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Preface

The contemporary medicines presently available to treat cancers are costly, toxic,
and less potent. The increasing magnitude of the cancer problem and the failure of
conventional chemotherapy to bring about significant reductions in the mortality
rates demand the development of more effective novel therapeutics. Over the past
few decades, polyphenols have risen as a standout amongst naturally occurring
compounds with huge therapeutic perspectives. Despite giving positive results in
pre-clinical studies, these polyphenols have met with limited success in clinics.
Therefore, further research is required to improve their delivery to the specific
sites of the body at particular times and an effective concentration.

Nanotechnology has evolved as an effective alternative approach for the delivery
of chemotherapeutics and imaging. Over recent years, there have been several
attempts to develop novel nanoparticle (NP)-based formulations on
encapsulating different polyphenols as chemotherapeutic agents.

This book reviews various polyphenols for cancer management and evaluates
current trends and challenges for developing polyphenols-based nano-
chemotherapeutics in different cancer models. Different polyphenols, sources, and
bio-physiological properties against multiple diseases, including cancer, have been
discussed in the first chapter. The second chapter highlights the biomedical applica-
tion of different polyphenols (flavonoids, non-flavonoids, and phenolic acids)
through different intracellular/signaling pathways targeting specifically NF-κB,
MAPKs, and PI3K/Akt. In the next chapter, the authors have covered well-known
medicinal herbs and highlighted their antioxidant potential via the free-radical
quenching mechanism. The beneficial role of long-term intake of these antioxidants
on overall health and reduction in cancer risk has also been discussed.

The polyphenols have demonstrated the potential to modulate cancer-causing
transcription factors and signaling molecules resulting in the regulation of cancer cell
apoptosis, proliferation, invasion, and metastasis. In the next chapter, multiple cell
signaling pathways for cancer treatment have been covered. The following chapter
highlights the role of polyphenols as a modulator of oxidative stress. Several
polyphenols have been suggested as a beneficial anti-cancer tool in combination
therapy and standard chemotherapeutic agents leading to fewer side effects.

The next chapter is based on the epigenetic basis of different polyphenols in
cancer treatment. The authors have listed the mechanism of polyphenols targeting
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various epigenetic landscape, their parameters, immunogenic responses, signaling
pathways, and physiological barriers in cancerous cells.

Cancer stem cells (CSCs) are responsible for tumor growth, heterogeneity,
relapse, and cancer progression. They play a role in developing chemotherapeutic
resistance, promoting epithelial-mesenchymal transition (EMT), and metastasis in
tumors. In this chapter, different flavonoids have been explored as potential
candidates, targeting CSCs to treat various cancers. The following chapter highlights
the possible usage of several non-flavonoids and their effect on the reduction/
eradication of CSCs via attenuation of different signaling pathways. In the next
chapter, the author explored polyphenol’s role in nutrition, mainly focusing on fish
and other seafood-based diets enhanced with polyphenols. The polyphenols as
immune/chemotherapeutic agents have also been discussed in this chapter.

Polymeric and lipid nanoparticles are increasingly used for the encapsulation of
different polyphenols for targeted delivery. This nanoformulation enhances the
aqueous solubility, bioavailability, and protects polyphenols from degradation. In
this chapter, the encapsulation potential of different nanoparticulate systems has
been discussed. The next chapter highlights the recent advancement in polyphenols-
based nanotechnology for pharmaceutical applications, mainly focusing on querce-
tin, resveratrol, epigallocatechin-3-gallate, and curcumin. The last chapter provides a
comprehensive literature on the possible usage of green nanoparticles for the
targeted delivery of natural therapeutics to manage glioblastoma multiforme (brain
tumor). The latest knowledge and challenges for developing polyphenols-based
nano-chemotherapeutics against different cancer are highlighted in these chapters.
We hope that this book’s will be a valuable source of information for students,
academics, researchers, clinicians, and medical professionals working in the anti-
cancer research field.

Jeddah, Saudi Arabia Shams Tabrez
Jeddah, Saudi Arabia Mohammad Imran Khan
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Introduction and Classification of Natural
Polyphenols 1
Abrar Ahmad, Varish Ahmad, Mazin A. Zamzami, Hani Chaudhary,
Othman A. Baothman, Salman Hosawi, Mohammad Kashif,
Mohammad Salman Akhtar, and Mohd Jahir Khan

Abstract

Polyphenols are naturally found in plant-based meals, and these molecules come
in a wide range of complex forms. The phenolic ring is the most basic monomer
in polyphenols therefore phenolic alcohols are commonly classified as phenolic
acids. Polyphenols are divided into numerous groups based on the strength of the
phenolic ring, with phenolic acids, flavonoids, stiblins (a type of polyphenol),
phenolic alcohols, and lignans being the most common. Bioactive substances are
phytochemicals that protect human health from chronic degenerative disorders.
Polyphenols are a class of biologically active chemicals found in plant-based
diets. These chemicals are found in fruits, vegetables, grains, and coffee and are
introduced into the human diet. Polyphenols are also thought to help inhibit the
onset of degenerative illnesses. Polyphenol studies were postponed due to their
unique structural complexity characteristics. Polyphenols are the most important
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antioxidants in our food. These obstruct the oxidative transition in the lipoprotein
of low density, and this is the fundamental cause of atherosclerosis occurring in
endothelial lesions. Polyphenols have been studied for their function in the
treatment of cardiovascular disease, osteoporosis, neurodegenerative illness, can-
cer, and diabetes mellitus.

Keywords

Polyphenols · Structures · Classifications · Clinical uses · Food Sources ·
Bioavailability

1.1 Introduction

More than 2000 years ago, Hippocrates said, “Let your food be your medicines and
your food be medicine,” and the health advantages of natural foods have been
studied since ancient times [1]. Plant food like fruits and vegetables provides the
human body with calories and other critical nutrients and has a significant role in the
health of people [2–5]. Over the last 16 years, secondary plant metabolites have been
increasingly researched and their potential to promote human health has been
substantiated [6]. It is recognized that these plant compounds play a crucial role in
adapting to their environment [7], but they are also a source of active medicines
[8]. The significance of primary metabolites in basic activities of life, such as growth
and development, breathing, storage, and reproduction, has been clarified for almost
200 years in contemporary chemical and biology [9–11]. Kossel was the first
scientist to find secondary metabolites compared with primary metabolites
[12]. Czapek was the second person to identify novel actions for phytochemicals
and coincide with the phrase “finished product” for these molecules because of the
advancement in biochemical testing in the mid-twentieth century [13]. Polyphenols/
Phytochemicals (PCs) are a diverse, diverse, bioactive, and omnipresent group of
secondary plant metabolites that form a major component of the human diet and are
significantly important because of their biological characteristics [14–17]. Several
studies have examined the health benefits of polyphenols during recent decades [18–
20]. The risk of cardiovascular disease [21], colon cancer [22], liver disorders [23],
diabetes [24], obesity [25, 26], and other diseases can be minimally reduced by the
use of polyphenols-rich diet. In plants, these substances are usually produced as a
protective agent for physiological and environmental stimuli [18, 27, 28]. Many
features of the chemical and biological activity of these compounds were identified
and analyzed in recent years with regard to the human health benefits of PCs [29] and
many of their chemical and biological activity aspects were identified and evaluated
[30, 31].

PCs have advantages such as their accessibility, reaction specificities, and low
toxicity, whereas their rapid metabolism and their low bioavailability are the main
disadvantages [28, 32]. Many factors, including environmental considerations (i.e.,
sunshine exposure, precipitation, diverse crop varieties, fruit yield from trees, etc.)
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and biochemical considerations (e.g., degree of maturity, storage, and cooking)
[33, 34] may have an impact on plant and food concentrations of PC [20].

PCs are the major secondary metabolites of plants in human diets, especially
glycosides of these plants, which offer a wide variety of health benefits [35]. Natural
source compounds appear in recent decades to have taken on a distinctive role in
pharmacies and are now being used to create and produce new pharmaceutical
medicines [36]. In addition, these compounds are often used to boost therapeutic
effectiveness in pharmacological studies.

Polyphenols can boost the bio-efficacy and bioavailability of conventional drugs.
More than half of these chemicals, according to a research of PC literature with over
20,000 published studies on the subject [37], show the broad benefit of PCs to
human cultures [38] as antibacterial, antifungal, anti-inflammatory, and anticancer
effects. There has been a great deal of study on computers around the world and
several scientific publications have published and indexed them. What kinds of PCs
are the most widely studied in the globe and which signaling pathways are being
modified by PCs which offer health benefits to people? This analysis concentrates on
the most researched PCs and nations with the highest interest in PC research,
together with a complete overview of the biology and health benefits of the most
sought-after Dietary PCs.

1.2 Polyphenols

Polyphenols are one of the most important, if not most, of the phytochemical groups
found in plants. Polyphenols are thought to aid digestion, functioning of the brain,
and to protect against cardiovascular disorders, type 2 diabetes, and various cancers
when they are ingested daily. The most well-known sources are red wine, dark
chocolate, tea, and berries. However, several additional meals contain significant
levels of such chemicals [39]. More than 8000 phenolic structures, of which over
4000 are flavonoids and hundreds of which are found in food plants were identified.
However, as many of the phenolic compounds contained in fruit, vegetable, and
derivatives are unknown, the methods and analytical technologies utilized have been
avoided, and in most fruits and certain cereal varying grades, their composition is
still unknown in Fig. 1.1 [40].

1.2.1 Polyphenol’s Chemical Structure

The term polyphenols refers to a vast collection of compounds that can, on the basis
of their source, biological function, or chemical structure, be categorized into several
subclasses or subdivisions. A range of organic acids and carbohydrates can chemi-
cally be combined with structural phenolic properties. The general structures of
traditional flavonoids are illustrated in Fig. 1.2. As indicated in Fig. 1.3, many
egg-like plants, fruits, and vegetables contain polyphenols and other chemicals,
such as carotenoids, vitamin C, and vitamin E [24, 41]. These polyphenols are
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considered to have a health effect on both humans and animals. Other foods and
drinks derived from these, such as red wine high in resveratrol, extra virgin olive oil
high in hydroxytyrosol, chocolate, and tea, especially green tea high in
epigallocatechin gallate (EGCG) [42] Fig. 1.4, are among the most abundant natural
antioxidants to human diets but are also the most abundant natural antioxidants in
human diets.

The term polyphenols refers to a large group of chemicals that can be classified
into various subclasses, or subdivisions, based on their origin, biological function, or
chemical structure. Compounds with structural phenolic characteristics can be
coupled with a variety of organic acids and carbohydrates chemically. Figure 1.2
illustrates the general structures of typical flavonoids. Many edible plants, fruits, and
vegetables contain polyphenols, as well as other compounds such as carotenoids,
vitamin C, and vitamin E [24, 41], as illustrated in Fig. 1.3. These polyphenols are
thought to be responsible for both human and animal health effects. Fruits,
vegetables, and whole grains are the most abundant natural antioxidants in the

Fig. 1.1 Specific flavonoid structures [40]

Fig. 1.2 General Phenolic
Acid Structural Formulae [40]
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Fig. 1.3 Flavonoid derivatives with basic structures found most commonly [24]

Fig. 1.4 Polyphenol commonly found in fruits and coffee with certain phenolic rings [41]

1 Introduction and Classification of Natural Polyphenols 5



human diet, but so are other foods and beverages derived from them, such as red
wine, which is high in resveratrol, extra virgin olive oil, which is high in
hydroxytyrosol, chocolate, and tea, particularly green tea, which is high in
epigallocatechin gallate (EGCG) [42] Fig. 1.4.

