded
Akt protein, inducing autophagy and inhibiting ubiquitin–proteasome pathway
depending on time and dose [127, 128], hence impeding metastasis. pAkt and
MAPK pathways were also down-regulated in breast cancer by curcumin
[129]. Moreover, synergistic action of curcumin with PI3K inhibitors caused apo-
ptosis in MCF-7 breast cancer cells [130]. Curcumin showed cell cycle arrest in
pancreatic cells too, by inducing FoxO1 expression which in turn deregulated PI3K/
Akt signalling [131] by upregulating phosphatase and tensin homolog gene (PTEN)
[132] and depletion of MMP1/7 and COX-2 proteins in thyroid cancer [133]. In
LoVo cell line apoptosis was brought about by upregulation of caspase-3, cyto-
chrome-c and Bax mRNA and inhibition of Akt phosphorylation by curcumin
[134]. Similarly, in Burkitt’s lymphoma expression of the PI3K/Akt was inhibited
by curcumin [135]. Other than these curcumin also arrested cell cycle at G2/M and
induced autophagy both in vitro and in vivo in melanoma cells [136] and in uterine
leiomyosarcoma growth by suppressing mTOR and S6 phosphorylation [137]. In
HNSCC cells, nicotine related Akt/mTOR regulation was thwarted by this molecule
[138]. Synergistic role of curcumin with ECGC and imatinib effectively inhibited
uterine leiomyosarcoma cell growth and down-regulated the Akt/mTOR pathway in
many cell lines [139, 140].

ATP binding sites in PI3K were blocked by flavones like apigenin, directly
leading to their inactivity and deactivation of Akt as well [141]. Apigenin also
effectively down-regulated Akt phosphorylation and induced over-expression of
FOXO3a target genes, p21WAF1/ CIP1 and p27KIP1, thus preventing PI3K/Akt/
FOXO signalling midway in many cancers like breast, colon and hepatocellular
carcinoma, culminating in cell cycle arrest, apoptosis and prevention of proliferation
as well [142–144]. Induction of autophagy and programmed cell death by apigenin
through mTOR/PI3K/Akt signalling pathway in cisplatin resistant colon cancer cells
is also reported [145]. Inhibition of lung cancer progression and increase in sensiti-
zation of lung cancer lines were shown to be executed by alpinetin via repression of
the PI3K/Akt pathway [146]. Galangin decreased phosphorylation of Akt and
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suppressed mTOR to ultimately down-regulate the PI3K/Akt/ mTOR pathway
inducing autophagy or apoptosis in many cancer cells [147], including human
nasopharyngeal carcinoma [148] and in laryngeal carcinoma TU 212 and M4e
[149]. Modulation of the PI3K/Akt pathway leading to apoptosis and cell cycle
arrest was shown in retinoblastoma cancer RB355 cell line upon 6-gingerol
(6G) treatment [150]. In human oral and cervical cancer lines, OSCC, KB and
SCC4, 6G reportedly down-regulated the PI3K/Akt/mTOR pathway
[151]. 10-Gingerol is also reported to inhibit cancer by down-regulation of PI3K/
Akt pathway in breast cancer cells [152] and cervical cancer HeLa cells
[104, 153]. Inhibitory action of 6-shogaol against Akt/mTOR pathway was reported
[154] in lung cancers. Zerumbone is also reported to inhibit the PI3K/Akt/ mTOR
pathway [155]. In another study, zerumbone decreased lamellipodia formation in
NSCLCs through inhibition of FAK/Akt/ROCK pathway and hence the downstream
ROCK/LIMK/cofilin signalling in A549 cells [156]. Kaempferol was also found to
inhibit PI3K/Akt pathway indicating a possible role in cancer therapy
[157, 158]. Modulation of mTOR pathway and initiation of caspase dependant
apoptosis have been reported in A549 and HK1 cells treated with cardamonin and
its homologues [159]. In colon cancer HT-29 cell line, zingiberene is reported to
induce autophagy through suppression of the PI3K/Akt/mTOR pathway [160].

10.5.4 Tumour Necrosis Factor Pathway

Cellular signalling pathway of TNF-related apoptosis-inducing ligand is known to
be modulated by curcumin [161]. In addition to interrupting cell cycle, curcumin
disrupts mitotic spindle structures, induces micronucleation and apoptosis and
inhibits IL-2 gene expression, thus having immense anti-proliferative activity
[162]. The multi-targeted action of curcumin is reported to be beneficial in early
stages of chronic lymphocytic leukaemia. It prevents the progression of the disease,
decreases CLL B-cell counts and also when administered together with conventional
anti-cancer drugs, has synergistic actions in addition to lowering their dose and side
effects [163]. Other studies have reported that curcumin enhanced the TNF-related
apoptosis-inducing ligand (TRAIL)-induced apoptosis even in TRAIL-resistant
breast cancer cells [164]. In Panc-1 cells, cell death was induced by reduced
production of IAP (inhibitors of apoptosis) proteins using curcumin [165]. Further,
curcumin inhibited cancer progression modulating epithelial-mesenchymal transi-
tion (EMT), Cyclooxygenase 2 (COX-2) and pro effector cytokines [166, 167].

It was shown that galangin sensitized TRAIL activity leading to human breast
cancer cell apoptosis through TRAIL/Caspase-3/AMPK signalling pathway
[168]. Ozbey et al. [169] reported the sensitization of human liver cancer cells to
TRAIL pathway induced apoptosis after treatment with apigenin. That TRAIL
pathway induced apoptosis of colon cancer cells upon treatment with zerumbone
was also reported [170]. Promotion of apoptosis in ovarian cancer cell lines A2780
and CP70 through the TRAIL pathway was also shown on kaempferol application
[171]. Kaempferol reportedly modulates telomerase pathways too [172]. Kaempferol
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decreased the expression level of human Telomerase Reverse Transcriptase
(hTERT) (catalytic subunit of telomerase). As telomerase regulates ageing and
hence apoptosis, decrease in expression of this gene resulted in apoptosis of cervical
cancer HeLa cells [157, 173].

10.5.5 EGFR Pathway

EGFR is responsible for cellular proliferation, survival, migration, adhesion even
differentiation down the cancer cascades [174], and curcumin was shown to interfere
with this cascade in the cellular membrane microenvironment leading to inhibition
of various enzymes in diffecent cancers [175]. In brain cancer LN229 cells,
curcumin exerted anti-modulatory effects leading to cytotoxicity and inhibition of
kinase inhibitors like AG494, AG1478 tyrphostins [176]. Additionally, in erlotinib-
resistant NSCLC cells curcumin hindered proliferation led to apoptosis by
downgrading EGFR, p-EGFR, survivin and other proteins in the pathway [177]. Fur-
ther, curcumin suppressed COX-2, EGFR, ERK 1/2 activities ushering apoptosis in
lung and pancreatic adenocarcinoma [178] and oral cancer as well [179]. In mice
model too, it inhibited angiogenesis in cervical cancer cells, down-regulating the
above-mentioned proteins [180] and curcumin-induced inactivation of EGFR and
Cav-1 pathways controlled mouse hepatocellular carcinoma in a time and dose-
dependent manner [181].

Curcumin induced breast cancer apoptosis by regulating expression of apoptosis-
related genes. A group recently studied curcumin [182] treated triple-negative breast
cancer cell lines (TNBC) and reported significant inhibition in phosphorylation
levels of EGFR and downstream signalling molecules, such as ERK1/2. Another
study, however, reported suppression of breast cancer cell growth due to attenuated
levels of EGFR and Akt [183]. In addition, curcumin and paclitaxel synergistically
inhibited growth and induced apoptosis in breast cancer cells by blocking EGFR
signalling and modulating Bax/BCL-2 expression [184]. Curcumin also potentiated
anti-tumour effect of gefitinib in NCSLC, both in vitro and in vivo, which was
mediated through inhibition of proliferation and EGFR phosphorylation, and led to
the induction of EGFR ubiquitination and apoptosis [185].

The EGFR and associated cascades are also potent targets of other zingiberaceous
metabolites. While zerumbone is known to affect the MAPK/ERK cascade [186],
ERK signalling pathway was also inhibited by apigenin through phosphorylation of
focal adhesion kinase (FAK) and ERK, which reduced integrin protein levels and
finally suppressed cancer cell migration and thereby inhibited metastasis
[187]. Kwak et al. [188] proved that suppression of phosphorylation of threonine
179 residue in Smad3 linker region upon application of GA resulted in growth
inhibition of human prostate cancer cells. GA strongly inhibited PKC activity and
subsequently phosphorylated extracellular signal-regulated kinase 1/2 (ERK1/2) to
reduce cancer [189]. In another study by Dang et al. [190], it was shown that
kaempferol targeted MAPK pathway by modulation of c-Met activity, while Hung
et al. reported down-regulation of the EFGR pathway in kidney cancer line 786-O
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which inhibited its invasion and migration [191]. Modulation of cisplatin or
γ-radiation induced hepatotoxicity through the p38 MAPK/JNK/ErK1/2 signal path-
way was shown in rat models treated with zingerone [192].

10.5.6 Nrf2 Pathway and ROS Induction

Nuclear factor 2-related factor (Nrf2) is a potent target for cancer chemoprevention
because of its ability to regulate genes that are tangled in the electrophile and ROS
detoxification cascades as well as in the repair or removal of damaged products
[193]. Curcumin has shown in vivo potency to activate this pathway, renew p53
activity, thus controlling inflammatory signals [194]. Its role in prevention of
metastasis in Nrf2 knockdown [195] and exerting chemoprevention in prostate
cancer by epigenetic modification and activation of Nrf2-aided defence [196] is
well documented. Curcumin affects down-regulation of Flap endonuclease 1 (Fen1)
expression, whose over-expression promotes breast cancer, by interfering Nrf-2,
eventually preventing breast cancer [197–199]. Curcumin induced apoptosis of
breast cancer cells by ROS accumulation, finally leading to p53/p21- and p16/Rb-
mediated breast cancer inhibition [76]. Further, in Head and Neck squamous carci-
noma, tested in vivo and in vitro, curcumin improves the activity of cisplatin,
reduces its chemosensitivity and helps in checking tumour proliferation by
modulating pSTAT3 and Nrf2 [111] also in bladder carcinoma cells Keap1–Nrf2
pathway is hindered by curcumin along with cisplatin [200].

The generation of oxidative stress is a pivotal step for induction of apoptosis and
researchers contend that flavonoids can increase ROS levels, thereby potentiating
DNA damage of cancer cells. Galangin (GAL) treatment is known to induce ROS
generation in cancer cells [201]. When selenium nanoparticles fused with galangin
(Se@Ga) were used, ROS generation increased in liver cancer cells over controls
[202]. Cancer inhibition by galangin was correlated with ROS generation in cervical
cancer cells too [203]. Galangin reportedly mobilizes endogenous copper ions,
which form a ternary complex with chromatin, generating ROS and inducing
DNA cleavage [201]. Zhang et al. [204] showed that even low concentrations of
apigenin increased ROS accumulation in human papillary thyroid carcinomas. The
mechanism of generation of oxidative stress by treatment of cancer cells with
gingerols is also well documented. 6-gingerol (6G) treatment of cancer cells
inhibited fatty acid synthesis and subsequent malonyl-CoA accumulation, coupled
to Carnitine Palmitoyltransferase-1 enzyme (CPT-1) inhibition, which triggered
mitochondria mediated production of ROS in liver cancer cells [205]. Another
study with 6G shows that ROS-induced oxidative stress resulted in the release of
cathepsin D, a metastasis marker, into the cytosol by increasing permeabilization
with consequent release of cytochrome-C [206]. 6G induced spike is ROS produc-
tion was also associated with an enhanced p53 mediated G2/M cell cycle arrest in
cervical cancer cells [207]. 6-shogaol induced intracellular ROS in breast cancer
cells, ultimately triggering MAPK protein kinase and apoptosis [118, 208]; similarly
MAPK activation in human colon cancer cells upon treatment with 10-gingerol
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(10G) is reported, though the exact mechanism is not known [209]. Zerumbone
(ZER) effectively increased ROS production in colorectal cancer cells in dose-
dependent manner [210], and in melanoma cells as well, which in turn decreased
the mitochondrial membrane potential, favouring apoptosis [211]. Zerumbone
treated ROS-mediated apoptotic fate was reported in chronic myelogenous leukemic
cells [212] and in cervical cancer cells [213]; though contrary reports indicate
ROS-independent, thiol-dependent DNA damage and apoptosis of colorectal cancer
cells [214]. Chiang et al. [215], however, reported insignificant increase in ROS
production in human prostate cancer cells upon zerumbone treatment. Kaempferol
(KMF) treatment significantly increased ROS production and triggered apoptosis in
cancer cells. KMF reportedly inverted antimycin A (AMA)-induced toxicity by
disruption of MMP and accumulation of intracellular calcium ions and ROS, via
PI3K/Akt/CREB pathway [216, 217]. ROS accumulation via catalase inhibition
upon kaempferol treatment is also reported [218]. ROS induction and cytotoxicity,
leading to apoptosis, was shown upon cardamonin application in human tumour
lines [219]. Elevation of ROS was also reported in human HCT-116 colon cancer
cell lines and in Winster rats when treated with zingerone [220–222]. 8-shogaol
reportedly induced cell death in leukaemia cells through ROS generation leading to
glutathione depletion and caspase activation [223].

10.5.7 Notch 1 Pathway

Neurogenic locus notch homolog protein-1 (Notch 1) family members control cell
fate by modulating cell differentiation, proliferation and apoptosis cascades, and are
investigated as potent therapeutic targets for cancer therapy [224]. Curcumin
controls Notch pathway effectively preventing cancer stem cells
[225, 226]. Curcumin could effectively down-regulate this pathway in an array of
cancers—colorectal, oesophageal, oral, decreasing γ-secretase complex proteins
especially in oesophageal cancer [226]. Not only Notch-1 signalling but associated
factors including early growth response-1 gene product (Egr-1), farnesyl-protein
transferase (FPTase), telomerase, c-Myc, fibroblast growth factors (FGF) mediated
cell signalling are also inhibited by curcumin [227, 228]. Curcumin reportedly
blocked Notch-1 signalling pathways which play important roles in pancreatic
tumour growth [229]. Only a few of the other metabolites of Zingiberaceae are
known for their effects against Notch-1 signalling cascades. In a study, 6-shogaol
was reported to inhibit breast cancer cells by modulation of notch signalling pathway
[230]. Transfection experiments conducted with miR-211-5p and anti-miR-211-5p
in oral squamous carcinomas showed that alpinetin upregulated microRNA levels
and thereby suppressed Jagged-1 expression as well as Notch signalling pathways
[231]. Alpinetin treated brain tumor (Glioma) of rat cells showed inhibition of Notch
signaling cascade, where transcription of Notch target genes, such as HES and
c-Myc, were both found to be suppressed in GSCs [232].
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10.5.8 Activating Protein-1 Pathway

AP-1, a dimeric transcription factor, is involved in cellular proliferation, transforma-
tion and death [233]. Curcumin down-regulated androgen dependent and indepen-
dent lines, halting transactivation of androgen receptor (AR)—AP-1, cAMP and
NF-κB showcasing anti-tumour activities [234]. It also regulated pro-inflammation
cytokines IL-1α, IL-1β of AP-1 and IL-6 in mice lymphoma model [235]. Curcumin
reportedly induced apoptosis of monocytic leukaemia cells through AP-1 activation
as well [236]. Galangin was also reported to interfere with the binding of NF-κBwith
AP-1 thus inhibiting cancer progression [237].

10.5.9 HIF-1 Pathway and Angiogenesis

Angiogenesis is an important physiological process promoting tumour growth and
metastasis, as cancer growth depends upon establishment of new blood vessels
[238]. Curcumin inhibits tumour generation via impeding Hypoxia-inducible
(HIF-1α) protein [239]. HIF-1 is necessary for continual survival of cancer cells as
it is crucial for glycolysis activation and also initiates angiogenesis [240]. It is known
that, curcumin constrains pituitary adenoma by HIF-1α mRNA induction, while
down grading aryl hydrocarbon receptors leading to inhibition [241]. Similarly,
curcumin also remarkably upregulated in oral squamous cell carcinomas associated
with areca quid chewing [242]. Further, curcumin and cisplatin or
diamminedichloroplatinum (DDP) exerts positive additive effects in A549 cells,
leading to apoptosis where HIF-1α is broken down but caspase-3 upregulated
[243]. Among all the potent anti-cancer phytochemicals of Zingiberaceae,
kaempferol is reported to be the most efficient in inhibiting angiogenesis.
Kaempferol triggered apoptosis of Human Umbilical Vein Endothelial Cells
(HUVECs) and inhibited angiogenesis [244, 245]. Kaempferol also inhibited expres-
sion of Vascular Endothelial Growth Factor (VEGF) that stimulated HUVECs and
hence proved to be a key mediator of angiogenesis in ovarian cancer cells OVCAR-3
and A2780/CP70 [246]. Reports also indicate that inhibition of proliferation, migra-
tion and tubule formation in HUVEC can be achieved by zerumbone [212, 247,
248]. Similar anti-proliferative and anti-angiogenic effect of zerumbone was shown
in Sprague Dawley mice model of hepatocellular carcinoma [249]. Anti-
angiogenesis properties are also exhibited by galangin in ovarian cancer cells
OVCAR-3 via regulation of VEGF expression [250]. Inhibition of angiogenesis
and suppression of epithelial-mesenchymal transition in glioma cell lines after
galangin application were reported recently [251]. Suppression of angiogenesis by
inhibition of MMPs was reported in mouse tumour Renca cells after application of
zingerone [252]. Angiogenesis and metastasis in orthotopic Ovarian Tumour Model
through modulation of the AKT/P70S6K1/MMP-9 Pathway by apigenin is
reported [253].
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10.5.10 Wnt/b-Catenin Pathway

The Wnt/ β-catenin pathway with its immense importance in controlling apoptosis
and cell survival [254] is known to be effectively controlled by curcumin. Migration
of breast cancer stem cells was inhibited by curcumin, through reinstatement of
E-cadherin expression, resulting in enhancement of E-cadherin–β-catenin complex
formation [255].

Curcumin administration showed control in cell proliferation and cellular aggre-
gation, which in turn is controlled by β-catenin transcription activity and β-catenins
[256]. Hence, in Lymph Node Carcinoma of the Prostate (LNCaP) cell line,
Wnt/β-catenin pathway was effectively controlled by curcumin as well [257]. Fur-
ther, PLGA-CUR NPs [poly (lactic-co-glycolic acid) which are curcumin
encapsulated nanoparticles, showed impressive result against prostate cancer by
checking this pathway [258]. Curcumin also leads to cell cycle arrest at G0/G1-
phase in Non-Small Cell Lung Carcinoma (NSCLC) cells by blocking this
pathway [259].

Zerumbone reportedly inhibited Wnt/ Beta-catenin pathway to abolish cancer
stem cells [260] and targeted the β-catenin disrupting the cascade in breast cancer
[261], while apigenin also silences the Wnt/β-catenin signalling pathway
[262, 263]. On the other hand, cardamonin is also found to exert anti-proliferative
action on SW480 cells degradation of β-catenin and subsequent down-regulation of
the Wnt/β-catenin signalling pathway [264]. In breast cancer lines MCF7,
MDAMB231 and BT549 cardamonin showed reversal of epithelial-mesenchymal
transition by down-regulation of the Wnt/β-catenin signalling pathway [265].

10.5.11 Induction of Dysfunction of Cellular Organelles

A reduction or disruption in mitochondrial function occurs as a result of loss of
maintenance of the electrical and chemical transmembrane potential of the inner
mitochondrial membrane, altering the electron transport chain, or reducing transport
of critical metabolites into mitochondria [266], which culminates in a massive
upheaval of cellular homeostasis and induces apoptosis. Anti-cancer drugs thus
target mitochondria for ushering apoptosis of cancer cells. Curcumin is reported to
prohibit apoptosis mitochondrial dysfunction ultimately leading to cell cycle arrest
in human gastric cancer cell line MGC803 [267]. Galangin (GA) induced human
colon cancer cell death through alteration of mitochondria membrane potential and
dysfunction. GA exposure caused release of cytochrome-C (cyt C) and apoptosis-
inducing factor (AIF) from the mitochondria to the cytoplasm, and translocation of
pro- and anti-apoptotic proteins across the mitochondrial membranes, increasing the
ratio of pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 in hepatocellular
carcinoma [268]. Molecular mechanisms of galangin treatment suppressing tumour
cell growth revealed that GA increased the expression of cleaved PARP and caspase-
3 in human cancer cells [268]. Depletion of mitochondrial membrane potential and
translocation of phosphatidyl serine was induced by selenium nanoparticle fused
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with GA triggering apoptosis [202]. Apigenin triggered both the intrinsic and the
extrinsic pathways of apoptosis [269]. Apigenin caused increase in Bax/Bcl-2 ratio
causing apoptosis in prostate cancer [270]; similar observations of apoptosis and a
reduction in cell viability due to decreased Bcl-2 and Bcl-xL and increased active
form of the Bax protein upon apigenin treatment in colon cancer are also known
[271]. A dose-dependent suppression of the pro-survival member proteins, like
XIAP, c-IAP1, c-IAP2, was also observed in their study. Apigenin application
reduced outer membrane potential of mitochondria, leaking cytochrome-C and
inducing procaspase-9 activation, through intrinsic pathway [272] and forming of
Fas-associated death domain (FADD) [272]. Nonetheless, Bcl-2 and Bax activities
were unaltered by apigenin [273]. Alpinetin is reported to promote Bax translocation
and induction of mitochondrial pathway of apoptosis [274]. 6-gingerol too increased
the ratio of Bax to Bcl2 at the messenger RNA (mRNA) level in both 143B and
MG63 osteosarcoma cell lines in a dose-dependent manner [275], and also elevated
levels of cleaved caspase-3, caspase-8 and caspase-9. 6G treatment of Human
cervical adenocarcinoma cell (HeLa) showed a gradual decline in membrane poten-
tial of mitochondria [101]. On a similar note, caspase3 and PARP were altered to
induce apoptosis with 6-gingerol. In MDAMB231TNBC, a breast cancer line, 10-
gingerol caused mitochondrial dysfunction leading to cytochrome-c and caspase
cascade initiation [276]. Gan et al. reported activation of caspase cascade and
induction of apoptosis in breast cancer line MCF-7 after zingerone application
[277]. 6-shogaol activated caspase-8, caspase-9 and caspase-3 and caused PARP
cleavage in MDA-MB-231 (human breast cancer), DU145 (human prostate cancer),
SCC4 (human squamous cell carcinoma), HepG2 (human hepatocellular carci-
noma), A549 (human lung adenocarcinoma) and also suppressed expression of
Bcl-2, Bcl-xL and Survivin in tumour tissues [278, 279]. Its effect on colorectal
cancer line inducing apoptosis through mitochondrial membrane damage,
cytochrome-c leakage and caspase cascade activation is also documented
[106]. Zerumbone decreased mitochondrial membrane potential and pushed cancer
cells towards apoptosis [280]. Mitochondrial dysfunction via elevation of ROS was
induced in a variety of cancer cells upon kaempferol treatment. A study with
melanoma cells showed that zerumbone efficiently inhibited mitochondrial biogen-
esis by suppressing activity of a mitochondrial biogenesis factor—TFAM
[211]. Apoptosis of MCF-7 breast cancer cells accompanied with nuclear condensa-
tion and mitochondria dysfunction [281] and mitochondrial dysfunction via increase
in ROS in colorectal cancer cells [282] were observed after treatment with
kaempferol. Induction of caspase cascade was reported in prostate LNCaP cells by
kaempferol culminated in apoptosis [283]. Tu et al. reported disruption of mitochon-
drial membrane potential and perturbation in intracellular free Ca+ concentration in
SiHa cells treated with kaempferol inhibiting their proliferation and inducing
apoptosis [284].

Endoplasmic reticulum (ER) is the principal organelle responsible for multiple
cellular functions including macromolecular trafficking involving protein folding
and protein translocation and maintenance of cellular homeostasis. Disturbance in
the ER (a pool of free calcium ions) environment by external or internal stimuli
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causes calcium depletion, altered glycosylation and oxidative stress. Experiments
have revealed that galangin altered signal transduction pathways, which in turn
induced ER stress and inhibited calcium channels, resulting in a significant increase
of Ca2+ concentration in the cytoplasm and mitochondria, leading to apoptosis of
hepatocellular carcinomas [285]. Zerumbone also induced a significant increase of
intracellular Ca2+ concentration in prostate cancer cell lines, PC-3 and DU-145.
Further, calpain I (calcium dependent protease) was induced upon zerumbone
treatment facilitating apoptosis in those cell lines [286]. Kaempferol induced liver
cancer cell death via ER stress and CHOP-autophagy signalling pathway [287].

10.5.12 Induction of Autophagy

Autophagy marks the transport and compartmentalization of cellular (cytoplasmic)
material in vacuoles for degradation by lysosomal enzymes [288]. Reports show that
galangin (GA) induced autophagy and apoptosis concomitantly. Beclin1,
autophagy-related gene (ATG) 6, reportedly reacted to increased levels Bcl-XL
and decreased Bcl-2 levels upon treatment with GA. Subsequent signal transduction
cascades ultimately culminate in the formation of autophagosomes [289]. GA also
induced autophagy via deacetylation of LC3 by SIRT1 in HepG2 liver cancer cells
[290]. That galangin induced autophagy through upregulation of p53 in HepG2 liver
cancer cells was also reported [147].

That apigenin induced autophagy was evident from presence of acidic vesicular
organelles (AVOs) as well as the Atg5/Atg7 dependent autophagy marker, LC3-II
[291]; reports also indicated concomitant autophagy and apoptosis upon apigenin
application [292]. In macrophages, apigenin treatment upregulated Beclin 1, Atg5
and Atg7, to usher autophagy and the appearance of LC3-II in human colon
carcinoma HCT-116 cells confirmed the same [293]. Vital staining with acridine
orange showed accumulation of AVO (acidic vacuoles) in cytoplasm of HeLa
cervical cancer cells exposed to 6G-gingerol [101]. Onset of apoptosis and mito-
chondrial damage was reported in U-118MG glioblastoma cells upon treatment with
6-G as well [294]. SSi6 (a 6-gingerol analogue) markedly blocked the autophagic
flux and subsequently increased levels of LC3B-II, which contributed to cell death in
triple-negative breast cancer cell line MDA-MB-231 [295].

6-shogaol (6-SG) induced a large number of cytoplasmic vacuoles in MCF-7
breast cancer cells. Localization of LC3 to autophagosomes in these cells was also
noted in the same study [230]. AVO formation in non-small lung cancer cell line
A549 cells was observed after exposure to 6-SG. Moreover, 6-shogaol mediated
autophagy was blocked by 3-MA, an autophagy inhibitor, confirming that 6 SG
induced autophagy in cancer cells [154]. Instances of zerumbone-induced increase
of LC3-II formation indicating autophagy in human hormone-refractory prostate
cancers were also reported [286]. Similarly, cardamonin is known to induce
autophagy and inhibit cell cycle progression in HCT116 and LOVO cells where
formation of AVOs and LC3 were also reported [296].
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10.5.13 Modulation of Cell Cycle

Uncontrolled and rapid cell division is another hallmark of cancer. As evidenced,
anti-cancer drugs inhibit cancer cell proliferation by modulating the cell cycle and
blocking it at the G2/M or G0/G1 or the S-phase checkpoints. Reports pertaining to
the cell cycle modulation by novel anti-cancer phytochemicals like apigenin,
alpenitin, zerumbone and kaempferol show inhibition of the activities of some key
players, namely cyclin D1, D3, E and A and cyclin-dependent kinase (CDK) 4 and
CDK 6 [274, 281, 297, 298].

Inhibition of proliferation of pancreatic cancer cell lines like BxPC-3 using
curcumin showed its therapeutic prospect. One of the pathways involved initiates
cell cycle arrest at G2/M by preventing expression of cyclin B1/ Cyclin-dependent
kinase 1 (Cdk1). Activation of ataxia telangiectasia mutated (ATM)/Checkpoint
kinase 1(Chk1)/Cell Division Cycle 25C (Cdc25C) showed similar data
[299]. Cell cycle arrest at different checkpoints using Aurora-A and kinase activity
using Curcumin in breast cancer have also been projected [53]. Curcumol, a novel
anti-cancer metabolite from Curcuma longa, too has been shown to be effective in
arresting cell cycle and inducing apoptosis in a number of cancer lines through
modulation of Cdk and p53 signalling cascades [300].

Cell cycle arrest at G2/M stage as well as G0/G1 checkpoint was shown by the
treatment of apigenin on human colorectal carcinoma, prostate cancer cells, breast
cancer line MDA-MB-231 and various other cancer cells [301, 302]. Similarly,
G2/M transition in cell cycle and p53 reactivation via proteasome inhibition and
upregulation of p21-p53/p21 by treatment of cervical cancer cells with 6-gingerol
(6G) was also reported [207, 303]. Apoptotic nuclear shrinkage and membrane
blebbing were shown in oral and cervical cancer cell lines upon 6G treatment
[100]. Cell cycle arrest and apoptosis through modulation of cyclins by 6G have
also been shown in hepatocarcinoma and colorectal carcinoma lines [304–
306]. Cyclin A and CDK expression decreased via down-regulation of Rb phos-
phorylation and upregulation of p21 in pancreatic cancer cells upon 6G treatment
[306]. Application of 10-gingerol (10G) resulted in down-regulation of the cell cycle
regulatory proteins like CDK2, CDK4, cyclin D and cyclin E [152] in breast cancer
cells. 10G also induced cell cycle arrest at G2/M phase in ovarian cancer HEY,
OVCAR3 and SKOV3 lines due to decrease in cyclin B1 and D3 [307]. Cell cycle
arrest in the G0/G1 phase by degradation of β-catenin, decreased c-myc expression
and inhibition of activity of cyclins and CDKs upon treatment of cancer cells with
galangin were reported [188]. Zerumbone, besides inducing cell cycle arrest of
cervical carcinoma at G1 [213] and at G2/M stage [210] of cell cycle, also potentially
inhibited ATM phosphorylation, and hence ATM activation, thereby sensitizing the
cervical cancer cells and prostate cancer cells towards radiation [48, 215]. A combi-
nation of zerumbone and cisplatin was found to be effective in inducing cell cycle
arrest in cervical intraepithelial neoplasia in female BALB/c mice
[308]. Upregulation of Bax levels and alteration of Bcl levels were reported to
induce apoptosis in gastric cancer SGC-7901 and oesophageal cancer EC-09 by
zerumbone [309, 310]. Evidences pertaining to cell cycle arrest by kaempferol
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indicate that G1 and G2/M cell cycle arrest of cancer cells take place by inhibition of
cyclin A, cyclin B1, cyclin E, cyclins D1 protein expressions, as well as inhibition of
CDK2 and CDK4 activities, reduction in phosphorylation of retinoblastoma
(Rb) protein and lowering the expression levels of Cdc2, Cdc25C`[311]. Several
cell cycle related genes like CHK1, CHK2 and p21waf1/Cip1 were found to be
upregulated and p35 and cyclinB1 genes were down-regulated upon treatment with
kaempferol [191]. Anti-proliferative property of kaempferol was shown in lym-
phoma Daudi cells by Parmar et al (2016) [312]. Zingerone is implicated in cell
cycle arrest and inhibition of mitosis through suppression cyclin D1 in human
neuroblastoma BALB/c mouse tumour model BE(2)-M17 [313]. Alpinetin treatment
of gastric cancer lines AGS and N87 reportedly induce cell cycle arrest at G2/M
phase and apoptosis by translocation of Bax and triggering of the mitochondrial
apoptotic cascade [274, 298]. Moreover arrest of colorectal cancer HT-29 cell cycle
at G0/G1 and S-phases by alpinetin was reported with p53 mediated cell cycle arrest
and uridine-cytidine kinase 2 inhibition [314].