1.2.2 Ball-and-stick Model of Phenol

The majority of them are glycosides, which are related to sugars in plants.
Carbohydrates and organic acids can be linked to the skeletons of polyphenols in a
variety of ways. Polyphenols contain simple compounds like phenolic acids as well
as complicated structures like proanthocyanins, which are highly polymerized
molecules.

1.2.3 Classification

The structural components, which connect these rings to one other, and the
corresponding substituents can therefore be separated into separate categories
based on the number of phenolic rings in their arrangements. This can differentiate
two primary groups: flavonoids and non-flavonoids. Flavonoids have a structure
consisting of two aromatic rings, A and B, linked to the oxygenated C-ring, by three
carbon atoms and subdivided into six subclasses according to the type of heterocycle
involved (C-ring), which are: Non-flavonoids, Flavonols, flavonols, flavanols or
flavanol-3-ols and/or flavan-3-ols, anthocyanins and isoflavones and flavanones,
and flavanonolins, flavanonols, or catechins; Some of the easy phenols to be
subdivided [24, 40–42] are benzoic aldehydes, phenolic acids, tannin hydrolyzable,
acetophenones, and phenylacetic acids, coumarin, benzophenones, xanthones,
stilbenes, lignans, and secoiridoids.

1.3 Variety of Plant, Plant Products, and Polyphenol Content

While several types of phenol, such as quercetin (flavonole, see figure), are found in
the bulk of vegetable products (tea, wine, cereals, legumes, fruit, juices, etc.) (e.g.,
flavanones in citrus, isoflavones in soya, phloridzin in apples, etc.). Apples had
among other polyphenols for instance flavanols, chlorogenic acid, hydroxycinnamic
acid, phloretin glycosides, and anthocyanins. Other influencing elements include
environmental and harvest maturity conditions, domestic or industrial processing,
storage, and plant species. Factors that influence polyphenol concentration include
Strawberries, lichi, and grapes have the highest concentration of Polyphenol among
fruits, whereas artichokes, parsleys, and Brussels have the highest content of Poly-
phenol in fruits. Lowest concentration of polyphenol are found in melons and
avocados [43].
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1.4 Polyphenols’ Various Health Benefits

1.4.1 It Can Decrease Blood Sugar Levels

Polyphenols can help to reduce blood sugar levels, lowering the risk of type
2 diabetes. This is largely due to polyphenols’ ability to prevent starch from being
broken down into simple sugars, lowering the risk of blood sugar increases after
meals. These compounds can also help in stimulating the secretion of insulin, a
hormone needed to transfer sugar into your cells from your bloodstream and
maintain healthy blood sugar levels. Various studies further relate diets rich in
polyphenol to lower levels of fasting blood sugar, higher glucose tolerance, and
improved insulin sensitivity, all important factors that reduce the type 2 diabetes risk.
In one study, persons who ate the most polyphenol-rich foods had a 57% lower risk
of acquiring type 2 diabetes over the course of 2–4 years than those who ate the least.
According to studies, anthocyanins have the most anti-diabetic effect of all
polyphenols. They are commonly found in red, purple, and blue foods including
berries, currants, and grapes [44–46].

1.4.2 Your Risk of Heart Disease Could Be Diminished

Adding polyphenols to your diet will increase the health of your heart. Experts agree
that this is partially attributable to the antioxidant effects of polyphenols, a risk factor
for cardiac disease that helps minimize chronic inflammation. Polyphenol
supplements are related to lower blood pressure and LDL (bad) cholesterol levels,
as well as greater HDL (good) cholesterol in two recent reviews. Another research
showed that in those with higher levels of enterolactone, which is a measure of
lignan intake, a 45% lower risk of death from heart disease was found. In flax seeds
and whole grains, lignans are a type of polyphenol usually found [47].

1.4.3 Blood Clots Can Be Avoided

Polyphenols may reduce your chances of forming a blood clot. Blood clots occur
when platelets circulating in your bloodstream start clumping together. Platelet
aggregation is a technique for controlling excessive bleeding that works well. Excess
platelet accumulation, on the other hand, can lead to blood clots, which can result in
serious health problems such as deep vein thrombosis, stroke, and pulmonary
embolism. According to test-tube and animal studies [48], polyphenols can help
inhibit platelet aggregation, decreasing the formation of blood clots.

1 Introduction and Classification of Natural Polyphenols 7



1.4.4 It Can Protect You from Cancer

Research consistently tries diets high in plant foods to a lower risk of cancer, and
polyphenols are partly responsible for this, as assumed by many experts.
Polyphenols, both of which can be helpful for cancer prevention, have significant
antioxidant and anti-inflammatory impacts [49]. A recent analysis of test-tube
studies indicates that polyphenols can block the development and growth of different
cancer cells [50]. In humans, some studies have related high polyphenol intake blood
markers to a lower risk of breast and prostate cancer, while others have no effects
[51, 52]. Therefore, before firm conclusions can be made, further studies are needed.

1.4.5 It Can Encourage Good Digestion

Polyphenols can help digestion by stimulating the growth of healthy gut bacteria
while fending off toxic ones [53]. For example, evidence indicates that extracts of
polyphenol-rich tea can foster the growth of beneficial bifidobacteria. Similarly,
polyphenols from green tea can help in combat against harmful bacteria, like E. coli,
Salmonella, and C. difficile. As well as improving the symptoms of peptic ulcer
disease (PUD) and inflammatory bowel disease (IBD) [54]. In addition, emerging
research suggests that polyphenols can assist probiotics to flourish and survive.
These are beneficial bacteria that exist and can be taken in supplement form in
some fermented foods. More research however is required.

1.4.6 Brain Function Can Be Encouraged

Foods rich in polyphenols can improve your concentration and memory. One study
showed that in older adults with moderate mental illness, drinking grape juice, which
is naturally abundant in polyphenols, helped to dramatically improve memory in as
little as 12 weeks [55]. Others believe that cocoa flavanols can increase blood flow to
the brain and have related these polyphenols to enhanced memory and concentration
at work [56]. Similarly, Ginkgo biloba, a polyphenol-rich plant extract, seems to
improve memory, learning, and concentration. In those with dementia, it has also
been related to improved brain function and short-term memory [57]. Polyphenols
can prevent blood clots, lower the level of blood sugar, and lower the risk of heart
disease. While more research is required, they can also promote brain activity,
improve digestion, and give some protection against cancer.
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1.5 Polyphenol-rich Foods

Although the best-known sources of polyphenols are currently tea, dark chocolate,
red wine, and berries, many other foods also contain high concentrations of these
beneficial compounds. Here are the 60 polyphenol-richest foods, classified by
category [58].

S. no. Name of fruit

1. Apples

2. The Apricots

3. Chokeberries in black

4. Red and black currants

5. Elderberries in black

6. Yellow grapes

7. Bromberries

8. Blueberry

9. The Quarries

10. Grapes

11. Grapefruit

12. Lemon

13. Nectarines

14. Peaches

15. Pears

16. Grenade

17. Pens

18. Framboises

19. Strawberry

Vegetables

20 Asparagus

21 Carrots

22 Endive

23 Potatoes

24. Red Chicory

Seeds and nuts

25. Yogurt soy

27 White Beans

28 Milk soybeans

29 Meat from soy

30 Sprouts from soybeans

31 Tofu

32 Tempeh

33 Black beans

34 Lettuce in red

35 Yellow and red onions

36 Spinach

(continued)
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Having ingredients from each of these groups in your diet gives you a wide range
of polyphenols. Many foods from plants are naturally rich in polyphenols. A smart
way to improve your consumption of these beneficial nutrients is to include a
number of these foods in your diet.

1.6 What Are Supplements of Polyphenols?

Supplements have the advantage of delivering polyphenols at a stable dosage. They
still have some possible disadvantages, however. First, it has not been reliably
shown that supplements provide the same benefits as foods rich in polyphenols
and do not contain any of the additional beneficial plant compounds usually found in
whole foods. In addition, when interacting with the many other nutrients naturally
present in foods, polyphenols appear to function best. Whether isolated polyphenols,
such as those in supplements, are as effective as those contained in foods is currently
uncertain [59]. Lastly, polyphenol supplements are not regulated, and many contain
doses that are more than 100 times greater than those in foods. In order to determine

S. no. Name of fruit

37 Shallots

Legumes

38 Almonds

39 Chestnuts

40 Rye

41 Oats

42 Hazelnuts

43 Seeds of flax

44 Pecans

45 Walnuts

46 Cereals

47 Capers

48 Vinegar

49 Red wine

50 Oil from rapeseed

51 Ginger

52 Tea

53 Olive oil

54 Dark Cake Chocolate

55 Powdered Cocoa

56 Dehydrated peppermint

57 Thyme

58 Rosemary Marriage

59 Oregano from Mexico

60 Cinnamon Dried Out

10 A. Ahmad et al.



safe and efficient dosages, further study is needed, and it is uncertain if these large
doses are beneficial. Polyphenol supplements do not offer the same health benefits as
polyphenol-rich diets. There were no effective or safe doses found [60].

1.7 Potential Risks and Adverse Reactions

For most individuals, polyphenol-rich foods are healthy. Supplements that appear to
have much higher levels of polyphenols than those usually found in a balanced diet
cannot be said the same. Animal studies indicate that high-dose polyphenol
supplements can trigger thyroid hormone levels to cause kidney damage, tumors,
and imbalance. They can cause an increased risk of stroke and premature death in
humans. Some supplements rich in polyphenols can interfere with the absorption of
nutrients or interact with medication. They can decrease the capacity of your body to
absorb iron, thiamine, or folate, for example. If you have a nutrient deficiency
diagnosed or are taking medicine, it might be safer to talk about polyphenol
supplements with your healthcare expert before taking them. In addition, certain
foods high in polyphenols, such as beans and peas, can be lectin-rich. Lectins can
cause unpleasant digestive symptoms, such as gas, bloating, and indigestion, when
consumed in large amounts. If this is a problem for you, before eating your legumes,
consider soaking or sprouting them, as this will help to reduce the content of lectin
by up to 50%. Polyphenol-rich foods are considered safe for most people, while
supplements may cause more harm than good. Try soaking or sprouting polyphenol-
rich legumes prior to consuming them to minimize gas, bloating, and
indigestion [61].

1.8 Bioavailability

Polyphenols rely mostly on their bioavailability to express their biological
characteristics. Defined by its chemical composition are the limit and speed of
absorption in the intestines. A large source of flavanone is Citrus fruit, while
Green Tea supplies catechins that are widely accessible [62]. The plasma antioxidant
activity after the intake of meals rich in polyphenol offers the necessary data for the
evaluation for phenolic composite absorption in the intestines when phenolic
concentrations in urine and plasma are assessed [63]. When a number of flavonoids
are absorbed into the intestines, plasma content gradually falls. Because of the strong
affinity of plasma albumin to quercetin, it has a prolonged half-life for removal.
Normal glycosylation is used to treat flavones, isoflavones, flavonols, and anthocya-
nin [64]. Glucose and rhamnoses, which are chemical-bonded, are prevalent, such as
xylose, glucuronic acid, and Galactose.

Polyphenols typically comprise one sugar but may contain two or three sugar
replacements and wide diversity. The malonic acid group can also replace sugars.
Glycosylation determines both the chemical, physical and biological properties of
polyphenols that explains why quercetin and quercetin-3-O-rhamnoglucoside are
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different in their hydrophilic qualities. The mucosal and colon-microflora of gastro-
intestinal are two sites in which glycosidase can develop, which is endogenous, so
that glycosidase is present in food. Human cells often release—glucosidases, and
during development a tissue-specific model of expression is generally controlled.
The latent substrates of each cell are combined to xylose and glucose by
polyphenols [65].

The only enzymes that can split polyphenols that are linked to rhamnose,
microflora-rhamnosidases, are human glucosidases. Acids such as gallic acid are
often used for epicatechin acylation. Galloyl substitution does not appreciably
modify the partition coefficient of flavanols, and bioavailability is not influenced
in the form of glycosylation. Flavanols are absorbed independently of hydrolysis
while passing through a cellular membrane. Caffeine is often esterified with fats,
lipids, and organic acids. Chlorogenic acid, which is found in coffee in significant
quantities, is generated if quinic acid is esterified with caffeic acid. Chlorogenic acid
and caffeic acid cannot be separated from human tissue by esterases, and no
chlorogenic acid can release caffeic acid. Only in the colon microbiota can
chlorogenic acid be treated [66].

Polyphenols also pass through the small intestine without being absorbed,
influencing the intestinal bacteria that colonize it. Two-dimensional reactions
occur as a result of these transiting polyphenols [67]. First and foremost,
polyphenols are physiologically transformed into their more accessible metabolites.
Second, polyphenols are most likely to change the microbial community of the gut
by blocking harmful bacteria and increasing beneficial bacteria. These can boost
beneficial microorganisms by acting as a prebiotic metabolite in the latter. As a
result, interactions between dietary polyphenols and gut microbiota can affect the
health of the human host [68].

1.9 Conclusion

Polyphenols, which are divided into flavonoids, phenolic acid, polyphenolic amides,
and other polyphenols, are beneficial substances found in a variety of plant diets
[69]. Besides protecting against blood clots, heart disease, and certain cancers, they
can improve digestion, brain function, and blood sugar levels [70]. In order to
establish appropriate and safe dosages of polyphenol supplements, further research
is required. It is therefore best to focus on foods for the time being rather than
supplements to improve your intake of these safe compounds [71, 72].
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Abstract

Natural products are infinite resources of phytochemicals which continue to serve
humans as natural drugs since ancient times. Polyphenols are natural plant-
derived pharmacologically active compounds which have potential therapeutic
properties including antioxidant, anti-inflammatory, and antitumor. Edible plants
particularly phytochemicals and their biological activity in the human body is a
trending subject of scientific investigations. Polyphenols are divided into three
categories: flavonoids, non-flavonoids, and phenolic acids. Flavonoids have been
further categorized as flavones, flavanones, flavonols, flavanols, and isoflavones,
even as phenolic acids are classified into hydroxybenzoic and hydroxycinnamic
acids. Polyphenols are bioactive compounds to manage the several autoimmune
disorder such as vitiligo, ulcerative colitis, and multiple sclerosis through eliciting
various intracellular pathways specifically (NF-κB), signaling pathway, mitogen-
activated protein kinases (MAPKs) pathway, and phosphatidylinositol 3-kinase/
protein kinase B (PI3K/Akt) signaling pathway. This chapter tends to provide a
new insight into biomedical application of polyphenol for cancer, UTIs, diabetes,
cardiovascular disorders, and neurodegenerative disorders.
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2.1 Introduction

Nature, the master craftsman of molecules, created almost an inexhaustible array of
molecular entities. Polyphenols are the exclusively plant-derived compounds that
have unique chemical makeup like phenolic compounds with powerful antioxidant
features [1, 2]. Fruits, herbs, green tea, grains, and secondary metabolites are great
source of polyphenols [3]. More than 8000 polyphenols are produced by plants as a
secondary metabolites [4–6].

Nowadays, researchers are focusing on the identification of natural antimicrobial
chemicals in food and developing new compounds for healthy nourishment from
alcoholic products [7]. Because many of these compounds [5] are particularly
meaningful among the entire group of “natural” beneficial compounds [8], the
present literature would provide a quick summary of their classification.

Polyphenols are the best group of phenolic system that have at least two phenyl
rings and one or more hydroxyl moieties [9]. This concept encompasses a wide range
of heterogeneous compounds in terms of their sophistication. There are two major
groups of polyphenols such as flavonoids and non-flavonoids or subdivided
[10]. The phenolic ring is the fundamental monomer in polyphenols that are
categorized as phenolic acids and phenolic alcohols [11]. Polyphenols are divided
into several categories depending on the size of the phenolic ring, but perhaps the
most prominent are phenolic acids, flavonoids, stiblins, phenolic alcohols, and
lignans [12].

Polyphenols are widely present in plant-based foods which are leading
ingredients of a healthy human diet due to their versatile chemical structures
[13]. Bioactive compounds are phytochemicals that shield human lives from chronic
degenerative diseases [14]. That is why polyphenols are often used as a degenerative
disease preventative [15]. Polyphenols are a family of pharmacologically important
plant derivatives and most frequent antioxidants in our diet [16]. These suppress the
oxidative modification in low-density lipoproteins, which is the underlying premise
in atherosclerosis endothelial lesions [17]. A huge body of growing literature
supports the application of polyphenols in the treatment of cardiovascular disorder,
osteoporosis, neurodegenerative disease, cancer, and diabetes mellitus [18]. The
biological activities of bioactive polyphenolic compounds are shown in Fig. 2.1.

This chapter will explore the knowledge about recent advancements in
polyphenols application, classification, and their bioavailability.
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2.2 Common Classification of Polyphenols

2.2.1 Non-flavonoids

The two major classes of polyphenolic compounds are hydroxycinnamic and
hydroxybenzoic acids. Human diet has a very minute amount of hydroxybenzoic
acids hence these are not really presumed to serve a key role in health [19]. The
backbone of cinnamic acid and benzoic acid variants have C1-C6 and C3-C6,
respectively [20]. Fruits and vegetables possess free-state phenolic compounds
[21] while hull, bran, and seed have linked-form phenolic compounds [22]. Acid,
alkali, and enzyme oxidation liberate linked phenolic acids from bran, hull, and seed
[23]. These acids are rarely found in plant-based food despite blackberries and some
red fruits that produce <270 mg/kg of fresh weight [24].

2.2.2 Flavonoids and Their Classification

Flavonoids comprise two benzene rings joined by three carbon chains from a near
pyran ring which are widely disturbed in all vascular plants [25]. Over 4000
flavonoids have been discovered in plants which are divided into six classes based
on the oxidation state of the central carbon [26]. These classes include flavanones,
flavanols, flavonols, isofalvons, flavons, and anthocyanidins [27, 28]. The double
bond can be seen among C3 and C2 in flavonols, and a hydroxyl group is connected
at C3 [29, 30]. Flavonols account for most flavonoids derived from various foods.
Flavonols compounds are particularly abundant in onions [31], and they are often
present in broccoli [32] and leeks [33].

Flavonoids have a specific backbone configuration of C6-C3-C6, including two
phenolic monomers (C6). Flavonoids categorize into four subclasses based on their
hydroxylation configuration: flavonols, flavones, flavanones, and anthocyanidins
[34]. The C2 of the third ring is linked with the second ring in several flavonoids,
but C3 and C4 covalently bonded with each other. Although chalcones lack a third
ring, they are as flavonoids and abundant in apples and hops [35]. Glycones (Sugar-
moiety) form glycosidic linkage with non-sugar par (aglycone) to produce
glycosides which have potential antidiabetic activity [36].

Isoflavones is a subclass of flavonoids that has a diphenyl-propane structure in
which third ring (C-ring) is joined to second ring (B-ring) through its C3 position
[37]. Such compounds are ubiquitous in legumes, red clover, alfalfa, and kudzu
[38]. Soybeans are the major source of isoflavones which have a stronger effect on
the human body [38]. Daidzein and genistein, along with glycetein, are two main
isoflavones, found in soy and red clovers which are potentially modulating the
neutrophil recruitment to surgery site [39]. Most widespread isoflavone-aglycones
are 7-O-glucosides and 6”-O-malonyl-7-O-glucosides in beans and soy plants which
behave like anti-aging agent [40]. Mostly neo-flavonoids are not present in plants but
dalbergin seems to be the most abundant neo-flavonoid occurring in plant-based
foods [13].
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Flavonols are present at fruit covering because their production is stimulated by
light. As, the light to the various edges of the fruits on the same vine, and even on the
same piece of fruit, is not equally falling that is why the flavonols content cannot be
produced constantly [41]. Catechins and epicatechins have antioxidant properties
which are chiefly present in wine and tea [42]. Flavones are far less abundant
flavonoids with a double bond between the C3 and C2 carbon atoms [43]. Flavones
(2-Phenyl-chromen-4-one) are widespread in the peel or skin of fruits such as
berries, fruit peels, grape, parsley, olives, lettuce, and cranberries [44]. The flavone
concentration of mandarin essential oil is 6.5 g/L. The classification and chemical
structure of polyphenols and their types are shown in Table 2.1.

Flavonones have three saturated carbon rings and an oxygen molecule at C4

[45]. Flavanones are quite typically present in citrus fruits as well as in aromatic
plants [46]. Oranges, eriodictyol, and lemons produce a significant quantity of
hesperidin approximately 470–761 mg/L [47]. Flavonones are abundant in hard
parts of fruits and integument; entire foods have five times more amount of
flavonones as compared to juices [48]. In isoflavones, the occurrence of –OH in
between C4 and C7 just like in estradiol which is declared as the array of these
compounds is associated with estrogens along with their ability to adhere to estrogen
binding receptors. Due to their functional ability, these compounds are referred to as
phytochemicals [49].

Soy and its ingredients, mainly glycitein and geinstein, are the major sources of
isoflavones, that can be considered as aglycones or covalently linked with glucose
monomer [50]. Soy milk has over 1530–130 mg/L of fresh soy which is sensitive to
temperature and transforms to glycosides when heat is applied [51].

The existence of two double bonds in the heterocyclic rings of anthocyanidins
and anthocyanins separates them from other flavonoids [52]. Glycosylated
anthocyanins are water-soluble pigments that occur in vibrant color flowers and
fruits; they are responsible for many of the colors which are used [53]. Fruit covering
is the main source of anthocyanins, that are reported in the form of anthocyanidins
and a moiety of sugar at C3 or at the 5, 7-position of the A-ring [54]. Polyphenol
Amides Avenanthramides and capsaicinoids are reported to comprise significant
features in terms of antioxidant and anti-inflammatory properties. Interestingly,
these compounds are associated with peculiar foods: chili peppers when speaking
of capsaicinoids and oat products with relation to avenanthramides [55].

2.3 Universe of Polyphenols and Their Bioavailability

Bioavailability of polyphenols is a measure of a significant amount of substance
enter into circulation and get access to target organ to perform physiological
function. Bioavailability mainly depends upon the two major factors; how much
we get (absorption) and how much we exit out (Secretion). It seems to be important
to know that polyphenols are most common in human diet but are not produced in
human body. Their non-productivity confers due to narrow range of cellular activity,
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poor absorption into small intestine, high metabolization, and quick excretion out of
the body. Most common pathways of polyphenol metabolism are shown in Fig. 2.2.

Polyphenol’s biological activities are strongly influenced by their bioavailability
[56]. Their chemical makeup dictates their penetration capacity and frequency
within the intestine [57]. Different food materials have different rate of bioavailabil-
ity due to their unique molecular structure. Like green tea contains catechins with
high bioavailability [58], while citrus fruits are rich in flavanones [59]. Although
phenolic compound’s concentration in plasma and urine can be examined during
intake of a polyphenol-rich food. While the antioxidant potential of plasma supports
clear evidence necessary to determine the absorption of such compounds in the
intestine [60].