10.5.14 Inhibition of Cancer Cell Adhesion and Metastasis

Cell adhesion is defined as the binding capability of one cell to another cell or to the
extracellular matrix (ECM), and is a critical process through which cancer cells
establish new tumours in the body. Metastasis involves the over-expression of the
proteolytic enzymes, such as matrix metalloproteinases (MMPs). Studies have
shown that MMP-2 and MMP-9 and TPA (12-O-tetradecanoylphorbol-13-acetate)
are the main players of tumour metastasis. Several reports of curcumin inhibiting
multiple metastatic steps including invasion and migration exist, which include its
effect on thyroid carcinoma BCPAP cell line through the TGF/Smad2/3 pathway as
well [315]. Galangin effectively inhibited adhesion of TPA-treated HepG2 cells in a
dose-dependent manner, further RT-PCR studies with galangin treated liver cancer
cells showed alteration in F-actin pattern, inhibition of transcription of MMP 2 and
MMP 9 mRNAs [237] thereby inhibiting the cell adhesion and cancer cell metasta-
sis. Inhibition of proliferation of human fibrosarcoma HT-1080 cell lines was
attributed to galangin induced decrease in MMP-9 expression as well [316]. Another
investigation revealed that the anti-metastatic ability of galangin resulted from
repression of ADAM9 expression in the Glioma cells [189]. It was also reported
by different authors that galangin administration suppressed cancer cell migration
and metastasis of renal carcinoma cell lines through increased ROS levels and
downregulation of the PI3K/Akt/mTOR signalling pathway [317, 318].

Apigenin strongly inhibited tumour cell invasion and migration in a dose-
dependent manner in prostate cancer cells [270]. Cell migration and invasion of
human and murine melanoma B16F10 cells in mice was prevented by down-
regulating STAT3 phosphorylation and its target genes MMP-2, MMP-9, VEGF
and Twist1 upon apigenin treatment [319]. It has been reported that in human
ovarian cancer in vitro, cellular migration and onslaught of invasion by prohibiting
FAK expression thus stopping metastasis as seen in mice model when treated with
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apigenin [320]. In an orthotopic colorectal cancer model, apigenin was shown to
upregulated transgelin (active protein in actin cross-linking) and downregulate
MMP-9 expression [321].

Alpinetin was reported to suppress proliferation and sensitize liver cancer cells
towards chemotherapeutic agents by activation of mitogen-activated protein kinase
kinase-7 (MKK-7) [322]. With respect to metastasis, alpinetin reportedly decreased
migratory capacity of ovarian cancer cells; moreover, MMP2 and MMP9 protein
expression levels were significantly decreased in alpinetin-treated cells in compari-
son to control cells. Conversely, tissue inhibitor of metalloproteinase TIMP1 and
TIMP2 expression levels were increased in the alpinetin treated ovarian cancer cells
[120]. Inhibition of invasion of glioma cancer cells by treatment with alpinetin was
also reported [232]. It was found that 6G-treated liver cancer cells showed reduced
metastatic burden and necrotic areas; moreover, 6G reduced the levels of MSE and
improved the tumour microenvironment to inhibit metastasis. In the same study,
Immunohistochemical (IHC) staining demonstrated a reduction in the expression of
HIF1α, MMP2 and MMP9 in the 6G-treated cancer cells when compared to the
untreated cancer cells. 6G treatment of osteosarcoma cells 143B and MG63
underwent apoptosis after inhibition of cell proliferation through activation of
AMPK, caspase cascades and alteration of BCl2 levels [275].

Sithara et al. [210] studied the anti-migratory effect of zerumbone, and claimed
that, colorectal cancer cells grew only in the internal space of the wound, rather
spreading in form of dense cell mass with reduction in density due to zerumbone
treatment. Hosseini et al. showed that zerumbone can induce suppression of cancer
invasion and metastasis can be attributed to modulation of the FAk/PI3k/NF-KB-
uPA pathway in human colorectal cancer lines HCT-116 and SW-48 [323]. Other
studies with liver cancer cells [324], ovarian cancer cells [325] and breast cancer
cells [326] also revealed anti-migratory properties of zerumbone. Kaempferol effec-
tively blocked the development of metastatic cancer by inhibiting MMP-3 activity in
highly invasive breast cancer cell line MDA-MB-231 [327] or through down-
regulation of the RhoA and Rac1 cascades [328]. Migratory activity of pancreatic
cancer cells was also reported to be inhibited by low doses of kaempferol, without
having any cytotoxic effects on normal cells [329]. Inhibition of epithelial-
mesenchymal transition through repression of multiple pathways was reported
upon kaempferol treatment in A549 lung cancer cell line and human non-small
cell lung cancer [330, 331]. Invasion and migration of liver cancer cells SNU182
were suppressed by inhibition of TGF-β-1 signalling pathway upon zingerone
application [332].

Some important phytochemicals like apigenin [333] and 6-gingerol [334] are
reported to improve the tumour microenvironment thus helping in prevention
of metastasis. In prostate cancer cells, apigenin treatment induced downregulation
of SPOCK1, improved tumour microenvironment bringing in reduced expressions
of mesenchymal markers and significant depletion of the invasive abilities of
metastatic cells [333]. 6G is known to prevent metastasis and improve tumour
microenvironment through modulation of the pVEGFR2/VEcadherin/β-catenin/
actin pathway [334].
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10.6 Novel Anti-cancer Targets

10.6.1 Inhibition of Leukotriene Activity

The leukotrienes belong to a class of hormones which are formed by leukocytes,
macrophages and other tissues in response to immunological and nonimmunological
stimuli, and are found at high levels in most inflammatory lesions, probably playing
an important role in cancer development as well. 6-gingerol readily suppressed
Leukotriene A4 hydrolase (LTA4H) activity in human colorectal cancer cells
HCT116 as well as in in vivo in nude mice under in vivo conditions [335]. As
LTA4H has a positive role in carcinogenesis and is known to be responsible for
anchorage-independent growth of cancer cells, this aspect of target of cancer cells
might be a good strategy for inhibition of proliferation of cancers.

10.6.2 Effect on Cancer Stem Cell (CSC) and Glioma Stem Cells (GSC)

Cancer stem cells (CSCs) are chemo-resistant, self-renewing, tumorigenic
sub-population of cells which are present in a very small percentage in the total
tumour. CSCs reside in specified niches of the total tumour [336]. CSCs play a very
important role in cancer development and progression. Hence, chemotherapeutic as
well as phytochemical drugs targeting the main tumour along with their CSCs might
be considered as a useful strategy to inhibit human cancers.

So far as the phytochemicals from members of Zingiberaceae are considered,
only apigenin (AP), alpinetin (ALP) and 6-shogaol (6-SG) can reportedly target
cancer stem cells. In ovarian cancer (SKOV3) apigenin compromised self-renewal
ability of SFCs [337] and cervical cancer (HeLa) cells by downregulation of Casein
Kinase 2 α (CK2α) expression [338], alpinetin suppressed proliferation and inva-
siveness of GSCs through suppression of Notch signalling [339]. 6-shogaol on the
other hand was reported to be effective in inducing apoptosis of both breast cancer
monolayer as well as the interior spheroid cells (SFCs) like cancer stem cells
[230]. Apigenin can inhibit stem cell like phenotype of glioblastoma lines U87MG
and U373MG by suppression of c-met signalling [232].

10.6.3 Cancer Immunotherapy

Cancer immunotherapy is the choicest of all ways to treat cancerous growth these
days and is executed through upregulating the inherent immunity of a patient. A
specific protein-programmed cell death 1 protein (PD1), commonly found in meta-
static immune cells—T and B cells, monocytes and natural killer cells, is a means to
disintegrate such immunity, with PD1/PD-L1 proteins being used for such surveil-
lance [340]. T-regulatory cells (Tregs) are also used in an alternate strategy whereby
effector T cells are prevented in the background of a hostile environment [341].
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With respect to cancer immunotherapy, apigenin seems to be very promising. In a
murine pancreatic cancer model, apigenin treatment enhanced CD4+CD8+ T cells
and decreased the percentage of Tregs and ultimately showed prolonged mouse
survival time [342]. Zerumbone is also reported to modulate CD1d expression and
lipid antigen presentation pathway in breast cancer cells [280]. Recently it was
shown that apigenin can inhibit transcription of interleukin-6, a potent
pro-inflammatory cytokine that has a prominent presence in human oesophagus
cancer patients. Repression of IL-6 transcription in human oesophagus cancer
Eca-109 and Kyse-30 cells by apigenin has opened a novel dimension in cancer
therapy [343]. The following table represents a summary of information known
about different compounds from members of Zingiberaceae with known anti-cancer
activities. Since the same compound may be present in multiple members, the major
source of the particular metabolite is mentioned as the source plant in Table 10.1.

10.7 Cumulative Mechanism of Phytochemicals Towards Cancer
Therapy

The intricate modulation of signal transduction pathways with a detailed study of the
multi-step processes leading to cancer origin reveals that over-expression of the
ligands and proteins related to respective signal transduction pathways, results in
overall gain of function of distinct oncogenes and subsequently, loss of function of
tumour suppressor genes, result in uncontrolled cell division, resulting in cancer.
Table 10.1 summarizes the effect of the various compounds extracted from
Zingiberaceae family used for cancer prevention and treatment. Elucidation of the
exact modes of action and improvements in analytical techniques have also pro-
pelled a look in on many lesser known compounds like zingerone, zingiberine,
cardamonin, which show promising results.

The anti-cancer phytochemicals discussed in detail here target multiple signal
transduction pathways like NF-κB-IκB, PI3K/AKT/mTOR, TGF-β1/ Smad path-
way, GSK3β-PKC, STAT3 and cause downregulation of the pathways. Down-
regulation of NF-κB-IκB results in the decrease in activities of mitochondrial
metalloproteinases (MMPs) (MMP-2, MMP-9). Down-regulation of PI3K/AKT/
mTOR pathway results in elevation in levels of p53, this subsequently results in
elevation of ROS levels in tumour cells (Figs. 10.4 and 10.5). The suppression of
MAPK/ERK signalling pathway leads to the alteration in MMPs on the one hand,
and on the other hand results in decrease of FAK activity. Inhibition of Smad
pathway results in elevation in levels of Beclin 1 protein, leading towards autophagy.
The suppression of the concerned signal transduction processes leads to either total
inhibition or decrease in expression of genes, responsible for cell division, like
c-myc, cyclins (in most cases cyclin D1). This results in cell cycle arrest of cancer
cells at G0/G1 phase or G2/M phase (Figs. 10.4 and 10.5). Intracellular ROS hires
the caspases and direct the cancer cells towards either extrinsic pathway for
apoptosis or result in release of cytochrome-c, followed by formation of apaptosome
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and triggers the intrinsic pathway of apoptosis via mitochondrial dysfunction. On the
other hand, the decrease in the MMPs and decrease in FAK activity ultimately lead
towards decreased expression of F-actin and integrin protein levels, which ultimately
inhibits cancer cell progression and migration (Fig. 10.5) and hence metastasis, thus
the malignancy of cancer is inhibited.

10.8 Conclusion

The uses of plant-based nutraceuticals-pharmaceuticals have manifold in the recent
years. People worldwide, searching for plausible solution against deadly cancers, are
taking keen interest in such products as well. The age-old novelties and knowledge
passed on for thousands of years are being rebranded presently to meet market
trends.

The members of Zingiberaceae as discussed in the chapter have been used by the
Asians for hundreds of years against a variety of diseases. The option to use easy to
find, cheap herbs and rhizomes as alternatives and supplementary aids to traditional
cancer medications and therapies is an exciting field. However, as discussed, bio-
availability has still remained the major issue when it comes to human consumption
and dose determination. Curcumin, for example, has lost some of its glory because of
issues relating to bioavailability being insoluble in water. Preclinical trials with
many of the compounds from the family have shown impressive result in treating
or preventing angiogenesis, metastasis or tumour formation as a whole. However,
clinical trials under strict control conditions should be ensured to meet the end

Fig. 10.5 Generalized diagram of effectiveness of the above-mentioned compounds in treating
cancerous growth
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objective of providing safe alternative to presently available drugs with multiple side
effects and toxic aftermaths. Plants for a long time have provided better alternatives;
these clinical trials should ensure such standards from leading authorities like FDA.
Marketing strategies should be developed to ensure that maximum number of people
could get hold of such medications and supplements, in a cost effective manner.
Efforts should be made to popularize local products to reach global population and
share the goodness and richness of plants universally.
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Abstract

In vivo animal models are vital tools for cancer research for identification of
carcinogens, to provide valuable insights regarding the molecular aspects of
tumorigenesis, growth, metastasis, etc., and it aids in the screening of anticancer
molecules. Though in vivo models are the primary models and prerequisite for the
preclinical trials, they are actually considered as poor models for most of the
human ailments. Genetic, molecular, immunological, and cellular variances are
there between most of the animal models and humans and this makes such
models, up to an extent, unreliable. To better reproduce the biological systems
under in vitro conditions in a lab set-up, 2D cell culture models were developed
and even though 2D or 2 dimensional cell cultures provide inexpensive and
homogenous materials, they fail to accurately represent real cell microenviron-
ment. This further lead to 3D or 3 dimensional cell culturing techniques. The
present chapter deals with details and types of various 3D cell culture approaches
used in cancer studies. The various methods by which cells could be cultured in
3D have led to better reproduction of cellular physiology and mechanics and have
enabled to in creating reliable models for tumour micro environment, cell migra-
tion, and testing drug delivery. The chapter proposes to discuss the importance
and applications of 3D cell culture techniques and their utility in cancer related
research.
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11.1 Introduction

Plants, marine flora and fauna, bacteria, and fungi are major sources of bioactive
organic molecules. These molecules are of interest for pharmaceutical industry and
are being screened for new drugs and chemicals [1]. Majority of anticancer drugs
have been derived from these bioactive molecules. The screening for molecules with
anticancer properties is a laborious process requiring years of research and huge
amount of financial investments. In spite of these, only a small number of potential
anticancer molecules get approval to be used for treatment. This situation is primar-
ily due to the inability to test these drugs on a clinically relevant tumour model [2].