Flavonoids absorption into intestine gradually decreases the content of plasma
into human body [61]. Because plasma albumin also has strong specificity for
quercetin, which has a comparatively long dissolution half-life [62]. Glycosylation
is typically the last phase in flavonoid biosynthesis, and it improves or facilitates
flavonoid aglycone solubility, storage, and stabilization [63]. Glycosylation occurs
in flavones, isoflavones, flavonols, and anthocyanins with the help of UDP-glucose
glucosyltransferases (UGTs) [64]. Biologically, glucose and rhamnose, as well as
xylose, glucronic acid, and galactose, are covalently linked to each other for the
formation of complex bioactive compounds.

Fig. 2.2 Mechanism of polyphenol digestion in the human digestive system for the availability to
target cells
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The variation in hydrophilicity of quercetin and quercetin-3-O-rhamnoglucoside
is partly related to glycosylation, which further assesses the chemical, physical, and
biological properties of polyphenols. Glycosidase action could be noticed within
mucosa of the digestive tract and the microbiota of the large intestine and can also be
observed in food [65].

Human cells naturally produce α-glucosidases on occasion, and the tissue-
specific model of expression is usually controlled throughout development [66]. Indi-
vidual cells have dormant substrates composed of xylose or glucose attached to
polyphenols. Although human β-glucosidases can not break the polyphenol bound to
rhamnose, microflora-rhamnosidase seem to be the only way to hydrolyze
it. Epicatechins are acylated mainly with acids like gallic acid which promote the
growth of muscle, brain, and heart. Galloyl replacement of flavanols seems to have
no influence on glycosylation [67].

Caffeic acid is often used to esterify sugars, lipids, and organic acids. Once quinic
acid and caffeic acid are esterified, chlorogenic acid is formed, which is found in
significant amounts in coffee. Esterases present in human tissues never hydrolyze
chlorogenic acid, and caffeic acid cannot be extracted from chlorogenic acid. The
colon microbiota seems to be the only site where chlorogenic acid can be digested
[68, 69].

Moreover, polyphenols migrate via the small intestine without even being con-
sumed, which causes decolonization of gut microbiota. This action is achieved in
two major steps; firstly, Polyphenols biologically transform into their more bioactive
metabolites. Second, polyphenols switch the intestinal microbiota community’s
profile, quite probably via suppressing harmful bacteria whereas promoting healthy
bacteria. These can serve only as prebiotic metabolites in the latter, enhancing the
good bacteria. Consequently, dietary polyphenols and intestinal flora associations
may have an impact on human host health [70].

2.4 Bioactivities of Polyphenols

Polyphenols are the most promising agents which have a wide range of biological
activities including anti-inflammatory, antioxidant, anticancer, etc. They provide
protection to the biological system from different diseases by boosting innate
immunity. The role of polyphenol in different diseases is shown in Fig. 2.3.

2.4.1 Polyphenols and Cardiovascular Diseases

According to WHO, 17.5 million people died because of cardiovascular disease in
2005 and approximately 23.6 million people will die from CVDs, mainly from heart
disease and stroke in 2030. Polyphenols are also known as cardioprotective which
target different molecular pathways to lower the mortality rate.

Strokes and coronary heart disease are the key factors of death in advanced
countries [71]. Exogenous and endogenous factors are also involved in the onset,
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severity, and progression of cardiovascular disease [72]. Regular exercise, tobacco,
dietary fat intake, and several other factors all play a significant role in the incidence
of heart disease. It seems to be difficult to identify a single factor in this dynamic
group that induces such disorders. Epidemiologists proved that a diet rich in
polyphenols, including tea, vegetables, fruits, and cocoa, has been associated with
a lower risk of cardiovascular disease. Polyphenols consumption is inversely pro-
portional to the incidence of heart diseases [73].

The intake of flavanols, flavonols, and flavones was found to provide an opposite
relation towards coronary disease. The ingestion of flavanones and anthocyanins
minimize mortality because of cardiovascular disease. Drinking three cups of tea a
day decreases the risk of heart disease by 11%. Despite cardiovascular disease, there
seems to be some controversy about which polyphenols are more successful.
Flavonoids present in cocoa and soy provide a detrimental effect on heart disease,
but others are ineffective [74].

Flavonoids and flavonoid-rich ingredients ingestion can boost the recovery rate of
endothelial function in humans as reported by a significant improvement in

Fig. 2.3 Role of Polyphenols in different diseases
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NO-dependent flow-mediated dilation. Polyphenols are cardioprotective by
performing following functions; Low blood pressure, enhanced endothelial function,
and platelet aggregation (which are inhibited by the reduction in oxidation of
low-density lipoprotein) [75] and minimal inflammatory response [76].

Cocoa, dark chocolate, and tea are the most promising agents to protect the
human body from cardiac infections. Harvesting free radicals, chelating redox active
transition metal ions, suppressing redox active transcription factors, retarding
prooxidant enzymes, and triggering antioxidant enzymes are all methods of flavanols
to show their magic antioxidant response [77]. High proportion of flavanol in diet
lowers blood pressure, hypertension, and death rate of heart diseases. According to
findings, an increase in the frequency of black tea intake decreases the risk of high
blood pressure. Tea consumption for a brief period has no perceptible effect on blood
pressure drop. Purple grapes, tea, and cocoa all have heart-healthy properties [78].

2.4.2 Polyphenol and Cancer

The mortality rate because of cancer is very high due to its contagious nature,
approximately 18.1 million new cancer cases have been reported and 9.6 million
cancer deaths. A case of breast cancer is diagnosed among women in every 19 s, and
every 74 s a woman dies of breast cancer somewhere in the world [79, 80]. Cancer
encompasses a range of diseases that are characterized by such a disruption in the
regulation of cell growth and metabolism [81]. In addition, since the regulation of
uncontrolled cell growth is just a main feature of cancerous cells, any agent which
can prevent malignant cell growth can be used as a chemo-preventive agent. The
anticancer activity of different polyphenols for different types of cancer is shown in
Table 2.2.

There are also various types of cancer, such as breast cancer (which impacts
mostly women), lung cancer, colorectal cancer, and prostate cancer, which further
account for most of all newly diagnosed cases. A high dietary intake of fruits and
vegetables is widely agreed to be beneficial in preventing the onset and development
of cancer [82]. Studies conducted over the last 20 years have already shown that
frequent intake of fruits and vegetables have a reciprocal association with the
incidence of cancers, like prostate and colorectal cancer [83].

Polyphenols and bioactive compounds present in tea, red wine, chocolate, fruits,
fruit juices, and olive oil are shown to manipulate cell proliferation and carcinogen-
esis at the cell level. Thus, bioactive compounds bind with nutrients, ROS
metabolites, reactive carcinogens, and teratogens. These can also influence the
sensitivity of many cancer-related genes through attenuating the activity of protein
kinases associated with cell progression control. Green tea flavanols show anticancer
potential in human cell lines as well as in human intervention trials. Green tea usage
is also being associated with a lower risk of cancers of the bile duct, bladder, breast,
and colon [84].

Many of the anticancer activities related to green tea are primarily mediated by
the flavanol epigallocatechin gallate (EGCG), which is shown to trigger apoptosis
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Table 2.2 Polyphenols and their anticancer activity

Polyphenols Member
Cancer
type Action/effects on pathways References

Anthocyanins Peonidin-3
glucoside

Lung ┴ Cancer cell invasion, motility,
secretion of MMPs and u-PA

[14–18]

Procyanidin
C1

Lung ┴ TGF-β-induced EMT

Colorectal ↨ Apoptosis and cell cycle arrest

Breast ↨ Apoptosis, # Invasion and
angiogenesis

Delphinidin Colorectal ↨ Apoptosis, cell cycle arrest,
oxidative stress

Prostate ↨ Apoptosis and cell cycle arrest

Cyanidin Colorectal ↨ Oxidative stress

Cyanidin-3-
O-
sambubioside

Breast ┴ Angiogenesis and invasion

Cyaniding-3-
glucoside

Breast ┴ Growth of HER2-positive
tumor

Xanthohumol Lung " Apoptosis and cell cycle arrest [19–21]

Liver ↨ Apoptosis
" NF-κB/p53 and Notch1
signaling pathways

Breast # Expression of CXCR4
┴ Cell invasion, growth of
ERα-positive breast cancer and
estrogen singling pathway

Prostate ┴ Tumor growth and progression

Flavanols EGCG Lungs ┴ Cancer cell invasion,
migration, MMP-2, and nicotine-
induced angiogenesis

[22–25]

Gastric ↨ Apoptosis
# Surviving and β-catenin
signaling pathway

Colorectal ↨ Epigenetic alteration,
apoptosis, MAPK and Akt
pathways activation

Breast ┴ Estrogen-induced cancer cell
proliferation and metastasis via
MMP ¼ TIMP
#ERα

Prostate Antagonizing androgen, ┴
Tumor growth

Procyanidins Breast #MMP, cell division, cell
proliferation

[26, 27]

Flavanones Naringenin Lungs " TRAIL-mediated apoptosis [28–30]

Gastric ↨ Apoptosis,
┴ Cancer cell
Proliferation, invasion,
migration, and AKT pathway

(continued)
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Table 2.2 (continued)

Polyphenols Member
Cancer
type Action/effects on pathways References

Colorectal ↨ Apoptosis

Liver ┴ TPA-induced cancer cell
invasion,
↨ Apoptosis and cell cycle arrest

Breast ┴ Lung metastases by the host
immunity

Hesperetin Gastric ┴ Tumor growth [31, 32]

Colorectal ┴ Chemical-induced
carcinogenesis

Breast ↨Apoptosis, ROS production and
activation of ASK1/JNK pathway
┴ Glucose uptake

Prostate ↨ Apoptosis,
┴ NF-κB pathway

Cervical ↨ Apoptosis

Flavones Apigenin Lung ↨ Apoptosis and DNA damage [33, 34]

Gastric ↨ Apoptosis, preventing
helicobacter pylori-induced
atrophic gastritis and
carcinogenesis

Colorectal ↨ Tumor growth and metastasis

Breast ┴ Growth of cell
↨Apoptosis possibly mediated by
the STAT3 signaling pathway,
cell cycle arrest through
epigenetic change

Prostate ┴ Tumor growth, angiogenesis,
and metastasis

Chrysin Lung ↨ Apoptosis, AMPK activation
and ROS

[35, 36]

Colorectal ↨ TNF-mediated apoptotic cell
death

Breast ┴ Cancer cell invasion and
migration

Luteolin Lung ↨ Apoptosis and cell cycle arrest
┴ Monocyte recruitment,
migration, EMT, and tumor
growth

[33, 37,
38]

Gastric ┴ Tumor growth

Colorectal ↨ Apoptosis and cell cycle arrest

Breast # ERα expression and tumor
burden
↨ Apoptosis and cell cycle arrest

Prostate ↨ Apoptosis and cell cycle arrest
┴ Cell invasion

Flavonols Quercetin Lung ┴ Tumor growth [39–41]

(continued)
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Table 2.2 (continued)

Polyphenols Member
Cancer
type Action/effects on pathways References

Gastric ↨ Apoptosis and protective
autophagy

Colorectal ┴ Tumor growth by reducing
AMPK activity
" Cachexia symptoms

Liver ┴ Tumor growth

Breast ┴ Tumor growth and
angiogenesis

Prostate ┴ Carcinogenesis induced by
hormone and carcinogen

Cervical ↨ Apoptosis and cell cycle arrest

Kaempferol Lung ┴ TGF-β1-induced EMT and
migration

[30, 42]

Gastric ┴ Tumor growth

Colorectal ↨ Apoptosis

Liver ↨ Cell cycle arrest and autophagy

Breast ↨ Apoptosis
┴ Glucose uptake and preventing
cancer development induced by
estrogen

Myricetin Gastric " Apoptosis and cell cycle arrest [43, 44]

Colorectal ↨ Apoptosis

Liver ┴ Chemical-induced
carcinogenesis

Galangin Gastric ↨ Apoptosis [45, 46]