Primarily, preclinical testing of molecules was performed on in vivo models. The
lack of reliability of such models in mimicking the intricacies of human cancers has
rendered them not very useful in screening molecules. Ethical concerns and cost of
maintaining such models have also curtailed their wide usage. The development in
the field of culturing of cancer cells under in vitro conditions has augmented the
in vivo models of drug screening. Initially cells cultured in 2D monolayer helped in
faster identification of cytotoxic drugs. Co-culturing of 2 different cells helped in
understanding the interaction between them and also in identifying the immunologi-
cal mechanisms of cancers. The constraints of 2D cell culturing in mimicking the
cancer morphology and physiology have prevented it from being used as an alterna-
tive for in vivo modes [3].

The technology of culturing cells in a 3D substrate has enabled in reproducing
various aspects of a tumour in an in vitro condition. This has enabled in screening
potential anticancer molecules with much more precision and reliability. The rest of
the chapter describes the advances in tumour model systems and use of 3 dimensional
culturing techniques in cancer research.

11.2 In Vivo and 2D Cell Culture Cancer Models

The basis of several of the currently available pharmaceuticals is botanicals or
phytochemicals which are the primary or secondary metabolite molecules obtained
from plants. They were used either as a medicine or as an ingredient of medicines
from historic times and continue to be so. The biosynthetic capacity of plants for the
production of such metabolites is being utilized as a valuable therapeutics source
[1]. These phytochemicals or compounds derived from these molecules are also
being recognized as potential anticancer agents. Screening the vast pool of these
phytochemicals for their therapeutic potential, dosage, effective combinations, etc.,
requires enormous screening procedures and that necessitates the availability of
potential test models. Most of the currently used anticancer agents have undergone
such vigorous screening procedures. The discovery, development, and optimization
of anticancer phytopharmaceuticals are carried out by several pharmaceutical
companies, government organizations, and other non-government organizations
[4]. They employ various in vivo and/or in vitro models for such screening.
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There are four stages in a drug discovery and drug development process; they are
(1) Discovery of the novel drug; (2) Preclinical development; (3) Clinical develop-
ment and trials, and (4) Regulatory approval of the drug. There are various phases in
each of these stages. The drug discovery and further development is a very extensive
and expensive process. Most drug candidates that manage to reach the clinical trials
fail at phase 2 and phase 3 and this failure is generally attributed to their poor efficacy
and safety concerns [2]. The cost estimated to take a drug from the lab to market is
approximated to be around $800 million to $2 billion and the procedure may take up
to 10–15 years.

The knowledge in the field of cancer biology is ever increasing which have
revealed the more and more complex nature of the malady and it has resulted in
offering different prospects for novel diagnostic as well as therapeutic approaches.
Various cancer cell complexities that present challenges during the trials of drug
development include tumour microenvironment intricacies, intra-tumour and inter-
tumour heterogeneity at molecular and physiologic levels, systemic and local tumour
immune response, heterogenic metabolic retorts, etc., and the most important one
being the acquiring of drug-resistant stem-like cancer cells which repopulate cancer
after treatment [5].

Vital tools in cancer research for identifying the molecular mechanisms of cancer
cell origin, progression, development, and metastasis, for carcinogen identification,
etc., in vivo models (animal based) and in vitro models (cell culture techniques) are
of significant importance.

The most advanced preclinical in vivo approach to study human cancers are the
murine cancer models and they allow traversing of diverse mechanisms for thera-
peutic development rationale [6]. A few approaches of murine cancer models are
standard cell line derived xenograft or CDX models, genetically engineered mouse
or GEM models, patient-derived xenograft or PDX models, GEM-derived allograft
or GDA models, etc. [5].

CDX or cell line derived xenograft models are obtained by transplanting murine
tumour cells into host mice which are immunocompetent and this was the earliest
in vivo cancer models approach and it has enabled to identify a large number of
effective and potential cytotoxic drugs, for example, procarbazine and vincristine
[7]. Here immunocompromised mice develop tumour mass after subcutaneous
transplantation of in vitro maintained human cancer cells. The NCI60 cell line
panel [7] acts as a valuable resource to generate CDX and helps to identify cytotoxic
therapeutic drugs. The major drawback of CDX identified drugs was that they failed
to be effective during clinical therapies and therefore received no or low approval
rate from FDA, about 5–7% only for targeted therapeutic molecules with an approx-
imate span of 12 years between the drug discovery point to clinical practice stage,
and the average estimated cost come up to $0.50–2.00 billion [8].

PDX model is derived in immunocompromised mice by transplanting them
subcutaneously with clinical tumour tissue samples. This model better mimics
human scenario since the tumour is developed from surgically derived tumour tissue,
that is, a piece of tumour tissue is transplanted directly in to recipient mice to become
an in vivo model. Generally immunocompromised mice such as SCID, nude, and
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NOD/SCID mice strains are used to overcome the problems of immunological
rejection of the transplanted tumour tissue.

Another in vivo model is the genetically engineered mouse models or GEM
model. This model is the most accurate representation of cancer with all stages of
carcinogenesis, coevolve with intrinsic stroma, and immune system and this model
allows better evaluation of therapeutic response, drug delivery modes, and bio-
marker expression patterns.

The advantages of GEM models and PDXs are combined in GDA models,
GEM-derived allograft models [9]. In this model, immunocompetent animals are
transplanted with tissue fragments obtained from GEM tumours. Here too, similar to
GEM model, immune systems will be fully functional maintaining the interactions
among tumour cells and intrinsic microenvironment and allow the assessment of
metastatic system. GEMs and GDA models offer only preclinical platform for
immunomodulatory therapy evaluations and optimizations.

Since PDX and GEM models express maximum similarity to human cancer
biology, they are the best employed models for preclinical cancer research.

Zebrafish models of cancer allows visualization of cellular and molecular
mechanisms of cancer progression, vascularization, clonal evolution, tumour hetero-
geneity, invasion, etc. [10, 11] and are utilized as paediatric cancer research models
due to their genetically tractable nature, potential to be directly visualized, shorter
generation time, etc., and they are cost-effective when compared to murine models.

Even though in vivo murine models are primarily used for the preclinical phase
trials, they poorly represent human diseases due to the immunological, genetic,
cellular, and molecular differences between mice and humans. The reliability of
murine models is further impeded by the facts that even the environment where the
animals are housed influences the results of the study, the high cost of maintenance,
ethical clearance requirement, ethical considerations involved in large-scale screen-
ing, etc. Thus it is always advantageous to consider drug screening protocols under
in vitro. So nowadays, cellular based or target based and high throughput in vitro
screening assays usually precede the in vivo evaluation of the prospective anticancer
drug. The drug has to be tested under in vivo animal model only if the in vitro
screening results show a promising anticancer agent. In such an effective combined
screening, the in vitro and in vivo models should be in sync with each other for the
better translation of the in vitro conditions to in vivo systems. The in vitro cell
culture characteristics should mimic the in vivo conditions such as cellular microen-
vironment and cellular complexities. Mammalian cell culturing techniques offer a
platform to analyse cell and/or tissue physiologies and patho-physiologies outside
the organism. The conventional in vitro models used in cancer research are 2D
in vitro cancer cell lines (CCLs) cultures. Here, cells are grown on flat dishes with a
culture condition optimized to enhance maximum cell attachment and cell growth
and are used to test response of cells to drug candidates. An example is the NCI60
anticancer drug screening protocol which is followed for initial in vitro screening of
drugs where the drug molecule is screened using a panel of sixty human tumour cell
lines [12].
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Two-dimensional or 2D cell culture helps to study cell biology, tissue morphol-
ogy, mechanisms of disease origin and progression, mechanism of actions of drugs,
protein synthesis, and the development of tissue engineering [13]. The appropriate
cell culture method allows better understanding of tumour cell biology, and thus
helps to optimize regimens of radiotherapy and/or chemotherapy, or to design and
test new treatment protocols [14]. In cell culture the cells are dispersed in an artificial
nutritional environment having proper nutrients, optimum levels of temperature,
humidity, and gaseous levels in an appropriate surface [15]. Generally, the cells
are grown in a sterile humidified incubator at a temperature of 37 �C with 5% CO2

for an incubation period, days or weeks, until adequate number of cell population is
achieved. Now the cell culture is ready to be used to study the cellular response to
different agonists/antagonists or physiological stimulants or pathogens or potential
drugs.

2D culture conditions generally vary for different cell types. The most important
is the appropriate cell culture media that allow the growth of cells. The cell culture
media may either be prepared in laboratory or it may be commercially obtained. The
cell culture media is usually supplemented with serum and required antibiotics.
MEM supplemented with serum and antibiotics, RPMI medium with serum,
DMEM supplemented with serum and antibiotics, etc., are examples of cell culture
media [3].

The culturing can be done either using adherent conditions where the cells are
grown attached onto a glass or plastic surface or may be grown in a suspension,
which, for example, in the case of lymphocyte culture resembles the natural envi-
ronment more [16]. In adherent 2 dimensional cultures, cells grow as a monolayer
attached to the surface in a culture bottle [culture flask or petri dish] [17]. The cells
need to sub-cultured or passaged in fresh sterile medium. To sub-culture adherent
cells, the cells are to be detached from the plate or flask by trypsin-EDTA treatment
or by using a cell scraper to physically scrap off the cells with utmost care so as to
avoid any mechanical and chemical damage to the cell structure. After this, fresh
sterile medium is added so that the cell suspension is diluted or the trypsin-EDTA
activity is inhibited and the cell suspension can be inoculated into fresh culture
media. This is followed by incubation. For sub culturing suspended cell culture, cells
from the culture is inoculated into a sterile dish or flask containing sterile growth
media followed by incubation at 37 �C with of 5% CO2 atmosphere.

The 2D cultures possess several advantages such that they are simple, involve
only low-cost for maintenance and they perform well with various functional tests
and are extensively used in cell-based screening assays for anticancer agents
[4]. Most of the malignant tumour cells are available as immortal or continuous
cell lines commercially, the reproducibility of which in a culture is highly subjective
to culture conditions and thus by modifying the culture conditions, the cellular
metabolisms may be modulated and used for screening. 2D cell culture is used for
several in vitro assays to determine drug absorption, metabolism, distribution,
toxicity, and excretion. For example, the human colon carcinoma cells or Caco-
2 cells are used in drug absorption studies as they form a monolayer that mimics
intestinal epithelium and express proteins involved in drug transport
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[18]. Madin-Darby canine kidney or MDCK-MDR1 cell line is used to study drug
absorption and hepatocytes to study drug metabolism [19].

Studies using 2D cell culture have increased our understanding of mechanisms of
action of various drugs, but still the 2D cell culture has several limitations. The major
limitation is due to the monolayer nature which results in atypical growth kinetics
and cellular attachments. 2D system does not represent the natural
microenvironments of the cells and/or tissue [20]. A few disadvantages are listed
below

• 2D cultured cells do not mimic natural tissue structures or tumour architecture.
Various interactions between cells and with their environment that are required
for the cellular differentiation, cell proliferation, gene expression, metabolic
response towards drugs, cell viability and vitality, several other metabolic and
physiological functions, etc., will not be properly represented in the culture
method, as they would be in the tumour tissue [21, 22].

• During the isolation of cells from tissue, their transfer to 2D conditions and
culturing, the morphology as well as cell division is altered. The loss of pheno-
type diversity and morphological alterations of the cells further affect their
function, organization of cellular organelles, cellular secretion, and cell signalling
pathways [23–25].

• Cells lose their polarity and there may be changes in the response of cells, such as
apoptosis in response to changes in external environment interactions [26, 27].

• 2D culture offers an extremely different growth conditions to the cells by
providing unlimited access to nutrients, oxygen, signal molecules, and
metabolites while the cancer cells under in vivo conditions lack such a uniform
availability of oxygen, nutrients, etc., due to the 3D architecture of the tumour
mass [28].

• 2D culture changes the patterns of gene expression, RNA splicing, and overall
biochemistry of the cell [29, 30].

• 2D cultures are typically monocultures and could be used to study a single cell
type. The tumour microenvironment, or niche, which is present in the in vivo
condition is absent in the 2D system [31, 32].

These limitations of 2D culture system has made it a failure to correctly identify
only those drug candidates which can perform successfully during the later preclini-
cal and/or clinical stages of drug testing. This is due to the incapability of 2D culture
system to represent the tumour complexity, to distinguish tumour cells from normal
cells, or to measure cell viability rather than cell proliferation.

To overcome these problems researchers tried to improve in vitro cell culture
systems to make them resemble more the in vivo conditions and thus came the three-
dimensional cell cultures and co-cultures which better mimic in vivo tissue
physiology [28].
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11.3 3D Cell Culture Techniques

The central emphasis of drug discovery field over the last decade is on the develop-
ment of more appropriate in vitro systems mimicking the in vivo systems. This have
led to developing more and more systems of culturing cells in laboratory and there
are thousands of research articles on the application level and well as basic research
leading to more understanding regarding to cell physiology and developmental
biology and improvements in cancer drug discovery. Generally, a 2 dimensional
polystyrene or glass plate is used as the substrate for the growth of cells. The intricate
yet complicated mechanisms and activities of normal cells, such as its division,
differentiation, proliferation, motility, migration, and processes of apoptosis are
precisely controlled and are mainly relied on the chronological and spatial organiza-
tion of cells. There have been lots of studies which all proved that the 2 dimensional
cell culture and its monolayer nature fails to represent the biochemistry, physiology,
geometrical organization, etc., of cells in a living tissue [3]. This shortcoming of
2 dimensional cell culture adversely affected the field of drug discovery to the most
extent as evident from the fact that only a few out of 900 drug candidates came out of
the in vitro 2D culture based studies received approval under clinical trials for cancer
therapy [33].

To overcome 2 dimensional cell culture system limitations and also to better
mimic the tissue and organ specific cellular architecture, cells could be cultured in a
3 dimensional or 3D matrix (Fig. 11.1). As per studies there is difference in the
morphology of cells growing in 2D culture and 3D culture systems [34]. 3D culture
systems were initiated in view to act as bridge between 2D culture and in vivo animal
models so as to make the gap minimum, between the in vitro and the in vivo. The 3D
culture could be achieved only by optimizing several settings such as the culture
conditions, choice of matrix, type of cells, origin of cells, etc. All the efforts to

Fig. 11.1 Schematic diagrams of different culture systems
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explore and refine these factors significantly have improved the cell culturing
techniques. It could be rightly hoped from the progress rate at which the 3D cell
culture systems are getting improved that one day it will be equivalent enough to
replace the in vivo biological research models.

The differences in various cellular and metabolic processes in 2D and 3D cell
cultures are summarized in Table 11.1.

11.3.1 Types of 3D Cell Culture Systems

3D cell culture systems are classified into scaffold based and scaffold free types.
These two systems differ basically on the type of support for attachment and
proliferation provided to the growing cells.