Liver ┴ Chemical-induced cell
invasion and metastasis
↨ ER stress

Isorhamnetin Lung ┴ Tumor growth [47, 48]

Gastric " PPAR-γ
# Bcl-2 and CD31

Colorectal ┴ Mortality, tumor number,
tumor burden, and chemical-
induced inflammatory responses

Breast ┴ Cancer cell adhesion,
migration, and invasion

Isoflavones Daidzein Liver ↨ Apoptosis

Breast # Invasion and MMP-2
expression
" Proto-oncogene BRF2 in
ER-positive cancer cells

Genistein Lung ┴ Cancer cell proliferation and
migration
↨ Apoptosis and cell cycle arrest

[49–52]

Colorectal #Weight and size of transplanted
tumor
┴ Angiogenesis and metastasis

(continued)
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Table 2.2 (continued)

Polyphenols Member
Cancer
type Action/effects on pathways References

Liver ┴ Intrahepatic metastasis

Breast ↨ Apoptosis, cell cycle arrest,
drug resistance, tumor growth

Prostate Different effects dependent on
androgen receptor

Cervical ↨ Apoptosis, cell cycle arrest
┴ Cell migration

Phenolic acid Ellagic acid Colorectal ↨ Apoptosis

Liver ┴ Chemical-induced
carcinogenesis

Breast ↨ Cell cycle arrest
┴ Tumor growth and
angiogenesis

Prostate ↨ Apoptosis
┴ Cell invasion and motility

Gallic acid Gastric # Tumor size and weight [53–55]

Colorectal " Apoptosis

Liver " Apoptosis

Breast " Apoptosis

Prostate ┴ DNA damage
#DNA repair genes, invasion,
and migration

Cervical # Cell proliferation, invasion, and
angiogenesis

Ferulic acid Prostate " Apoptosis and cell cycle arrest [56]

Cervical " Efficacy of radiotherapy

Lignans Breast,
Colon,
prostate

# Cell division, cell proliferation [57, 58]

Stilbenes Resveratrol Lung # XRCC1 expression
" Chemosensitivity
┴ Invasion and metastasis

[59, 60]

Gastric " Apoptosis, DNA damage, and
ROS production
┴ Tumor growth

Colorectal " Apoptosis and DNA damage
┴ Drug resistance and tumor
development by modulation of
Kras

Liver ┴ Metastasis and chemical-
induced carcinogenesis
# Expression of u-PA and SP-1
signaling pathway

(continued)
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and inhibit cancer cell growth via influencing the protein expression related to cell
growth, transformation, and metastasis [85]. Olive oil contains a high number of
flavonoids, phenolic alcohols, lignans, and secoiridoids. That is why olive oil have
anticancer properties, which are used in animal and human models of large cell
intestinal cancer. The behavior of phenolic compounds in olive oil is mainly
suppression of the activation, progression, and metastasis in human colon adenocar-
cinoma cells, and decreased levels of expression of cyclooxygenase-2 (COX-2, an
enzyme) protein, or Bcl-2 [86]. Such polyphenols do have the ability to impose
antitumor activity via multiple mechanisms, along with the inhibition of cancer cell
signaling, cell proliferation, apoptosis, and enzymatic activity manipulation.

Polyphenol can undo the damage of carcinogens by boosting the activity of
glutathione peroxidase, catalase, nicotinamide adenine dinucleotide phosphate
(NADPH), quinone oxidoreductase, glutathione-S-transferase, and/or activity of
the P450 enzyme and also attenuate the action of signaling pathways associated
with cancer cell proliferation [87]. With its central role in controlling cell survivabil-
ity in a wide variety of human cancers, the mitogen-activated protein kinases
(MAPK) signaling pathway is known as a promising target for anticancer therapies.
Thus, it plays a crucial role mostly in transcriptional and posttranscriptional amplifi-
cation of COX-2 [88].

2.4.3 Polyphenol and Diabetes

Type 2 diabetes is a rare disorder due to insulin resistance, cell dysfunction, lower
insulin signaling, impaired fat and glucose metabolism, and increased oxidative
stress. Almost all the preceding disorders result in infected cases containing

Table 2.2 (continued)

Polyphenols Member
Cancer
type Action/effects on pathways References

Prostate ↨ Autophagy-mediated cell death
and apoptosis
┴ Angiogenesis and metastasis

Cervical ↨ Apoptosis and cell cycle arrest

Pterostilbene Breast ↨ Apoptosis
┴ Tumor growth and metastasis

[61, 62]

Prostate ↨ Apoptosis and cell cycle arrest
┴ Tumor growth

Piceatannol Colorectal ↨ Apoptosis mediated by
miR-129

[7, 63]

Prostate ↨ Apoptosis and cell cycle arrest
┴ Lung metastasis

“┴” show Inhibit or suppress, “#” Downregulation, “"” Upregulation and modulating, “↨” Induc-
ing, metalloproteinase (MMP), Cysteine X Cysteine chemokine receptor 4 (CXCR4), epithelial-
mesenchymal transition (EMT), survivin, a potent anti-apoptotic protein, extracellular signal-
related kinase (ERK) 1/2 and p38MAPK
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neuropathy, nephropathy, macro and micro vascular obstacles, retinopathy, and a
higher death risk and reduced quality of life. Nutrition is now the most important
aspect which can be improved to minimize the incidence of degenerative diseases
like diabetes.

Clinical studies showed that a diet high in total antioxidant potential,
phytochemicals, and high phenolic content contributed to a reduced risk of diabetes
as well as its incidence [89]. Numerous pharmacological therapies are employed in
the treatment of diabetes and diet preventions to improve the glycemic index.
Polyphenols can be used to treat diabetes due to various biological properties.
Glycemic modulation can be optimized via four mechanisms; One of which is to
shield pancreatic cells from glucose-induced toxicity and oxidative stress. Second,
starch ingestion and oxidation is hindered; third, glucose secretion from the liver is
restricted; so eventually, glucose endorsement in muscles and other adipose tissue is
boosted [90]. Amplification in number and functional integrity of β-cells are the
primary indications of diabetes [91]. In rats, a high phenolic content diet has been
associated to protect from oxidative damage characterized by excessive glucose, and
insulin secretion could also be monitored in humans. Many polyphenols with starch
or sucrose are retained in the intestine and transferred to the colon without even
being consumed.

Polyphenol-rich extracts reduce the function of enzymes involved in the release
of glucose from starch in the gastrointestinal tract, such as α-amylase and glucosi-
dase [92]. The communication between a sodium-dependent glucose transporter and
a glucose transporter in the human digestive tract influenced the glucose uptake.
Polyphenols boost insulin-stimulated glucose uptake as well as basal uptake. Pheno-
lic compounds play a role in insulin sensing pathways, reducing glucose synthesis in
the liver indirectly [93].

2.4.4 Polyphenol and UTI-Infections

The second most prevalent kind of infectious disease is urinary tract infection (UTI).
Urinary tract infections affect about 150 million people worldwide per year
[94]. Numerous categories of flavonoids, particularly pro-anthocyanidins,
anthocyanidins, and flavonols, as well as phenolic acids and benzoates, are abundant
in red cranberries [95]. Cranberry polyphenols to work as anti-adhesive agents in
preventing/inhibiting pathogen adherence to uroepithelial cell receptors, which
appears to be a major step in the pathogenesis of these infections, is one of the
other possible mechanisms behind the protective effects of cranberries against UTIs
[96]. Cranberry ingestion is shown to reduce the prevalence and intensity of UTIs in
women and deter pathogenic bacteria from adhering to the urinary tract [97].

2.4.5 Polyphenols and Neurodegenerative Disorders

Neurodegenerative hallmarks are silent monsters resulting from imbalance in the
nervous system. In the last few decades a growing interest is being paid to evaluate
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the potential benefits of polyphenols against neurodegenerative conditions
[98, 99]. Alzheimer’s disease, Parkinson’s disease, stroke, Multiple sclerosis, and
Huntington’s disease are leading neurodegenerative disorders which all share a
common mechanistic theme of genetics, mitochondrial dysfunction, cognitive
impairment, and immune system deregulation, and oxidative stress [100]. Oxidative
stress is a prime precursor of neurodegenerative disorders which cause damage to
DNA and cause impaired function in the brain by affecting a broad range of brain
activities [101].

It is well-established that polyphenols have a vital role in pathophysiology of
neurodegenerative disorders due to their prominent antioxidant properties.
Polyphenols modulate the activity of neuron cells by targeting antioxidant pathways,
signaling pathways, and modulation of neuronal cell mediators, anti-amyloidogenic
effects, and inhibition of NDMA neurotoxicity [102]. Epigallocatechin-3-gallate
(EGCG), Berberine, Curcumin, Resveratrol, and Quercetin are major polyphenols
which exert their neuroprotective effect mainly through inhibiting oxidative stress
and effecting detoxifying enzymes to combat neurodegenerative disorders
[103]. Among all polyphenols, EGCG has a prominent effect in oxidative stress
by activation of SOD and catalase and metal ion chelation capacity [102].

2.4.6 Polyphenols and Tuberculosis

Tuberculosis is the deadliest, infectious pulmonary disease caused by Mycobacte-
rium tuberculosis (MTB). Adverse side effects of anti-TB drugs have demanded the
discovery of novel natural compounds [104]. Versatile photochemicals seem to be a
good option due to their novel lead in disease management. Positive
antimycobacterial activity of various phenolic compounds is supported by the
number of publications. Pinocembrin, eupomatenoid-1, fargesin, (8R,80R,9R)-
cubebin, flavonoid 7-demethylartonol E, chromone artorigidusin, artonol B,
artonin F, cycloartobiloxanthone, artoindonesianin C, (-)-butin, butein, butrin,
cajanone, resveratrol, stipulin, afrormosin, apigenin, and monospermoside are
some selected phenolic compounds which inhibit the growth of mycobacterium by
targeting intrinsic and acquired resistance [104–107]. In intrinsic resistance, pheno-
lic compounds cause Mycobacteria efflux system inhibition, Mycobacteria
proteasome inhibition, mycolic acid biosynthesis inhibition, and nitric oxide inhibi-
tion to reduce the growth of mycobacterium [105, 108, 109].

Polyphenols possess a broad spectrum of pharmacological activities and thera-
peutic action, protect the human from autoimmune diseases as shown in Figure 2.4.

2.5 Nano Polyphenols

Nanoencapsulation is a process in which capsulation of active chemical material is
done in the form of solid, liquid, and gas. This encapsulated material is called “core”
which is covered by another secondary material called capsule or Nano capsule
[110]. Nanotechnology represents a thrilling area of science which offers multiple
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valuable advantages such as nano polyphenols reducing the toxic side effects of
drugs in cancer patients [111, 112]. Despite the extensive advances in cancer
diagnostic and treatment, cancer is the leading cause of death in the world
[113]. Rich body of literature suggests the anticancer properties of polyphenols by
modulation of multiple cancer signaling pathways, targeting multiple cancerous
agents, and arrest cell cycle [114, 115]. Poor bioavailability, low absorption, lower
permeability, lower stability, and vulnerability tend to limit the administration of
polyphenols in cancer treatment [116]. Recently nanoparticles loaded with
polyphenols have been applied to overcome this restriction. Encapsulation
techniques tend to provide a new paradigm for loading polyphenols to increase
their anticancer activity [117]. Nanoparticles loaded with polyphenols offer multiple
advantages such as control release of polyphenols at target site, reduce the degrada-
tion and reaction of polyphenols with outside environment, and improve the bio-
availability and efficacy of polyphenols [118].

Curcumin [119], Resveratrol (3,5,40-trihydroxystilbene) [120], Kaempferol
(tetrahydroxyflavone) [121], Quercetin (3,30,40,50-7-pentahydroxyflavone) [122],
Apigenin [123] and Epigallocatechin gallate (EGCG) [124] are major phenolic
compound with antitumor activity. Depending upon the nature of polyphenols
different encapsulation methods are applied to provide a shield between polyphenols
and the environment. The shift from convention methods (Spray drying, Coacerva-
tion, Emulsions, Microgels, Freeze drying, Co-crystallization, and Encapsulation
within yeast cells) of polyphenols encapsulation to advanced nano delivery system
represent more safe, active, and efficient targeting [125–127]. The fate of
nanoliposomes, solid-lipid NPs, protein-based NPs, nanosuspensions, polymeric
NPs, nanoemulsions, and cyclodextrins must be taken into consideration to investi-
gate their applications in the biomedical field [128–130]. Cancer is the second
leading disease after cardiovascular diseases, so it is compulsory to deeply under-
stand novel drug delivery systems for efficient loading of polyphenols as shown in
Fig. 2.5. Multidrug resistance is a major problem in the treatment of cancer so
randomized clinical studies are pressing the need of time to investigate the toxicity of
nano polyphenols in novel natural drug discovery [127, 131, 132].

2.6 Future Prospective

Nanotechnology is rapidly developing science to produce materials at nanoscale
range which offer multiple improved diagnostic and therapeutic tools. Nanotechnol-
ogy offers multiple new dimensions in nanomedicine to revolutionize the drug
delivery system. Nanotechnology is at the forefront of nanomedicine due to its
novel applications in numerous prespectives of cancer diagnosis and treatment.
Mind-boggling potential benefits of nanoparticles offer multiple innovative
prespectives to improve treatment efficacy. Novel targeted drugs are a major scien-
tific challenge especially as cancer is the leading cause of death in the world.
Nanotechnology has facilitated the development of elegant diagnostic and treatment
options which hold great potential to dramatically treat tumor cells.
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Research involving the combination of nanoparticles and polyphenols for treating
the cancer has attracted the interest of scientists due to their specificity, nontoxicity,
and compatibility. A huge body of growing literature evidenced different types of
polyphenols loaded with nanoparticles for efficient and targeted drug delivery to
tumor cells. Thus, nano polyphenols have attracted a lot of interest for its promising
future. Drug specificity is a major dilemma in cancer cell treatment as most antican-
cer agents also affect normal cells. Thus, as compared to conventional treatment
methods nanoparticles allow more specific drug penetration and distribution to
minimize the uptake of anticancer drugs by normal cells. So the combinational
effect of nanoparticles and polyphenols are of great hope for cancer treatment due
to reduced toxicity, control release, and improved activity. Thus, the nano
polyphenols are appropriate candidates which offer a new spectrum of research in
the field of oncology. Although there is extensively growing interest in the use of
nano polyphenols for cancer treatment, however further clinical investigations are
mandatory to validate their potential for pharmaceutical role.

2.7 Conclusion

Natural polyphenols are promising agents to treat various diseases. G. biloba and
green tea show greater inhibitory response against the progression of vitiligo,
ulcerative colitis, and multiple sclerosis. Cranberry polyphenols scavenge the micro-
bial cloning in the urinary tract to stunt the development of microbes. Curcumin has
shown strong antitumor activity in all types of cancer via regulating the cell signaling
pathways. Consortia of nano polyphenol and polyphenols are the potential agents to
stop the metastatic nature of cancer.
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Role of Antioxidants Derived from Herbal
Medicines: Potential Anticancerous Agents 3
Qazi Zaid Ahmad, Аziz Ur Rаhmаn, Huda Nafees, and Zainab Zaki

Abstract

Рhytосhemiсаls аs biоасtive соmроnents of plants shows promising results in
curing many diseases. Therefore, the demand for these natural medicines
increases day by day. Phytochemicals such as phenols and flavonoids seem to
act in various ways to protect health. Protection of cells can be done through
different types of means such as change of reactive oxygen species to non-radicle
type by breaking sequencing of auto oxidative reactions commenced by reactive
oxygen species and by lowering the oxygen saturation of diseased area. Many
phytochemicals balance antioxidants and free radicals in our bodies. Some recent
studies have shown that intake of synthetic antioxidants for a long duration may
cause many health problems, like allergies, digestive problems, and according to
few studies may also increase the chances of cancer.

Therefore, as a result, there has been a substantial shift in recent years toward
the usage of natural antioxidants. Many medicinal plants are good sources of
antioxidants, which are divided into three categories: (1) phenolic compounds,
(2) vitamins, and (3) carotenoids. Some researches show that the use of plant
originated antiоxidаnts reduces the risk of diseases linked with оxidаtive stress,
suсh аs саnсer. Therefore, and especially due to its effectiveness against cancer,
in the past few years, the popularity of herbal рhenоliс соmроunds along with
their antiоxidаnt properties rises among scientists and consumers. According to
the recent studies many natural роlyрhenоliс соnstituents or compounds depicted
more efficacy than Vit. E and/or C as antiоxidаnts.
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This chapter will present some well-known green medicines, i.e., medicinal
plants that may add to the орtimizаtiоn of antiоxidаnts status and therefore offer
safe, effective, and significant preventive and curative values for overall health.

Keywords

Antiоxidаnt · Anticancer · Phytochemicals · Phenols · Bioavailability

3.1 Introduction

There are many reasons for different human ailments but Oxidation of cells is one of
the main causes of carcinoma. “Reасtive оxygen sрeсies” (ROS) of different types
caused oxidative stress thereby detrimental of DNA and many biological molecules.
Excessive ROS generation is not only a major cause for the progression of malig-
nancy, but may be the basis for the higher risk of it [1]. Oxidizing agents along with
free radicals are unescapably end product of the many physiological and metabolic
processes. Humans have a different antioxidant system for defense; in accordance
with the type of the cell and tissue and may react adversely or in collaboration. Such
types of antioxidants are enzyme generated and non-enzyme origin. The examples of
enzyme generated antioxidants are Саtаlаse (САT), Suрerоxide dismutаse (SОD),
аnd Glutаthiоne рerоxidаse (GРx). While the non-enzyme origin includes minerals,
vitamins, polyphenols and many more, which have engrossed great interest in recent
years. Antioxidants may protect damaging of cell by the conversion of reactive
oxygen species (ROS) to non-radical species depending on the kind of associated
antioxidant, or via limiting or inhibiting the аutо-оxidаtive сhаin reасtiоns started by
ROS and by lessening O2 concentration locally. Generally, antioxidants are found
mainly in two major forms either synthetic or natural origin [2, 3]. Recently some
published studies demonstrated the adverse effect caused by the synthetic origin
antioxidants. Therefore, these findings have drawn the attention of the scientists to
venture the natural sources to find out its antioxidant potential [4]. Besides, toxic
effect of synthetic antioxidants the other reason for focussing on natural antioxidants
is its economic importance and availability [5]. Moreover, researches on medicinal
plants have drawn global attention; evidences have been gathered to establish the
efficacy of plants having medicinal properties used in different indigenous systems
of medicines such as Unani and Ayurveda. The herbs have abundant variety of
seсоndаry metаbоlites, suсh аs аlkаlоids, glyсоsides, tаnnins, flаvоnоids, terрenоids
and many more. These metabolites are tested for their efficacy as antioxidant and
anticarcinogen and showed positive responses. Natural antioxidants have been
divided into many subtypes. Although, the two main sources of antioxidants are
from day-to-day diets (e.g., fruits, vegetables, cereals, etc.) and from plants, those
have good antioxidant potential and they are not the part of routine diet. Many
studies revealed that the herbs are one of the major source for the drugs developed
for prevention of side effects of chemotherapy and can be used to treat different type
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of cancers because of their phytoconstituents which are present in high
concentrations and have antioxidant properties.

Such phytoconstituents are роlyрhenоls, саrоtenоids, саteсhin, eрiсаteсhin, res-
verаtrоl, flаvоnоids, glyсоsides, genistein, beiсаlein, сyаnidin 3-gluсоside, Vit. А
аnd С, kаemрferоl, gаlliс асid, querсetin, сurсumin, etc. Many studies depicted that
these antioxidant phytochemicals are capable to prevent the cell propagation, viz.,
cancer of colon. Breast, cervix, skin, and hepatic cancers, etc., according to many
researches the plant derived antioxidants may performed effectively as chemo-
preventives and can be used as significant inhibitors of cell propagation, helping
caspase-mediated cell death, enhance enzymatic detoxification, and constraining
gene expression along with ROS scavengers. There are several researches on herbal
antioxidants specially for determining those antioxidants which could have signifi-
cant efficacy against the cancer cells. Studies also depicted that these phytochemicals
also have effective chemoprotective properties. This chapter dealt with the
antioxidants derived from some well-known medicinal plants and herbs.

3.2 Cancer and Antioxidants

Cancer is an abnormal proliferation of the cell, and it can outspread through the
blood in the body [6]. Among cancer, breast cancer has the highest death rate and can
be easily diagnosed. Cancer is one of the major cause of death globally. As per
WHO, nearly 1 crore deaths occurred in 2020 worldwide. They estimated the
incidence of new cancer cases and found that, in 2020, lung cancer was the major
cause of death and accounts 1.80 million deaths worldwide then colon and rectum
accounts for 935,000 deaths then liver 830,000 deaths, respectively [7]. Oxidative
Stress has a major role to develop cancer. Reactive oxygen species on reaction with
metals such as with free Iron and Copper damages biomolecule like lipids and
synthesize aldehydes and malondialdehyde which breaks double bond or induce
mutation. It causes changes in guanine and thymine bases, as well as sister chromatid
interactions. In result disruption occurs in signal transduction functions, transcription
factors, and tumor suppressor genes like p53 that plays a key role in apoptosis and
cell cycle control [8]. So, the inactivity may rise the expression of proto-oncogenes,
that might cause significant harm. Some enzymes become dysfunctional due to
Oxidative damages or genetic flaws and are unable to repair the degenerative
changes which enhance the chances of senile malignancies [9, 10].

Further, use of anticancer medicines and radiations may increase reactive oxygen
species along with reduction in antioxidant agents, causes rise in oxidative stress in
result apoptosis occurs, which produces many unwanted effects [10]. The continu-
ous oxidative stress at low levels can lead to apoptosis resistance. Some pathogens,
such as bacteria and viruses, are also affecting through oxidative stress to develop
certain cancers such as H. Pylori which may cause peptic and colon cancer. The
studies revealed that low antioxidant levels may be the basis of cancer. Hence, the
use of antioxidants can inhibit cancer or may cause damage to malignancy develop-
ing cells [8, 10].
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Halliwell and others described antioxidants as “any substance that, when found in
relatively small concentrations to oxidizable substrates (саrbоhydrаtes, liрids,
рrоteins, and nuсleiс асids), remarkably retards/inhibits the oxidation of the given
substances” [11]. There were some other definitions of antioxidants given, as “any
substrate that avoids, postpones, or eradicates oxidative damage to a target mole-
cule” [12] or any substrate capable of directly or indirectly eliminating reactive
oxygen species, functioning as a regulator of antioxidant defense, or preventing the
synthesis of those species.” To maintain healthy cellular microenvironment, stability
between oxidative agents and antioxidants (redox balance) is required [9, 13–17].