11.3.1.1 Scaffold Based 3D Cell Culture Model
In this method the cells are grown in a prefabricated scaffold, or matrix that
facilitates the growth, adhesion, and migration of cells by mimicking the extra
cellular matrix (ECM). The cells will grow and fill the space available in the matrix
or scaffold and form a 3D structure [41]. The shape and geometric structure of the
3D tissue could be defined by manipulating the scaffold. Many of the commercially
available scaffolds are biocompatible and thus during cell division and growth they
will degrade allowing the cells to migrate through [42]. Materials such as synthetic
polymers, natural protein based polymers, natural carbohydrate based polymers are
used. Cell grown on synthetic hard polymers are more suitable for preclinical drug
evaluation as well as in regenerative medicine research [43]. These scaffolds or
matrices are more porous and thus cells growing on them have easier access to

Table 11.1 Differences in the cellular and metabolic processes in 2D and 3D cell cultures

Cellular
characteristics 2D cell cultures 3D cell cultures References

Morphology of cells Flat, stretched Similar to natural shape in
spheroid or aggregate structures

[21, 35]

Proliferation of cells Generally proliferate
at faster rate than
in vivo

Proliferation rate may vary with
type of cells and the culture
model used

[36]

Exposure to media/
growth factors/drug
molecules

All the cells equally
exposed

Exposure in gradient manner
due to 3D structure

[35, 37]

Stages of cell cycle Almost all the cells
in same stage of
growth

Cells at diverse stages of cell
cycle

[35, 38]

Gene expression Different from that
of in vivo

Similar to that in vivo tissues [36, 39]

Drug sensitivity Cells less resistant
and drugs are very
effective

Cells are more resistant to drugs [36, 40]
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nutrients and metabolites. The cells growing in such systems also show higher rates
of proliferation and high resistance to cytotoxic drugs [44]. On the other hand, the
biological scaffoldings in addition to providing the support for growth also deliver
suitable microenvironments and factors which mimic the natural system and alter the
gene expression patterns [45]. Generally, proteins present in extra cellular matrix are
used to make such scaffoldings. Hydrogels are an example of biological scaffolding
material. Here the cells to be cultured are mixed with the proteins of the scaffolding
matrix prior to plating. This enables the cells to release various signal molecules,
allow their migration, and accommodate other such cellular functions which all are
required to achieve the homeostatic situation [46]. There is yet another type of
scaffolding available in which small micro compartments are etched and micro
fabricated on the bottom of wells. The compartment pattern could be subjected to
adjustment to suit the experiment requirement, depending up on the type of cell to be
grown or the type of interaction to be achieved between the cells to be grown. Cells
of hepatocellular carcinoma origin when plated on such 3D system showed higher
resistance levels to cytotoxic drugs when compared to that of 2D format [47]
(Table 11.2).

11.3.1.2 Non-Scaffold Based 3D Cell Culture
In scaffold free cell culture technique, the cells are grown without a support and the
cells will self-assemble to form 3 dimensional structures. The most basic form of
non-scaffold based 3D cell culture is the hanging drop method where the cells are
suspended using a drop of growth media. The cells grow and aggregate themselves
to form 3 dimensional spheroids, the size of which depends on the amount of cells in
the drop of the growth medium. Multiple cell types could be added so as to achieve
co-culturing of cells for preclinical drug sensitivity screening assays [49]. The
non-scaffold based spheroids can also be used to study tumour metastasis by
embedding it into biological scaffolds like hydrogel. This is a good model for
metastatic studies since it mimics a tumour tissue surrounded by extra cellular matrix
[50]. Non-scaffold based 3 dimensional spheroids can also be made using the

Table 11.2 Different materials used as support for 3D cell culture [48]

Material Advantages

Natural Alginate
Collagen,
Fibrinogen
Gelatin
Hyaluronic acid
Silk

Biodegradable, easily available, bioactive and
interact with cells

Artificial PEG—Polyethylene glycol
PGA—Polyglycolide
PLGA—Poly (Lactide-co-
Glycolide)
PMMA—Poly methyl
methacrylate
Polystyrene

Facilitate restoration of damaged tissue structure
Inert and have long shelf-life
Easily custom-made for required porosity and half
life
Predictable and reproducible physical and
mechanical characteristics
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ultra-low attachment [ULA] coated plates for plating the cells. Here the cells are
grown in a well and the technique is more advantageous than growing cells in a
hanging drop of media since the duration of culture could be extended more for
suiting the period of experiment and is also appropriate for cytotoxic assays. This
type of spheroid could also be embedded in to ECM for tumour invasion/metastasis
studies.

3 dimensional cell culture of non-scaffold based type can be obtained on
microfluidic plates. The provision of nutrients and removal of wastes could be
maintained in a continuous manner so that prolonged maintenance and culturing
of spheroids are possible. This is suitable for differentiation studies and cancer cell
invasion studies [51, 52].

11.4 Applications of 3 Dimensional Cell Culture in Cancer
Research and Advantages

The 2 dimensional systems of cell culturing enabled us to understand the complex
cellular physiology. The 3D culture is a ‘near-to-in vivo’ model, that is, it is more
close to the in vivo physiologic and metabolic conditions and can be considered to
bridge cell culture model and in vivo model [20]. In the 2D culture system, the
extracellular matrix component and cell to cell and/or cell to matrix interactions are
lost. These factors are having important roles during cellular reproduction, cellular
differentiation, and proliferation and other functions under in vivo [53]. 3D cell
culture systems could be tailored so as to maintain these ECM–cell, cell–cell
interactions and could represent an integral model for performing in vitro studies
for cancer research [54] and signalling pathways [55]. 3D culture offers a cost-
effective platform for screening and testing of pharmaceutics and is a more accurate
model for assessment.

The 3D cell culturing has applications in cellular differentiation studies, in the
area of drug discovery, in cancer research, for gene expression analysis, and also has
potential pharmacological applications. Some of the major applications of 3D cell
culture technique have discussed below.

(a) Applications in Cell differentiation studies
The biochemistry and mechanisms of primary stems cell differentiation to their
differentiated cellular forms can be studied by using 3D models. The
mechanisms of differentiation are being understood and being extrapolated to
therapeutic uses. Some of the studies in which 3D models are used for under-
standing cell differentiation are given below:
1. The process of osteogenesis and levels of osteogenic markers from mesen-

chymal rat stem cells were studied by using 3D models [56].
2. The levels of surface-specific markers were studied during mouse embry-

onic stem cells differentiation when cultured in 3D model [57].
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(b) Applications in Drug discovery
Until the 1980s, in vivo animal models were mainly employed for drug
discovery. It was made less optional later on due to its more expensive and
highly unethical nature. 3D cultures have great potential to increase the extent
of drug screening and to identify toxic and/or useless drug targets at earlier
stages of the drug discovery trials. They can also reduce the levels of animal
testing [58] and reduce the cost and the experimental complexities of animal
models. The 3 dimensional approach offers a simpler and effective tool for
analysing cytotoxicity and genotoxicity and allows easier anticancer drug
identification [59, 60] and is an efficient model to study the cellular response
to synergistic effects of molecules [61].

(c) Applications as Tumour Models for Cancer Biology research
Tumour spheroids in vitro resemble solid tumours in vivo. Most of the cell
types growing as 3D tumour spheroid have 3 layers, the outer proliferating,
inner quiescent, and central necrotic regions and mimic the micro environment
of human solid tumours. The enhanced cellular interactions as well as secretion
of various soluble factors from tumours will result in acidity and hypoxia in 3D
system similar to in vivo conditions and help to study signalling pathways,
cellular communications, interactions with ECM components, cellular prolifer-
ation rates and patterns [53, 55]. Studies on cancer biomarkers, metastasis,
tumour angiogenesis and invasion are also being done extensively using 3D
culture system [62].

(d) Applications in Gene expression and Protein profiling studies
The gene expression and protein profiling of cells in 3 dimensional cultures are
similar to that of natural in vivo cancer tissues [63].

(e) Applications in Cell Physiology studies
3 dimensional cell culture allows study of cellular proliferation, morphology,
adhesion, viability, and response of cells to different drugs [63].

(f) Applications in Cell proliferation and cell-cycle studies
Studies on 3D cultures of vascular cells, mammary cells, osteoblast cells,
mouse fibroblasts, etc., gave ideas regarding the mechanisms of cellular
proliferations [64, 65].

(g) Applications in Studying Cell Cytoskeleton
It was observed that the cells grown as 2D culture and 3D cultures differ in the
extracellular matrix composition and cell cytoskeleton. Oral squamous cell
carcinoma cells expressed different levels of cytoskeleton proteins when
cultured as monolayers (2D) and scaffold tumours (3D) [66].

(h) Applications in studying Apoptosis
There were differences in apoptosis pattern when cells were cultured on 2D and
3D culture system. Cells grown as 2D culture showed signs of apoptosis in 4–5
days of plating, while cells grown as 3D remained viable up to more than
10 days [67].

(i) Applications in Cell Adhesion and Signalling Studies
3D cultures can be used to study the intricate details of cells growing in an
environment where they are surrounded by other cells and matrix and
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communications with which all control the behaviour of cells in a multicellular
organism [68].

(j) Applications in studying Cell Motility
The motility of cells is essential for tissue repair and tissue regeneration.
Scaffolds that allow different types of cell motility such as the mesenchymal
and amoeboid migration enable to understand the mechanisms, modes, and
after effects of cell migration [69].

(k) Applications in Microenvironment Studies
The microenvironment of cells decides their differentiation and functions. This
could be evaluated using 3D culture system [55, 66].

(l) Applications in studying Morphology of Cell and Tissue Architectures
There are differences observed in the cellular morphology of cell growing in a
2D or 3D culture. While breast cancer cells showed uniform morphology in
monolayers, they adopted different types of morphologies [round, mass, grape-
like, stellate] in 3D culture [70]. The geometry of scaffolds also has an impact
on tissue architecture since cell and ECM alignment define the biological as
well as mechanical functions of cells [64].

(m) Applications in Drug Response Studies
Drug screening procedures require reliable in vitro models which resemble the
conditions in the tumour tissues so as to evaluate drug response near to in vivo.
3D cell cultures suit this requirement [66].

(n) Applications as co-Cultures
3D cultures allow culturing of different cell types together and thus heteroge-
neous cell co-cultures are possible. This helps to understand the complexity
prevailing in different tissue types and multicellular organism [71].

With the dawn of 3D cell culturing techniques, in vitro is now closer to in vivo
models. They provide cellular assemblies that enable to study complex interactions
and can be proficiently used in basic and applied biological research and especially
in cancer research, to identify the molecular mechanisms of carcinogenesis and
progression as well as to identify and develop effective drug targets from
phytopharmaceuticals and other molecules.

11.5 Disadvantages of 3D Cultures

Even though 3D cell culture system overcomes the problems and drawbacks posed
by the 2D cell culture system, this system is also not without any limitations. 3D
culture techniques are not suitable for large-scale experimentation and drug screen-
ing. Microscopic analysis of 3D cell cultures is difficult in comparison to that of 2D
cell cultures. Another disadvantage is the inability to maintain proper supply and
transport of oxygen and nutrients across the 3D platform. Also 3D cell cultures
developed from certain types of tissues may contain unwanted growth factors or
viruses.
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All these limitations are negligible when compared to the advantages and spec-
trum of application that a 3D culture system offers. All these models explained,
in vivo systems, in vitro techniques such as 2D and 3D culture systems, etc., are used
to study and screen anticancer agents and have tremendously helped for better drug
discovery. Recently novel models are being experimented for drug identification and
development approach. Next-generation sequencing-based methods used to evaluate
chromosomal aberrations can reveal genomic instability, chromosomal
translocations and deletions in chromosomes [72] and could be developed as a
screening strategy for anticancer drug candidates.

11.6 Conclusion

The journey to better reproduce the in vivo testing models and to minimize their
shortcomings have paved way for the development of 2D cell culture systems. The
failure of 2D cultures in replicating the normal physiological and geometrical
architecture of tissues resulted in increased interest and development of 3D cell
culture models. The various methods by which cells could be cultured in 3D system
allow better reproduction of cellular physiology and mechanics which has enabled in
creating reliable models for studying tumour micro environment, cell migration, and
testing drug delivery. 3D cell culture models can eventually replace the link between
in vitro studies and clinical applications. The chapter discussed the importance and
applications of 3 dimensional cell culture techniques and their utility in cancer
research.
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Animal Models Systems of Cancer
for Preclinical Trials 12
Sneha Soni, Shreetama Bandyopadhayaya, and Chandi C. Mandal

Abstract

Over the recent preceding few decades, cancer has existed as the second leading
cause of death after cardiovascular diseases globally. Therefore, effective
therapies are required to enhance the survival rate and lead a quality life for
cancer patients. Preclinical trials are a prerequisite for the development of effec-
tive cancer therapeutics. However, direct experimentation on human subjects
cannot be undertaken due to several ethical, safety, and practical issues. Hence,
preclinical animal model systems have become an indispensable part, since these
allow to decipher the highly complex cascades responsible for human cancer, and
may help in the prediction of safety and efficacy of anticancer drug or therapy for
successful translation into clinical trials. Mouse models mostly have utility in
preclinical trials. While the other systems utilized include zebrafish, Drosophila,
and C. elegans models. These alternative preclinical models give complimentary
information for the development of cancer therapeutics. Nevertheless, companion
preclinical models like dog and swine are underexploited though these can fasten
to fill the gap information required between preclinical and clinical trials of
cancer. The aim is to mimic this deadly and complicated disease in animal models
and reflect the situation in humans for effective therapeutics. This chapter throws
light on various animal models used in preclinical trials of cancer, their signifi-
cance, and challenges associated with it.
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12.1 Introduction

Cancer is a highly complicated and extremely diverse disease. It includes more than
200 diseases that share similar but characteristic symptoms [1]. However, enormous
work in cancer biology research has increased the knowledge of this disease and has
created myriad strategies for its diagnosis and treatment. But there are many
complexities like tumor microenvironment, tumor heterogeneity, metabolic
reprogramming, and re-wiring of the signaling pathways that challenge the success
of therapeutic techniques at the clinical level [2]. Tumor detection at the preliminary
stage and appropriate response to treatment are prerequisites for cancer survivors.
The successful translation of fundamental cancer research to therapeutic strategy
requires accurate information generated by the use of appropriate in vivo models
[1]. For reliable testing and screening of anticancer drugs, preclinical animal models
are essential [3]. The preclinical model that is relatively affordable allows flexible
high throughput assays and can mimic the human tumor environment closely, which
can be considered the best model. Mice models are predominantly traditional models
to assess the anticancer targets. Mouse and human genes exhibit homology, which
makes the mouse an ideal in vivo model. But differences exist in multiple aspects
like species, metabolism, pharmacokinetics, pharmacodynamics, and physiology of
human and mouse. However, there are other non-mammalian models that are
contributing to in vivo models (Fig. 12.1). Many cancer related genes have been

Fig. 12.1 Different types of in vivo models of preclinical trials used in the development of cancer
therapeutics
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identified in Drosophila and zebrafish. Development in transgenesis field and
advancements in imaging techniques have allowed for the generation of specific
and powerful cancer modeling in zebrafish. In comparison to the mouse models, it is
less expensive and can reproduce in short span. On the other hand, Drosophila, an
excellent genetic model having successful history in discovery of some central
signaling pathways including Ras, Wnt, hedgehog, and others involved in
tumorigenesis is of considerable utility. Smaller size of Drosophila, low maintenance
cost, and lesser generation time of transgenic models make it a strong alternate
in vivo model [4]. C. elegans, a favorite developmental biology model, has a well-
defined forward and reverse genetics [5]. Further, it shares many signaling pathways
involved in cancer and conserved for humans, which makes it a good model to
improve the understanding of the existing basic mechanism (s) in tumor biology.