Antioxidants can protect damages due to free radicals. Free radicals are the type
of molecules having incomplete electron shells due to this factor they are capable of
being more reactive in comparison to those having complete electron shells. Free
radicals can also be formed by exposure to many ecological factors such as smoking,
tobacco chewing, and radiations. In living beings, the most prevalent kind of free
radical is Oxygen, a charged or radicalized oxygen molecule that takes electrons
from other molecules, resulting in damage to DNA and other substances which is
often irreversible if persist and after prolong duration it may be the reason for the
development of many chronic ailments and cancer. Antioxidants neutralize the free
radicals that are generated through normal сell рrосesses. Antioxidants can be
characterized as “mopping up” free radicals, which means they balance the electrical
charges and inhibit the free radicals from stealing electrons of other molecules.

In the 1920s, the first scientist who associated oxygen with cancer was Оttо
Wаrburg [18]. Though, the role of oxygen in carcinogenic process was unexplored
for several decades. In 1968, the discovery of superoxide dismutase gives the idea
about the relation of reactive oxygen species (ROS) to the pathogenesis of cancer in
the living system. ROS is not precisely confined to cancer, but it can also connect
with many other human diseases. Considerable laboratory evidence from a number
of studies suggests that the antioxidants agents may reduce or perhaps prevent the
occurrence of cancer. Several researches are ongoing to evaluate the possible role of
antioxidants as anticancer agents for reducing the risk of development of cancer [19].

3.3 The Antioxidant Defense

Naturally, antioxidants are composed of endogenic and exogenic biomolecules.
Endogenic antioxidants are synthesized by our body which are enzymatic and
nonenzymatic in nature while the exogenic antioxidants can be obtained from
herbs in the form of medicines, diet, and nutritional supplements.

As per the mechanism of action, antioxidants can be classified into three groups.
First, those antioxidants which inhibit the development of new free radicals. It is a
fairly varied category that consists of enzymes, proteins, and minerals, the examples
of enzyme are superoxide dismutase (SOD), саtаlаse (САT), аnd glutаthiоne
рerоxidаse (GРX). Protein Antioxidants are those proteins which bind to the metals
like ferritin аnd сerulорlаsmin. Selenium, Copper, Zinc are minerals having antioxi-
dant properties. Second, includes those antioxidants which prevent oxidative chain
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reaction by capturing free radicals, e.g., glutаthiоne enzyme, аlbumin, vitаmins С
аnd E, саrоtenоids, аnd flаvоnоids. Third type of antioxidants includes those
enzymes which manage harm done by free radicals to cells for instance liраses,
рrоteаses, DNА reраir enzymes, trаnsferаses, аnd methiоnine-sulfоxide reduсtаses
[20–23].

3.4 Antioxidants in Unani System of Medicine

In Unani Medicine, the human system has been gifted with four natural faculties or
powers which work in synchronization to maintain the functions of the organs at
equilibrium. These faculties are Quwwat Hazima (Digestive Faculty), Quwwat
Jāziba (Absorptive Faculty), Quwwat Māsika (Retentive Faculty), and Quwwat
Dāfi‘a (Excretory Faculty). The entire principle of treatment of the Unani medicine
revolves around the concept of protection of the organ and the maintenance of its
associated faculties (Quwā) at equilibrium. The balanced faculties are the assurance
of normal functioning of related organ/system and make it immune to resist against
unwanted or diseased elements. That is why for making faculties stable and at
equilibrium and hence to assure the well-being of every organ/system many drugs
have been proposed which are mainly antioxidants, stimulant, or tonic in nature. The
sources of these drugs are purely natural. If due to any disease some derangement in
the equilibrium or function of faculties or in organ/ system has occurred then these
antioxidants or tonic drugs safeguards and bring it to its equilibrium, i.e., at healthy
condition. Thus, It may be stated that the preservation of organs and systems in order
to do prevention, treatment, or halt the progression of ailment is the characteristic
feature of the Unаni System of Medicine [23].

Muqawwīyat are medicines that restore an organ’s normal function and tempera-
ment to the point where it can withstand diseased materials and toxins flowing
toward it. This activity is carried out by either its attribute or temperament that
neutralize the causative morbid material in terms of excessive bile, phlegm, black
bile, etc., to produce the equilibrium or maintain the milieu interieur which is
essential for the restoration of health. Quwwat Jāziba was created to attract what is
beneficial matter and this is done by means of the absorptive power of the organs. If
Quwwat Jāziba becomes weak, then all other three Quwā will also become effected,
as metabolism is initiated by Quwwat Jāziba. Quwwat māsika retains the beneficial
matters. If Quwwat māsika becomes weak then food will not retain in the organ and
the desire nourishment of the body will be affected. Quwwat Hazima absorbs the
material drawn by the Quwwat Jāziba and retains and transforms it into a consistency
ready for the action of the other Quwwat Mughayyira (metabolism) and also
modifies it according to the requirement of other associated Quwwah. If Quwwat
Hazima becomes weak then nutrient may turn toxic and signs of indigestion will
appear. Quwwat Dāfi‘a expels the superfluous matter through the natural passages
and orifices, which is the remnant of the nutriment, or excess quantity of the nutrition
or is no more required by the organ or body. Some times Quwwat Dāfi‘a diverts the
superfluous matter from the superior organ to the inferior organ or from hard organ
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to a soft organ in result of some pathological conditions or due to effect of some
medicines. If Quwwat Dāfi‘a becomes weak then toxic substances will get
accumulated and stored in the organ [24, 25]. Therefore, to maintain all Quwwah
at equilibrium and improve the functioning of system or organs antioxidants have
vital role.

3.5 Need of Natural Antioxidants

Natural antioxidants are the need of the hour because they are safe, effective, and
abundantly available. There are many studies going on regarding natural
antioxidants either obtained from plant or animal sources. Global acceptance of
natural antioxidants increases day by day because of its higher safety index and
natural occurrence. But due to higher stability, easy availability, cost-effectiveness
antioxidants from synthetic origin have been used very much in place of plant origin
antioxidants. There are many researches that show issues related to the safety of
synthetic antioxidants in long-term use. Therefore, the paradigm is shifted toward
the use of natural or naturally derived antioxidants. It is todays need to replace
synthetic antioxidants with natural one (Fig. 3.1).

Fig. 3.1 Need of natural antioxidants
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3.6 Phytochemicals as Antioxidants

Phytochemicals are the compound of plant origin with no nutritional value.
Phytochemicals are classified into various categories and they are responsible for
the major function of human biological system [26]. Medicinal herbs, cereals, fruits,
and other food items are shown to have protection against various disorders, along
with malignancy. This protective effect is mainly credited to phytochemicals present
in them [27–30]. Approximately 10,000 phytochemicals have been discovered to
date, with a major fraction of them remaining unknown. Alkaloids, Tannins,
triterpenoids, steroids, flavones and saponins are among the phytochemicals discov-
ered [31]. Excessive generation of oxidants (reactive oxygen and nitrogen species) is
involved in the etiology of various ailments; therefore, phytochemicals’ defensive
role might be linked to their antioxidant activity [32].

Antioxidants found in plants are more than just backup in the fight against cellular
damage and illness [33]. Cell proliferation is prevented by plant origin antioxidants
thereby resulting in cancer cell death. Antioxidant phytochemicals including
cyanidin, genistein, and keampferol may reduce the expression of gene causing
cancer to inhibit cancer. Keampferol and cyanidin have the capacity to suppress the
COX-2 gene expression, and therefore cancer-related genetic products. COX-2
activity increases in many malignancies, like lung, breast, and prostate cancers.
The anticancer effect of a phytochemical namely “Genistein” on breast cancer is
due to the reactivating and demethylating tumor suppressor genes which are through
the direct interaction with the catalytic domain of DNA methyltransferase and also
by inhibition of the DNA methyltransferase expression [34, 35]. The cancer-
protective efficacy of phytochemicals found among plants has been proven in recent
scientific studies. The antioxidant properties of many plant chemicals including
ascorbic acid and polyphenols, the quenching of singlet oxygen and radicals by
carotenoids, the suppression of activated enzymes by certain flavanols and tannins,
and the stimulation of oxidation and conjugation (protective) enzymes by indoles,
dithiothiones, and isothiocyanates, the protection of vulnerable structures by some
polyphenols and the activation of DNA-repair caused by sulfur-containing
compounds are among the mechanisms involved in preventing initiation. The
antioxidant role of carotenoids and membrane stabilizing action described with
polyphenols, the suppression of proteases induced by specific chemicals of
soybeans, the activation of immunological responses shown with ascorbic acid and
carotenoids, and the suppression of ornithine decarboxylase by carotenoids and
polyphenols are all examples of biochemical mechanisms in antipromotion [36].

3.7 Classification of Antioxidants

The Antioxidants can be classified as shown in Fig. 3.2.
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3.8 Minerals as Antioxidants

3.8.1 Selenium

Selenium is one of the most important mineral elements responsible for the physiol-
ogy of both plants and animals [37–39]. It is found in the atmosphere, lithosphere,
hydrosphere, and biosphere, and among other places on the planet [40]. The areas
which are having Se in abundant amount are known as seleniferous areas [41]. Usu-
ally, Se is taken into the body by consuming the animal products and also from the
plants which are rich in Se. Se is taken by plants from the soil in the form of selenates
[42], which are further transformed into the Se-Cys and Se-Met which are the
organic forms [43]. Foods which are having abundant amount of Se are seafoods,
eggs, mushrooms, chicken, nuts, and in green vegetables like cabbage, spinach,
cauliflower, and the concentration of Se varies in humans according to their diet, and
also with agro climatic conditions or regions. In water the amount of Se is minute
and in the form of Selenites or Selenates.

The Prolonged deficiency of Selenium can lead to adverse effects on immunity
and on cardiovascular system. It can also cause congenital hypothyroidism in fetuses
and impair the nervous system [44]. Additionally, its deficiency has been associated
with Alzheimer’s disease, depression and anxiety [45]. Se low levels also increase
the risk of some cancers [46] whereas, its over-sufficiency may result in anemia,
bone stiffness, hair loss, or blindness [47].

Se. has numerous health benefits such as Se is a potent antioxidant that may
contribute in fighting cancers, viral infections, and aging process. Se increases the
quality of life for chemotherapy patients [48]. Chemotherapy side effects can be
reduced by intake of Se [48–50]. Combs and Lu [51] have studied the effect of Se in
preventing certain cancers. It is also important for the thyroid, brain, heart, and

ANTIOXIDANTS

NATURAL

SYNTHETIC

NON
ENZYMATIC

POLYPHENOLS

CAROTENOID
S

ENZYMATIC
MINERALS
E.g.: Iodine,

Selenium Flavonoids

Gingerol

Polyphenolic
acid

Curcumin

VITAMINS
Eg: Vit A,

Vit C

OTHER
E.g.: Albumin,

Bilirubin

1) PRIMARY
2) SECONDARY

For e.g.: Butylated
hydroxyanisole,

Butylated
hydroxytoulene etc.

Fig. 3.2 Classification of antioxidants

64 Q. Z. Ahmad et al.



reproductive systems to function properly. It is the only micronutrient mentioned in
the human genome (as the Se-Cys protein) [52].

The antioxidant mechanism of inorganic and organo-selenium in protection iron-
and copper-induced oxidative DNA damage is because of the coordination of metal
ions of selenium compounds [53–55]. Since fully coordinated [Fe(EDTA)]2¯
(400 μM) or [Cu(bipy)2]

+ (500 μM) had no impact on DNA damage, fine tuning
of Fe2+ or Cu2+ into an inorganic selenium compound is the primary mechanism for
their activities as antioxidant as well as pro-oxidant [53, 56]. Similarly, organo-
selenium compounds yielded similar findings. Though the exact mechanism for
prevention of cancer through selenium compounds have not been found yet, the
pro-oxidant seleno metabolites have direct action on the reactive oxygen species,
resulting in cellular toxicity.