However, above all, models have some limitations as these cannot fully recapitu-
late human cancer due to evolutionary distances or the diverse nature of each tumor.
Therefore, models like dog and swine came into existence for better translation of
preclinical trials into clinical success [1, 6].

Thus, in this chapter, various preclinical models of cancer with their limitations
and advantages have been briefed and discussed regarding the improvements
required in preclinical models to overcome the failures in the clinical phase.

12.2 History of Animal Models of Cancer in Preclinical Trials

Animal models are a significant tool for studying cancer biology research and in
addition to the creation of therapeutic strategies against cancer. The in vivo preclini-
cal testing is mandatory to answer some basic questions like the toxicity of drug,
clinical relevance, and ability to translate to clinical trials [7]. Scientists are working
on different animal models to overcome the ethical and moral issues related to the
direct experiments on human beings. In the 1960s, spontaneous immunocompro-
mised mice strains were identified. The T cell deficient NUDE mice was identified
by Dr. N R Grist [8], which was further characterized by Pantelouris and Hair
[9]. For the first time, primary human tumors and cancer cell lines were successfully
transplanted using athymic mice [10, 11]. In this way, different strains of athymic
mice (NUDE, SCID, and NOD/SCID) were developed. Oncogenes and tumor
suppressor genes discovery opened the path for recombination genetics, and eventu-
ally, powerful transgenic mice models were generated in 1980. Transgenic
approaches became widely popular as these allow for studying and identifying
novel biomarkers involved in tumorigenesis and cancer therapeutics. Though mice
are a traditional and most often used model in preclinical cancer studies, there are
also other vertebrates (dog, swine, zebrafish) and invertebrate models (C. elegans,
Drosophila) which are employed for preclinical studies of cancer. Different types of
preclinical animal model systems are used for better understanding of tumorigenesis
(Fig. 12.1). Genome sequencing and well-defined genetic information of these
models have added to their popularity during the last decades [12]. The high
reproductive rate and less generation time permitted for the development of
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transgenic models of zebrafish embryo using human cancer genes [13–15]. In 2003,
the first B cell precursor acute lymphoblastic leukemia model of zebrafish was
developed using a transgenic approach [16, 17]. Gradually, more transgenic lines
were developed by using ZFN (zinc finger nuclease) and TALEN (transcription
activator like effecter nuclease), which allowed easier gene manipulation in zebrafish
for permanent knock out lines [18, 19]. Swine genome sequencing [20] helped for
the development of induced and gene edited models of cancer [21]. Dogs are used as
a natural model for cancer.

In 1946, the first chemotherapy used in veterinary medicine was reported, applied
for the treatment of hematopoietic neoplasia in dogs [22]. Similarly, invertebrate
models (fruit fly and C. elegans) are being used to investigate signaling networks
that control cancer genes, including RET proto-oncogenes, adenomatous polyposis
coli, and others [23, 24]. They have been developed to employ high throughput
screening and for the identification of inhibitors and markers of the conserved
oncogenic signaling pathways [24].

12.3 Route of Administration of Drugs

Any drugs which are under preclinical trials have to be administered to laboratory
animals. The administration of this drug requires immense care and planning so that
adverse outcomes can be minimized. The type of study, i.e., topical, systemic, or
parenteral, and the aim of experiments decide for the route of administration. There
are varieties of different routes, including topical (transdermal), enteral routes (oral
or gavage), and parenteral routes (subcutaneous, intradermal, intramuscular, intra-
peritoneal, intranasal, and intraocular) available for animal models. Many routes of
delivery require anesthesia or sedation before drug administration. Therefore, a route
should be selected on the basis of minimum harm exhibited to test animals during
testing [25]. Generally, the drug administered through an internal route involves the
gastrointestinal tract. The administered drug is absorbed from the gut then it
undergoes hepatic metabolism before entering into systemic circulation that leads
to decreased drug bioavailability. It is done by delivering a substance into mouth,
oral, or gavage by mixing the substance into a diet. The very small volume of a
substance is prescribed for an oral route administration, i.e., 5 ml/kg dose (for
animals), to avoid gastric distension. Parenteral administration does not involve
the GI tract and directly bypasses hepatic metabolism, which is an advantage for
the drugs having low bioavailability. When substances are delivered in the form of
the bolus into blood vessels, it is referred to as intravenous administration. The main
advantage is that there is no requirement for solute absorption. In mice, it can be
done mainly in the tail vein, while in fishes, the caudal artery is used. Aseptic
conditions should be maintained to avoid vasculitis or irritation in vascular endothe-
lial layer and infection. When an administration is performed directly at the skin
surface level by needle, it can be subcutaneous or intramuscular. Subcutaneous
injection is administered into fatty tissue beneath the skin, while the intramuscular
injection is delivered directly into the muscle under the skin. It is easy to perform
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subcutaneous than intramuscular as the latter requires more skilled experts. Care
should be taken while doing the intramuscular route, as injecting irritating
substances may result in muscle necrosis or muscle weakness. To study the effects
of the substance on the brain and spinal cord, the route for delivery used is known as
intrathecal or epidural. It involves heavy anesthesia to be administered to the test
animal. If not performed skillfully, there are chances of sample spilling that enter
into the systemic circulation and produce harmful effects related to respiration.

In the case of small animals, intravenous is a challenge, so intraperitoneum is
preferred over there, where delivery is done via peritoneal cavity [25]. Absorption
of substance is comparatively slow in intraperitoneum as they may pass through
hepatic metabolism first and then enter into the systemic circulation. If not done
skillfully, then there is a chance of puncture in the skin that results in subcutane-
ous than intraperitoneum mode. After selection of route of administration, focus
on factors like volume of drug, delivery location, pH of the substance, treatment
time, rate of absorption should be considered for accuracy in preclinical findings.
Thus, how substances are administered is the critical component that will predict
the success of the experiment with minimum harmful effects on laboratory
animals.

12.4 Mouse as a Gold Standard Model

Mouse is the most traditional animal model used in preclinical trials of cancer as it
shares biological similarities with humans. In addition to that, they are relatively
smaller in size and easy to maintain in laboratories [26]. They are developed to
understand the complexities involved in human cancer and the multiple mechanisms
involved in it, which might prove beneficial for therapeutics purpose [27]. They are
extremely good models for human malignancy pathogenesis investigation due to its
similarity with humans in the context of genetics and physiology [28]. Besides these,
the short gestation period and life span also add to an advantage [29, 30]. The utility
of mouse as an animal model for preclinical trials in cancer biology has increased
due to its highly conserved genomic content and flexible precise manipulation of
target genes that allow it for anticancer drug development [31].

12.5 Different Categories of Mouse as Preclinical Models

There are several models of mouse specific for different tumors and developed by
different methods [32] such as the development of inbred strains that spontaneously
develop tumors [33], some are created by exposure to chemical mutagens [34], or
some are developed by bacterial or viral infection [35]. Additionally, xenograft
models and immunocompromised mice can also be transplanted with tumor specific
cells. Another method to develop the xenograft model is to inject the primary tumor
cells from patients into immunocompromised mice. Since these mice strains lack an
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immune system which is critical regulates tumorigenesis, is the main shortcoming of
this model during preclinical trials [36].

Due to the drawbacks in xenograft models, the concept of genetically engineered
murine models (GEMM) came into existence. It allows desirable manipulation in
tumor suppressor gene or proto-oncogene, building a more suitable model for
preclinical trials [37]. GEMM models have the ability to develop new tumors in
an immunoproficient environment, which makes it indispensable for preclinical
trials [38]. But species specific differences in context with drug metabolism, hetero-
geneous human tumor, and immune response influence the anticancer therapeutic
outcomes [39]. Various mouse cancer models have been illustrated here. (Figs. 12.2
and 12.3 and Table 12.1).

12.5.1 Immunocompromised Models

12.5.1.1 Nude Mice
In 1966, the first immunocompromised mouse was discovered at Ruchill Hospital,
UK. It is a murine strain that lacks thymus and hair and cannot mediate the adaptive
immune response. As they lack body hair, that is why they are known as nude.
Further, it was characterized that a single gene mutation in Foxn1, located on
chromosome 11, leads to this phenotype. Since then, athymic nude mice have
been deployed as an animal model for preclinical cancer trials for a long period of
time. Since it exhibits natural immunodeficiency, this makes it an appropriate model
for engraftment and metastatic behavior. Nevertheless, there is immunodeficiency,
but it is not absolute, i.e., they can mediate innate response that can limit the
transplantation rate [48]. Gradually, several modifications at the genetic level can

Fig. 12.2 Various types of preclinical mouse models
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lead to the development of a higher degree of immunocompromised mice. These are
SCID (Several Combined Immunodeficiency) or NOD (Non-obese diabetes)/
SCID mice.

Fig. 12.3 Representation of different mouse models

Table 12.1 Different preclinical mouse models in different types of cancer

Type of model Example Mouse strains References

Cell derived
xenograft

WiDr colon adenocarcinoma
(subcutaneous)

NOD-SCID mice [40]

Patient derived
xenograft

Breast cancer fragments
(subcutaneous)

SWISS NUDE
mice

[41]

Orthotropic Human squamous cell carcinoma
(submucosal)

NUDE mice [42]

Metastasis MiaPaca-2 human pancreatic
cancer cell line

Athymic nu/nu
mice

[43]

Syngenic 4T1 murine mammary carcinoma BALB/C mice [44]

Environmentally
induced

DMBA and TPA C57 BL/6 mice [45]

(Chemical)

Genetically
engineered model

K-rasG12D targeted expression KPC mice [46]

Conditional inactivation of
BRCA2 and trp53.

K14Cre
transgenic mice

[47]

DMBA 7,12-Dimethylbenz(a)anthracene, TPA 12-O-tetradecanoylphorbol-13-acetate
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12.5.1.2 Several Combined Immunodeficiency (SCID)
It was first reported in 1983 at Fox Chase Cancer Institute, USA. It is a murine strain
that is devoid of both functional B and T cells because of recessive mutation on
Chromosome 16. Deletion of protein kinase DNA activated catalytic polypeptide,
and VDJ (variable diversity joining) recombination leads to nonfunctional B and T
cells. The engraftment rate is higher in comparison to nude mice. However, they
possess innate immunity (particularly NK cells), which is a limitation in transplan-
tation. But a point mutation known as beige leads to slow activation of NK cells that
can overcome the limitation caused by NK cells. Thus, by crossbreeding beige and
SCID mice, SCID/Beige mice have been established for more uptake of tumor
cells [49].

12.5.1.3 NOD/SCID Mice
A NOD mouse was discovered in the 1980s. These mice develop diabetes mellitus
due to the destruction of beta cells of the pancreas by the T cells. It was later
described that they also have immune malformations such as impaired dendritic,
macrophages, and NK cells. By taking advantage of this, NOD/SCID mice strains
have been established which lack T cells and do not develop diabetes mellitus. That
makes them a better model for human tumor transplantation studies [49].

Above all stated mice are used in different model development by different
methods (orthotopic, xenograft, syngeneic, metastasis models, etc.)

12.5.2 Xenograft Models

12.5.2.1 Cancer Cell Line Derived Xenograft Models (CDX)
This is the standard mouse model for preclinical trials for cancer drug development.
They are developed by human tumor cell lines engraftment into immunocompro-
mised mice. Tumors are injected subcutaneously into the flank region. The
advantages are that the xenograft models can be handled easily, are reproducible,
and give quick results in comparison to other models [50]. However, cancer cell lines
already possess multiple mutations, and passaging them for a long time in vitro
might introduce additional mutations obliterating the natural tumor microenviron-
ment. Still, they are often used for investigation of anticancer drugs for preclinical
testing [38].

12.5.2.2 Patient Derived Xenograft Models (PDX)
PDX is the alternative approach to classical xenograft models [50]. In this, tumor
biopsy derived tissue from the patient is transplanted into immunocompromised
mice directly, i.e., there is no involvement of human tumor cell lines. PDX models
maintain tumor heterogeneity based on genetic, histological, and molecular point of
view [38]. Maintaining this type of model is a laborious work, as in vivo passaging
of tumors needs to be performed over a long duration. It is also troublesome to
optimize, as there may be alteration in the characteristics of the model due to in vivo
passages. This kind of strategy is mainly applicable to decide the medication that is
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suitable for the treatment of a particular tumor before its administration to the patient
[50]. It is also emerging as a promising approach for personalized medicine [51] as it
enables direct assessment of clinically approved anticancer drugs [52].

12.5.3 Orthotopic Models

Cancerous cell lines or patient tumor sample can be directly transplanted at the site of
tumor origin and is referred to as orthotopic models (Fig. 12.4). The site can be
intravenous, peritoneal, or intracardial, depending upon the requirement [32]. It
represents a transplantation strategy that is organ specific. For example, drug
bosutinib, an inhibitor of BCR-Abl, and SRC kinase have been tested as a therapeu-
tic agent against neuroblastoma condition. NCR nude mice were injected with
neuroblastoma cell lines treated with bosutinib into the left side of renal capsule.
From this study, it was concluded that bosutinib could be a good therapeutic
candidate for neuroblastoma patients [53].

Therefore, it is able to mimic the tumor environment more naturally, i.e., patient
like. For this kind of model development, skilled expertise is required to make sure
of its reproducibility because of its technical difficulties. To monitor these models,
high imaging techniques are required that are expensive [50].

12.5.4 Metastasis Models

There are various models that reflect the complicated and multi-step process of
metastasis, i.e., invasion, entry into circulation and surviving, extravasations, and
finally, secondary tumor development. The models are created according to the

Fig. 12.4 Illustration of different orthotopic mouse tumor models
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requirement of the scientific question that requires to be addressed. To evaluate the
capacity of the tumor to metastasize, intravascular injection is given to the mouse.
For example, intra-cardiac injection is used for bone and brain metastasis model; tail
vein injection results in lung metastases; intrasplenic for liver metastasis and intra-
peritoneal for modeling ovarian cancer. These mice models contribute mainly to the
elucidation of interaction between cancerous cells with its microenvironment
[54]. Various assays like colonization assays or specific assays (ear model or foot
pad) or resecting the metastatic tumors might be able to mimic the situation of
metastasis to some extent. For example, 4T1 mammary carcinoma cells tagged with
luciferase gene are injected into BALB/C background mice to study the metastasis at
the molecular level for therapeutic development [55] (Fig. 12.5).

12.5.5 Syngeneic Models

Syngeneic models can be created by transplanting tumor cell lines or tumor cells
from already designed laboratory strains of mice into the host mouse [50]. These
mice models are also known as allograft mouse models [32]. It can be created either
by orthotopical or subcutaneous manner. There is a broad variety of characterized
syngeneic models available. As these are transplanted in a syngeneic manner, i.e.,
having the same genetics makes it a more advantageous approach [50]. During the
mid-1950s, for preclinical trials of drugs on leukemia tumor cell lines, allograft was
used to screen the anticancer candidates [56].

12.5.6 Environmentally Induced Models

Another conventional approach is induction of tumors in mice by using carcinogens
or cancer-causing agents. Carcinogens include radiation, chemicals, or pathogens
[32]. Large numbers of environmentally induced models are available for multiple

Fig. 12.5 Schematic diagram of metastatic model from primary breast tumors
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cancer types, including skin, lung, liver, colon, and bladder cancer. It has contributed
to the determination of many therapeutic targets for cancer and also for chemicals
that can act as potent carcinogens [31]. The development of the tumor in this type of
model is slow, which allows the development of a natural tumor microenvironment
in immunocompetent mice. Therefore, this model is good for the study of immuno-
modulatory therapeutics for cancer treatment. The disadvantages of this type of
model are the heterogeneous nature of the tumor and restricted homology with
human [50].

12.5.7 Genetically Engineered Mouse Models

12.5.7.1 Human Transgenic Mice
Mice carrying specific human transgenes have been created, which express the
particular human protein to be targeted for therapeutic purposes. These type of
models are preferably used to study the mechanism of action of a specific drug to
check its in vivo safety and efficacy. Generating this type of model is a time-
consuming method and requires intensive labor. In addition, only little modification
can be done in one engineered mouse line at a genetic level [50].

12.5.7.2 Oncomice
These mice either have cloned oncogenes of human or knock out of specific tumor
suppressor genes. These are considered popular models as they can mimic the
natural process of tumorigenesis in a spontaneous manner [50]. During the
mid-1980s, first oncomice was developed, having a random set of oncogenes
under tissue specific promoter [57]. Tumor suppressor gene knock out models
were generated by using gene targeting, which is locus specific [58]. A wide variety
of oncomice strains have been created, which can be used to evaluate the different
phases of cancer. The spontaneous and slow development of tumor reflects the
initiation and progressive human malignancy stages. It is an appropriate model to
study the metastasis process, tumor microenvironment, and anticancer therapeutics
[50]. Similarly, many conditional models have been created based upon site specific
recombinase (SSR) systems like Cre-lox P and Flp- FRT [32].

Genetically Engineered Mouse Model (GEMM) is able to reflect the molecular
attributes of human cancers [32]. For example, GEM prostate model NKX3.1; PTEN
mutant (mimic of human prostate cancer) when treated with the combination of
rapamycin (mTOR inhibitor) and PD0325901 (MEK inhibitor) showed inhibition
of cell growth by targeting mTOR and MAPK signaling cascades [59]. The applica-
tion of (GEMMs) in preclinical studies has drawbacks like very long durations,
expensive, and less similiarity with the human system [50].
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12.5.8 Non-Genetically Engineered Mice

Mouse models that carry genetically engineered alleles in nongermline cells, i.e.,
somatic cells, are categorized under non-GEMMs. To study a large cohort, GEMMs
development is laborious, extremely time taking, and expensive. To accelerate this
mouse modeling process and in vivo investigation of the effect of cancer genes,
non-GEMMs came into existence [38]. There are many approaches of non-GEMMs
briefed as below.

12.5.8.1 Embryonic Stem Cell Based
Cancer prone embryonic stem cell are modified genetically and is injected into
the blastocysts of selected mice. Thus, every cell of the body is not genetically
modified; tumor development is restricted to somatic tissue only. As the target alleles
are engineered outside the recipient (ex vivo), which makes its creation easy and
cost-effective manner. There are no breeding requirements, like for GEMM
models [60].

12.5.8.2 RNA Interference Based
This type of model is developed by knocking down the target gene expression by
siRNA (small interfering RNA). It is a substitute for knockout mice approach.
Genetic screening based on RNAi (RNA interference) is a robust tool for the
quick determination and validation of tumor genes. This method has been applied
for the identification of novel tumor suppressor genes in lymphoma and HCC
(hepatocellular carcinoma) models successfully. siRNA has a short life; therefore,
the knock down is transient. To achieve more stability, viral vectors encoding
shRNA (short hairpin RNA) are used [61].

12.5.8.3 Genome Editing Based
Three types of genome editing tools based on engineered nuclease have evolved:
ZNF (zinc finger nuclease), TALEN (transcription activated like effector nuclease),
and lastly, the most powerful approach CRISPR (clustered regularly interspaced
short palindrome repeats)—linked Cas9 system [61]. CRISPR–Cas9 is a simple
nuclease method that is being exploited as a genome editing tool. Many non-GEMM
mice have been developed for various cancers. Though it is an efficient technique,
but sometimes cells expressing Cas9 may evoke specific immune responses, thus
clearing themselves [38].

12.5.9 Zebrafish: An Emerging Model

Zebrafish is the most popular vertebrate model system in developmental biology. It
is also emerging as an attractive in vivo model for imitating human cancer. Short life
span, translucent embryos, ex-uteri embryonic development, and easy maintenance
in small space are the advantages of zebrafish as an animal model. There are some
salient histological similarities for tumor formation in fish and human [14]. It has
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effectively been used as a forward genetic tool. Mutations can be induced in adult
zebrafish chemically and through viral agents or by transposons. Later, the progeny
that develops can be screened for unusual phenotypes. Genes that are mutated in
cancer are analyzed via sequencing or genetic mapping. Many genes associated with
the cancer potential like cell cycle, cell proliferation, and apoptosis have been
determined through this forward genetic screening system.p53; the tumor suppressor
gene mutation is most commonly present in 50% of the tumors. Generally, in mice,
loss of p53 gene allows normal cell proliferation during the developmental phase,
but there might be the occurrence of multiple neoplasm [58, 62]. To understand the
regulation of p53, an effective model was required. Knockdown of p53 through the
injection of morpholino revealed the importance of p53 in apoptosis induced by
DNA damage [63]. One of the most hostile form of skin cancer is melanoma. Almost
67% melanomas carry a BRAF gene mutation. A transgenic model of zebrafish
expressing BRAF and mutated BRAF was generated to understand the role of BRAF
protein in melanoma formation [64].

Similar to mouse models, xenograft transplantation has been performed in
zebrafish as well, and it provides the opportunity for transplantation studies
(Table 12.2). Transplanted cells can easily be monitored and visualized by fluores-
cent tags attached to the target. Various zebrafish cancer models like embryonal
rhabdomyosarcoma, melanoma, T cell acute lymphoblastic leukemia have been
created by transplanting tumor cells of zebrafish into wild type zebrafish to gain
understanding about the initiation and malignancy of tumors. In fact, human tumor
cells have also been transplanted in fish, to exploit the mechanisms involved in
metastasis, tumor growth, and angiogenesis [69]. For evaluation of drug efficacy and
safety, it has become an effective alternative model. It has also been showed that
metastatic cell transplantation halts the development process of zebrafish. The

Table 12.2 Xenograft models of cancer in zebrafish

Type of cell line
for xenograft Purposes Findings References

Metastatic
melanoma

To assess human cancer cell
at different stage of
tumorigenesis

Proliferation, Migration and
formation of mass of
melanoma cancer cell in vivo

[65]

Breast
carcinoma

To investigate angiogenesis Cancer cell invasion, VEGF
induced angiogenesis,
growth of neovessels

[66]

Adenocarcinoma To study invasion and
angiogenesis

RhoC, a metastatic gene
contributes in intravasation
and alteration in
cytoskeleton.

[67]

Leukaemia To develop a cell
proliferation assay that can
be used to screen
therapeutics against
leukaemia.

A sensitive in vivo
proliferation assay that can
detect minor changes in cell
count with accuracy.

[68]

VEGF vascular endothelial growth factor
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underlying reason for the same was nodal protein, the main driver for the
aggressiveness in melanoma. Thus, nodal is a significant therapeutic marker in
skin cancer [70]. However, there are some limitations associated with xenografting
in zebrafish. The tumor microenvironment of zebrafish and human tumor cells
differs; in addition to that niche of tissue and lack of organs (mammary tissue,
lungs) make orthotopic transplantation impossible.

Zebrafish is an emerging powerful animal model organism in cancer therapeutics.
The flexibility of forward and reverse genetic screening is some special advantage in
comparison with others. Besides these, the transparency in the body gives a detailed
evaluation of tumor cells. But more advances in technology at the genetic level are
required to prove it as a novel and promising model organism for human cancer
therapeutics [71].

12.5.10 Dogs: A Companion Model

Canines (dogs) are natural models for spontaneously developing malignant tumors.
Canines develop spontaneous tumors more frequently and share related histopath-
ological characteristics with neoplasm in humans [72]. One of the major problems in
female canines is breast cancer. The frequency of disease reported is two to three
times more in female canines than in human. Several studies demonstrated that there
are striking similarities in breast carcinoma of human and dogs in terms of histology,
biology, and epidemiology [73]. In genome wide comparative analysis, it has been
evidenced that there is a wide overlap in the impaired signaling pathways associated
with the development of the tumor. These pathways are MAPK (mitogen activated
protein kinase), PI3K (phosphatidylinositol 3-kinase)/AKT pathway, Pten (phospha-
tase and tensin homolog), and Wnt-β catenin pathways [74]. HER-2 (Human
epidermal growth factor-2), and BRCA1, 2 get genetically altered. Their
overexpression was found in both canines and human mammary carcinoma [75–
77]. Similarly, non-Hodgkin lymphoma (NHL) is also common among dogs and
human. There are many breeds like bullmastiff, bulldog, and Scottish terrier which
have a risk of developing NHL [78]. To contribute and support effective translational
research, the comparative oncology trials consortium has been established in 2004 in
many biospecimen repositories of canine cancer models. The purpose of this con-
sortium is to identify the novel anticancer targets in canines and provide comparative
genomic studies for effective preclinical trials [79].

Over the past 30 years, canines have been used for clinical trials studies of cancer.
As osteosarcoma is more common in canines than humans, the pet dogs having
osteosarcoma were assessed with operative techniques for limb salvage. It is now
used in the management of pediatric patients. Similarly, to treat pulmonary metasta-
sis clinical trials of inhaling cytokine (Interleukin-2), immunotherapy was success-
fully completed in early phase clinical trials [80, 81]. There is growing attention to
utilize dog as a natural animal model to develop anticancer targets [82, 83]. They
have been included in early preclinical trials of gene therapy conducted for oral
tumors [84, 85].
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However, the expenses to conduct preclinical trials in canine models are compar-
atively greater than mouse models. Besides that, the limited availability of reagents
for the canine cancer model is one of the major hurdles. Many human antibodies
used as reagents exhibit cross reactivity in canines [86]. In the future, this can make
translational research for therapeutic development easier if this gap can be filled.

12.5.11 Swine

Pigs as an animal model have not been used majorly in experimental cancer biology,
but their utility has been exhibited in a broad range of preclinical trials [87]. They are
alike to humans in respect to size, physiology, immunology, metabolism, and
genetics [88–90]. Their life span is longer, allowing the examination of the progres-
sion of disease repeatedly.

Studies have shown that Cyt P450 protein (playing a significant role in processing
and metabolizing the drugs) shares almost the same structure and function in human
and pigs and has homologous xenobiotic receptors [91]. Spontaneous cancers caused
due to natural mutations are very rare in pigs, including lymph sarcoma in young
pigs and melanoma in adult ones. Sinclair and Libechov are the only two spontane-
ous tumor models of pig liable to develop melanoma [92].

Transgenic pig developed by using v-Ha-Ras oncogenes under mouse mammary
tumor virus promoter exhibited no phenotypic response [93]. Cre dependent latent
mutant allele TP53R167H pigs have been developed, which is orthologous to
TP53R175H [94]. Expression of Cre recombinase at confined and tissue specific site
is an important part of designing the pig cancer model [95]. For example, oncopig
HCC (hepatocellular carcinoma) has been developed as the transgenic porcine
model, which is able to reiterate the many hallmarks of human HCC at the transcrip-
tional level. This type of model will be helpful in the identification of biomarker and
treatment of HCC [82]. Some of the genetically modified pigs have been mentioned
in Table 12.3. The development of more genetically precise porcine cancer models
using Crisper Cas 9 is under consideration, which is better in mimicking the
hallmarks of human cancer [99].

Nevertheless, pigs are better models for investigation of the underlying mecha-
nism of cancer and therapeutics. But larger the animal, costlier is the experimenta-
tion. Also, the maintenance over a long period of time under restricted
environmental conditions is an extensively laborious work [99].

12.5.12 Drosophila

Drosophila, the fruit fly, has been applied as an in vivo animal model for the
development and validation of anticancer drugs in recent years. Approximately
75% of human disease genes show conservation with Drosophila [100]. Various
tumor suppressor genes and oncogenes like Notch, Salvador–Warts–Hippo (SWH),
and Hedgehog (Hh) have been first determined in Drosophila [101]. In fact, the
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importance of JAK-STAT in hemocytes of fly was observed even before in human
leukemia [102]. It has contributed to decrypting the epidermal growth factor signal-
ing events in order EGFR-RAS-RAF-MEK-ERK.[103, 104]. High throughput
screening is an effective and dynamic assay that is used for in vivo screening of
drugs against pre-determined targets. For cancer drug screening, the most commonly
used models include cultured cells, whole larvae, whole fly, or organs (eye, wing). It
gives the opportunity for high throughput screening of cancer drugs [105]. Similarly,
the Notch signaling pathway has been discovered originally as an important compo-
nent in the development pathway in the fruit fly. Various studies show
pro-oncogenic properties of Notch in various types of tumors [106]. Gamma-
secretase, which shows inhibitory effects against Notch, is being evaluated for
cancer therapeutics in Drosophila. Therefore, this study suggested that Drosophila
can be utilized as a preclinical animal model to screen drugs against Notch protein.
Abovementioned studies were also validated in mouse xenograft models and human
cell lines [107].

Table 12.3 Genetically modified pigs as a model for human cancers

Name
of gene

Functional
role of
gene Type of cancer Modification Purposes References

BRCA 1 Tumor
suppressor

Breast rAAV mediated
knockout of BRCA
1

To develop
BRCA1
associated breast
cancer model for
anticancer drug
testing and
explore breast
carcinogenesis.

[96]

APC Tumor
suppressor

Colorectal Targeted
mutagenesis of
APC (Adenomatous
polyposis coli.)

To study human
colorectal cancer
pathogenesis for
diagnostics and
its cure.

[97]

KRAS Proto-
oncogene

Pancreatic
ductal and lung
adenocarcinoma

Inducible
expression of
mutant KRASG12D

by Cre system

To reproduce
KRAS-induced
cancers and
explore the
molecular events
underlying
cancer
progression.

[98]

TP53 Tumor
suppressor

Various cancer Conditional
activation of TP53
by Cre system

To mimic the
TP53 germline
or somatic
mutations that
has a major role
in human
cancers.

[94]
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Drosophila can also be a powerful tool in the coming era of drug repurposing. As
different human diseases share common molecular pathways, a single drug can
target all the common signaling pathways related to different diseases [105]. To
perform screening of personalized medicine, specific tumor cells of the patient have
also been transplanted into a fruit fly, also known as Drosophila avatar. This
suggests that it can be a promising candidate for personalized medicine screening
[108]. It is easy to establish transgenic models of Drosophila as it has a shorter life
cycle, and as it shares conserved cell proliferation, signaling with a human makes it
an appropriate model for preclinical testing of anticancer drugs. However, there is an
evolutionary distance between Drosophila and humans which restrict them to
picture the exact symptoms of human. In addition to this, any drug that has been
successfully tested for efficacy and safety in Drosophila cannot go directly for
clinical trials in human. Nevertheless, it can help to determine the suitability of a
drug formulation before planning for trials in expensive murine models [105]. There-
fore, further technological advancements are required before it becomes potent
in vivo tool for preclinical trials in cancer.

12.5.13 C. elegans

C. elegans, a hermaphrodite organism, is a favorite developmental biology model for
many years. It has been used as an ideal model system to exploit different aspects in
the field of biology, i.e., evolution, regulation of stem cell, specification of cell fate,
aging, and tumorigenesis. It has well characterized developmental lineage and is
genetically tractable, opening doors for utility in biological and basic life sciences
research [109]. Recently, it has become a popular invertebrate model for the
investigation and screening of drugs in vivo. The occurrence of translucent tissues
at all stages of development in C. elegans, availability of large number of mutant
strains at CGC (Caenorhabditis Genetic Centre), shorter life span (around 3 weeks),
and availability of whole genome sequence makes it an ideal candidate for high
throughput screening of drugs in vivo [110]. The germline development of
C. elegans is a highly regulated process that is carried by conserved signaling
pathways, which includes Wnt, Ras, and Notch (extrinsic regulators) and cell
cycle proteins (as intrinsic regulators) [111]. Aberrations in above signaling
pathways lead to uncontrolled germline growth, and extra distal tip cell formation
(niche of germline stem cell). All these result in the development of germline tumors
and sterility in C. elegans.

The anchor cell (AC) derived from somatic gonad in C. elegans signals the vulval
precursor cells to form vulva. Studies have shown that VRK-1(vaccinia related
kinase-1) regulates the vulva formation signal. Loss of function in VRK-1 activity
results in anchor cell invasion leading to the destruction of vulval cells affecting the
reproduction process. It is to be noted that many key players involved in anchor cell
invasion have been also reported in mammalian tumor invasion [112].

Exelixis Inc., in collaboration with Bristol Meyers Squibb and DevGen, NemaRx
Inc., has been using C. elegans for anticancer drugs and other drug screening. It was
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identified that farnesyltransferase has an inhibitory effect on the gain of function in
Ras (oncogenes, involved in many cancers), which results in multivulva formation.
It promotes the pro-apoptotic pathway by reversing the gain of function of Ras
oncogenes. This can also be applied in the Ras mechanism dependent on cancers in
human [113].

12.5.14 Reason for Failure of Preclinical Animal Models

Animal models are essential for preclinical trials in cancer. Before stepping into
clinical trials, preclinical trials are performed at in vitro and in vivo level in an
extensive manner. Parameters like efficacy, pharmacokinetics, pharmacodynamics,
and safety parameters of the drugs should be examined. In spite of successful
preclinical trials [114], a large proportion of cancer drug trials fail in the early
clinical phase [115]. The cause of failure is mostly attributed to the poor methodol-
ogy applied, and models fail to mimic the actual human disease condition. Besides
that, the huge loophole lies in animal modeling studies/approaches. Regardless of
failure in clinical trials, animals are still prevalent for testing the toxicity, effective-
ness, and efficacy of drugs [116].

Alternative approaches have also emerged to overcome the failure of animals in
the translation of clinical studies. In silico approach is evolving to refine the experi-
mental protocol and results of clinical experiments. It works on the principle of 3R
(Fig. 12.6). The potent biomarkers and new entities involved in cancerous signaling
can be identified via the computational approach. Like, human protein atlas gives
information on gene expression levels in normal and cancer tissues [117]. Similarly,
driver and passenger mutations can be differentiated by the use of public genomic
databases like the International Cancer Genome Consortium [118]. The signaling
network can be analyzed by Reactome [119], KEGG [120], or Gene Ontology [121].

Fig. 12.6 Venn diagram
representing the 3Rs in
preclinical trials
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12.6 Planning for Animal Study for Preclinical Trials

Planning for an animal study is difficult and complex. Laboratory animal needs
proper care and complex environment prerequisite for their survival that decides for
the whole quality of the experiment. While designing the in vivo protocols, the
primary investigation should be done on literature related to statistics, pathology,
physiology, maintenance aspects of laboratory animals [122].

12.7 Factors to Be Considered for Better Efficacy of Preclinical
Studies

Preclinical efficacy hereby means considering parameters like absorption, distribu-
tion, metabolism, and excretion (ADME), related to drug dose administration.
Besides that, emphasis should be given on pharmacodynamics (PD) and pharmaco-
kinetic (PK) parameters, which determine the translational chances of preclinical
studies. Different animal models have different criteria for drug testing, so the
experiments for preclinical testing should be designed with respect to that specific
animal model that is being utilized for studies. However, by customizing protocol,
an optimal experimental design can be achieved [123].

12.8 Sources of Variation in Preclinical In Vivo Studies

During designing and conducting animal model studies, many variations are consid-
ered from different sources. Like, environment sources (housing, diet, water deliv-
ery, noise, ventilation, temperature, light, humidity) and inherent sources (strain,
sex, weight, pathogen status of an animal) contribute in maintaining the healthy
animal facility. For preclinical studies, dose type, route of administration, timing of
administration for dose, sampling methodology, sample collection site, can influence
the consequences [123].

12.9 Concept of 3Rs

Research on animals is a significant part of biological research. The concept of 3 R
(Replacement, Reduction, and Refinement) has been encrypted in animal welfare
guidelines that govern the ethical aspects of the application of animals in experi-
mental biology (Fig. 12.6) [124]. Replacement means prior to the use of non-animal
methodology over animal models. The reduction is to decrease the usage of animals
for a particular objective and try to obtain maximum data from fewer animals.
Refinement involves minimizing the pain given to animals, stress, or suffering.
The 3R has been used in preclinical trials to reduce animal use and maximize
human translational research [125].
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12.10 Major Challenges

Advancements in genome sequencing technology have led to the elucidation of
complexities in molecular pathways underlying cancer. Still, validating a target
compound is a major obstacle for its commercial use as an effective drug. Despite
the good efficacy during preclinical trials, many compounds fail to give relevant
results in clinical trials [126]. Besides that, animal models of different types have
their own advantages and disadvantages in preclinical testing [127]. Therefore, it is
clear that there is no ideal animal model for cancer that can mimic human as a whole.
Though mice and zebrafish are suitable models for transgenic approaches and
xenograft experiments, but there is a large difference between the two. Zebrafish
are easy to maintain at a larger scale with fewer expenses as their adults are smaller
than mice. On the other hand, in dogs due to ethical concerns, high throughput
assays cannot be performed. Invertebrate models like C. elegans and Drosophila are
small in size and have a short life cycle. Though this makes them a robust model for
gene manipulation and high throughput drug screening, but still xenotransplantation
approaches cannot be accomplished in invertebrate models [128]. Pigs are an
excellent model as they share parallelism with humans in matter of genetics,
anatomy, and physiology. But large husbandry needs for its development, and breed-
ing of multiple strains is a huge task [99]. Thus, optimization of preclinical models
needs to be performed in several areas like gene alteration in a temporal-spatial
manner and ability to recapitulate the heterogenetic nature of human tumors [2].

Besides these, the tumor microenvironment at the primary site and the metastatic
niche in preclinical animal models do not exactly mimic to those in human beings.
Numerous studies have revealed that the microenvironment of a tumor significantly
contributes for both tumor suppression and tumor promoting properties.

12.11 Conclusion and Future Perspective

Several animal models used in preclinical trials of cancer have been discussed in this
manuscript that focus on their significance, advantages, and disadvantages in context
with cancer therapeutics. Animal models are the fundamental, translational model in
preclinical trials. For the last two decades, advancements in the field of transgenics
and genetic engineering have resulted in more improved animal models for preclini-
cal trials of cancer remedies. The ability of animal models to anticipate the clinical
success of preclinical trials is still a disputed issue due to the inability to mirror the
complex process of human tumorigenesis.

The main aim behind the use of preclinical tumor model is to reflect the environ-
ment of human cancer as close as it can. For this, co-clinical trials or parallel
studying the effect of therapeutics in human and in vivo models (like a mouse) is
the new upcoming concept. It can bridge the existing lacunae between humans and
animal models. Ultimately, that will lead to more quick identification of robust
models that would convert this deadly fatal disease into a manageable disease.
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Current advancement in genetic engineering and genome editing technologies has
led to the development of finer tuned models that can mimic human cancer. But,
there is no single animal model developed that could capture all features of the
complex human cancer. Therefore, it is necessary to understand that each model has
its own strengths and weakness. Perhaps, by developing more sophisticated
engineered model systems and other alternatives can reduce the chance of failure
in clinical trials of cancer.
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Abstract

Plant metabolites constitute the most effective treatment for cancer chemopre-
vention in many parts of the world. Although in the past few decades, the
synthetic drugs have overshadowed the market of general medicine, yet the
plant based drugs are still widely adopted in cancer treatment following tight
legislation as well as strict surveillance. Some of the plant derived drugs including
vinca alkaloids, taxanes, etc. have been approved by the US Food and Drug
Administration (FDA) for the treatment of different types of cancers. The major-
ity of research areas under biological sciences these days are centered towards
investigations on the potential of plant products for cancer chemoprevention. This
review presents an overview of the use of various natural plant products and their
derivatives as sole/single agent or in addition to other anticancer drugs in clinical
trials for cancer treatment.

Keywords

Paclitaxel · Vinblastine · Vincristine · Homoharringtonine · Etoposide ·
Teniposide

J. K. Katnoria · A. Kaur · A. Bakshi · A. K. Nagpal (*)
Department of Botanical and Environmental Sciences, Guru Nanak Dev University, Amritsar,
Punjab, India

Savita
Department of Botany, Hindu College, University of Delhi, New Delhi, Delhi, India

# Springer Nature Singapore Pte Ltd. 2020
M. Kumar et al. (eds.), Pharmacotherapeutic Botanicals for Cancer
Chemoprevention, https://doi.org/10.1007/978-981-15-5999-0_13

325

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5999-0_13&domain=pdf
https://doi.org/10.1007/978-981-15-5999-0_13#DOI


13.1 Introduction

Cancer is the second most cause of mortality in humans and in the year 2018 alone
this disease has caused the death of nearly 9.6 million people with the appearance of
18.1 million new cases [1]. The sharp rise in worldwide occurrence of cancer is
attributed to ever increasing human population, industrialization, urbanization,
smoking, use of alcohol, atmospheric pollution, contamination of water reservoirs
with hazardous chemicals, having an unhealthy diet low in fruits and vegetables, etc.
Keeping in mind the morbidity and mortality associated with cancer, there has been
an intense search to develop anticancer drugs to combat this disease. Many pharma-
ceutical companies are trying to use biological sources to find a novel treatment for
this devastating disease. Undoubtedly, prevention from cancer is better than treat-
ment. In the recent past, significant success has been achieved in the production of
vaccines against hepatitis and liver and cervical cancers. Another important
approach to combat this formidable public health problem is chemoprevention in
which synthetic or natural products are used to prevent, inhibit, retard, or reverse the
process of carcinogenesis [2]. Presently, approximately 60% of the current pharma-
ceutical agents notable for cancer chemoprevention are derived from natural
products (NPs) mainly from plants [3]. Natural plant products are the secondary
metabolites that contribute to the survival of plants under biotic or abiotic stress
conditions. The secondary metabolites obtained from plants have proved to be
effective cancer chemopreventive agents.

Plants have been the main source of natural products being used in cancer
chemoprevention as well as therapy. Some of the most effective plant based natural
products in cancer chemotherapeutics include paclitaxel [4], vinca alkaloids—vin-
blastine and vincristine [5], homoharringtonine [6], etoposide, teniposide [7], etc.
Vinca alkaloids (vinblastine and vincristine) isolated from Catharanthus roseus
(Apocynaceae) were the first plant based anticancer agents. They cause disruption
of microtubules resulting in metaphase arrest of cells ultimately causing apoptosis
and cell death [8]. A number of semisynthetic analogues of vinblastine and vincris-
tine including vinorelbine, vindesine, and vinflunine which are comparatively more
effective have been developed [9].

Podophyllotoxins, namely etoposide and teniposide, from Podophyllum spp have
been used for the treatment of different kinds of cancers including lymphomas and
testicular and bronchial cancers [7, 8]. Taxanes are another group of plant products,
isolated from Taxus spp. (Taxaceae), used in cancer chemotherapy. Among taxanes,
paclitaxel (Taxol®) isolated from Taxus brevifolia (Pacific yew) and docetaxel
(Taxotere®), semisynthetic analogue of 10-deacetylbaccatin III isolated from
Taxus baccata (European yew), are the two widely used drugs in cancer therapeutics
mainly in the treatment of non-small cell lung cancer (NSCLC) and breast cancer
[4, 10]. The combretastatins (mainly CA1 and CA4) isolated from Combretum
caffrum are a family of stilbenes that can act as vascular disrupting agents. A number
of synthetic analogues of CA1 and CA4 have been analyzed for cancer chemother-
apy. In one study, a prodrug of CA4, (CA4P—combretastatin A4 phosphate), was
successfully used in combination with two other drugs, namely carboplatin and
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paclitaxel, for treatment of platinum-resistant ovarian cancer [11]. CA1P, phosphate
prodrug of CA1, was successfully used in the treatment of acute myelogenous
leukemia (AML) as well as myelodysplastic syndromes [12, 13].

Homoharringtonine (HHT) was isolated for the first time in 1970 from
Cephalotaxus harringtonia (a Chinese tree). HHT acts as a protein tyrosine kinase
inhibitor and has been used in combination with cytarabine for the treatment of
chronic myelogenous leukemia in myeloid blast crisis (CML-MBC) [14]. Ingenol
mebutate (ingenol-3-angelate), a hydrophobic diterpene ester, obtained from
Euphorbia peplus (Euphorbiaceae) has been used for the treatment of actinic
keratosis which is rough, scaly patch on the skin that may become cancerous [15].

Natural plant products and their synthetic analogues either alone or in combina-
tion with other anticancer drugs have been used in clinical trials for the treatment of
different types of cancer. Table 13.1 summarizes some of the reports on the use of
natural products and their derivatives in different clinical trials for cancer
chemotherapeutics.
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13.2 Conclusion

The literature survey carried out for this study clearly showed the role of different
natural plant products and their derivatives like combretastatin, docetaxel, etoposide,
homoharringtonine, irinotecan, oxaliplatin, paclitaxel, teniposide, vinblastine, vin-
cristine, and others in the treatment of various types of cancer. These plant products
individually or in combinations were found to be effective in cancer chemopreven-
tion and therapy by adopting various mechanisms of actions with the majority of
compounds reported to be acting as vascular and microtubule targeting agents
resulting in mitotic arrest to control cancer. Keeping in mind the world’s natural
diversity, there is still much to be explored. Advancements in technology and
screening programs can help to provide several new prototypes that can be exploited
as new potent pharmacologically active compounds for the treatment of cancer.
Anticancer drugs derived from natural plant products have shown positive results in
research and have progressed into clinical trials. The exploitation of these agents
needs to be managed to keep up with demands and sustainable use of natural
resources. We believe that this review will be helpful for the readers and future
investigators to design new strategies to fight against cancer.
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