3.8.2 Zinc

It is considered as an important metal other than selenium and it is involved in a
minimum of 200 enzyme antioxidant activities which are involved in several
functions whether these functions are physiological and/or biochemical such as
reproductive, cardiovascular, and nervous system [57]. It plays an important role
in the regulation of carbohydrate and lipid metabolism [58]. Simultaneously its role
is established for the immune system. Zinc also plays a role in managing the
inflammatory responses. It also boosts up nutritional immunity and acts as an
antioxidant [58]. Zinc is also useful to treat diarrhea in children and also in infants.
Therefore, it is used to save millions of lives worldwide [59]. Approximately
2 billion people are having deficiency of zinc in developing countries; thisestimate
is by WHO. The deficiency of Zinc shows several symptoms like its deficiency
increase in the production of inflammatory cytokines, dysfunctions in the immune,
hypo-fuctioning of testicular hormone, retardation in the development, and also its
deficiency increases the oxidative stress [60].

Zinc exhibits antioxidant properties in a number of ways. The first and foremost
activity is that zinc competes with the ions of Cu and Fe for binding to the proteins
and cell membranes resulting in the displacement of the redox active metals which
are responsible for the catalysis of the formation of ¯OH from H2O2. Secondly, Zinc
also shows its antioxidant activity by the protection of biomolecules from oxidation
by binding to their (SH) sulfhydryl group. Zinc also showed its antioxidant activity
by enhancing the production of several enzymes, proteins, and molecules such as
catalase enzyme and Glutathione and it also causes the reduction of the oxidant-
promoting enzymes like NADPH oxidase, iNOS and inhibits the lipid peroxidation
formation. The other mechanism behind the antioxidant activity is because it
promotes the expression of metal-binding protein namely “Metallothionein” which
is high in cysteine and it is a good excavator of ¯OH ions.
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3.8.3 Iodine

Iodine is a micronutrient in chordates and is utilized by all living beings. In all
vertebrates, it is a structural component of thyroid hormones and it is required for the
proper functioning and development of many organs, mainly the Nervous System
[61]. Although, a large portion of iodine in the body is not hormonal and contained
in tissues also other than the thyroid, where its biological purpose is uncertain
[62, 63]. According to various studies, from ancient algae to modern vertebrates,
Iodine showed its antioxidant activity in all cells which concentrate it
[64, 65]. Oxidized iodine can be utilized as an electron donor in these cells to
neutralize reactive oxygen species (ROS) or to bind certain polyunsaturated fatty
acids in cell membranes to double bonds, lowering ROS reactivity. [62, 66]. Iodine
has also demonstrated a binding action with lipids like arachidonic acid (AA),
apoptosis, and distinguishing properties on distinct epithelial cells [67–69]. Further-
more, immune cells absorb and metabolize iodine, depends on physiological func-
tioning, and can play a role as a pro-inflammatory or anti-inflammatory agent
[70, 71].

Iodine can cause scavenging activity for reactive oxygen species, such as super-
oxide anions (O2) and hydroxyl radicals (OH), creating hypoiodous acid (HIO) and
hydroiodic acid as neutral components (HI). Iodine reduces the activity of
pro-inflammatory enzymes including cyclooxygenase type 2 (COX2) and nitric
oxide synthase (NOS) when it is combined by “Arachidonic acid” to form the
“iodolipid 6-iodolactone” (6-IL). Furthermore, iodination of the cysteine-rich pro-
tein Keap1 stimulates nuclear translocation of nuclear factor erythroid2-related
factor-2 (Nrf2), which in turn result in the activation of antioxidant response element
with Maf, resulting in the overexpression of antioxidant enzymes type II for instance
catalase (Cat) and superoxide dismutase (SOD).

3.9 Carotenoids

Carotenoids (Crts) comes under the category of polyene-type natural pigments that
are both structurally and functionally complex [72, 73]. Carotenoids are found
within cell membranes because they are extremely lipophilic molecules. Carotenoids
are abundant in fruits and vegetables, yellow-orange-red vegetables and fruits, and
also in vegetables which are green in color. More than 700 Crts have been identified
till date [73], with about 50 being part of the human food and barely 20 being
included in the tissues and blood of humans [74]. Important are lycopene,
α-carotene, β-carotene, lutein, β-cryptoxanthin, phytofluene, zeaxanthin,
γ-carotene, α-cryptoxanthin, neurosporene, phytoene, and ζ-carotene and each are
found in plasma of human [75, 76]. Their primary role appears to be protection from
light in all non-photosynthetic species. They are considered as effective quenchers
both physical and chemical of single oxygen (1O2), and reactive oxygen species
scavengers (ROS) [77–79]. Carotenoids are effective at preventing although treating
cancer, and their anticarcinogenic mechanisms vary. Carotenoids can induce their
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anticancer properties through a number of mechanisms, includes anti-inflammation,
pro-oxidant and antioxidant, anti-proliferation, immunomodulation, anti-
angiogenesis, and cell differentiation [80, 81].

Carotenoids are thought to be beneficial to one’s well-being due to its antioxidant
effect. The major carotenoids such as β-cryptoxanthin, lycopene, and β-carotene
were widely investigated for their chemo-preventive capability to avert cancer as a
result of antioxidant characteristics through peroxyl radicals, ROS quenchers and
inducing phase II enzymes for instance NADPH, glutathione S-transferases, heme
oxygenase-1, and quinone oxidoreductase [82]. Additionally, carotenoids can act as
pro-oxidants and exert the processes for inducing the free radicals [83]. These
compounds can produce oxidative stress depending on their concentration, compo-
sition, oxygen tension, arrangement in interactions in redox agents, cell redox state,
and cell membranes. According to certain research, large dosages of crocetin and
β-carotene can effectively raise intracellular oxidative stressors by increasing the rate
of ROS formation in tumor cells; as a result, carotenoids can cause apoptosis and
arresting cell cycle, resulting in the death of tumor cells [72, 83]. The immune
system is important in the prevention of cancer cell growth. Carotenoids have no
doubt influenced the role of our body’s immune cells. As an immunomodulatory
factor, β-carotene reduces the incidence of several malignancies by improving
immune cell functioning [83]. Chronic inflammation is associated with the develop-
ment of cancer cells, implying that it is the main risk factor for the growth of
thecancer cells. As a result, reducing inflammation is an effective way to prevent
and treat cancer. Inflammatory cytokine production is reduced as a result, and the
carcinogenesis process is stopped. Astaxanthin, lycopene, and lutein have been
shown in studies to have important anticancer effects, likely due to their anti-
inflammatory properties [82, 84]. Angiogenesis characterized as the development
of new vessels in previously avascular tissue as a result of endothelial cell prolifera-
tion and plays a major role in the progression of tumor and metastasis. As a result, in
cancer diseases, avoiding the formation of feeding blood vessels is an effective way
to monitor and/or eradicate them. In male C57BL/6 mice and B16F-10 cells,
β-carotene has been found to have anti-angiogenic effects, which is advantageous
for cancer prevention. Furthermore, because cancer cells comprise a low differentia-
tion rate, encouraging them to develop into mature cells with a range of capabilities
comparable to normal cells can help with chemoprevention. As a result, different
mechanisms, such as cell growth regulation, are used to demonstrate carotenoids’
anticancer capabilities. Growth factor, cell cycle development, and Gap junctional
intercellular communication (GJIC) signaling could all be involved in this process.
“Gap junctions,” which are passageways between cells, carrying molecules having a
low molecular weight (such as nutrition or signaling molecules). GJIC deficiency
may be linked to malignant transformation. Lycopene, a carotenoid that is not a
provitamin A, has been shown to raise GJIC and to be an anticarcinogenic agent in
oral carcinogenesis [83]. Development factors are essential for tumor growth and
have been related to a number of cancer risk factors. For instance, increased levels of
(IGF)1 in blood, which may occur before many years of the diagnosis of cancer like
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breast, lung, prostate cancers have been related to it [82]. Some medicinal plants
containing minerals with their pharmacological activities are given in Table 3.1.

3.10 Vitamins

3.10.1 Vitamin C

One of the most commonly supplemented Vitamin is Ascorbic acid. The preserva-
tive and antioxidative properties of this compound are used in the food industry
[129]. Mangoes, oranges, brussels sprouts, kiwi, cantaloupe, strawberries,
cranberries, papayas, melons, spinach, asparagus, and tomatoes are all high in

Table 3.1 List of some medicinal plants containing minerals with their pharmacological activities
[85–128]

S. no Mineral Plant Pharmacological effects

1. Selenium
(Se)

Quinoa (Chenopodium
quinoa) f-Chenopodiaceae

Antioxidant activity, allergic effects, anti-
obesity, and blood-fat reducing effects

Mustard (Brassica Juncea)
f-Brassicaceae

Anticancer, Antioxidant, Antitumor activity

Radish (Raphanus sativus)
f-Brassicaceae

Anti-inflammatory, Anticancerous activity,
antioxidant

Onion (Allium cepa)
f-Amaryllidaceae

Antioxidant activity, anticancer activity,
anti-inflammatory activity,

Garlic (Allium sativum)
f-Lillaceae

Antitumor, antioxidant

Mint (Mentha spicata)
f-Lamiaceae

Antioxidant activity, antimicrobial activity

2. Zinc (Zn) Stinging nettle (Urtica
dioica) f-Urticaceae

Antioxidant, immunomodulatory, anti-
inflammatory

Cumin (Nigella sativa)
f-Apiaceae

Antioxidant activity, Anticancer activity,
analgesic effect, antimicrobial properties

Mint (Mentha piperita)
f-Lamiaceae

Antioxidant activity, antimicrobial activity,
cytotoxic

Basil (Ocimum basilicum)
f-Lamiaceae

Antioxidant activity, anti-bacterial, anti-
fungal, anti-inflammatory, antitumor

Saffron (Crocus sativus)
f-Iridaceae

Antioxidant, Anticarcinogenic

3. Iodine
(I)

Barbary Berberis vulgaris
f-Berberidaceae

Anticancer, anti-inflammatory, antioxidant

Bitter-apple (Citrullus
colocynthis)
f-Cucurbitaceae

Antioxidant, Anticancer, Anti-inflamatory

Cocklebur (Xanthum
strumarium) f-Asteraceae

Anticancer, anti-inflammatory

Ajowain (Carum
copticum) f-Umbelliferae

Antioxidant properties, Anti-inflammatory
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vitamin C [130]. On an average, a daily recommendation of Vitamin C intake for
women is 90 mg and for men 75 mg approximately [131]. The deficiency of Vitamin
C is rare these days owing to appropriate nutrition, and only happens in rare
circumstances such as malabsorption, malnutrition, renal illness, and smokers.
Vitamin C needs to increase during breastfeeding, during severe physical activity,
in smokers, drinkers, the elderly, and people who are hypertensive and diabetic and
these individuals can cosume the Vitamin C in high quantity and can take more than
120 mg per day. Although the amount of vitamin C upto 3 g is recommended and the
excessive intake of Vitamin C causes adverse effects such as nausea, vomiting, and
diarrhea. Vitamin C is absorbed as ascorbate and dehydroascorbate in the entire
length of the human intestine (DHA). Vitamin C overload can lead to increased iron
absorption as well as vitamin B12 and copper absorption impairment [132].

As a water-soluble antioxidant, ascorbate is important in cellular oxidative
metabolism, as it effectively scavenges “ROS” and “RNS” formed under a variety
of stress conditions [133, 134]. Since ascorbate (and glutathione) are involved in the
reduction in the radical tocopheroxyl into tocopherol, tocopherol-mediated defense
against lipid peroxidation may be significantly enhanced [133, 135]. In addition,
ascorbate is an important cofactor intended for multiple enzymes involved in the
biosynthesis of carnitine and catecholamines (0). Ascorbate also maintains the
catalytic activity of diverse Fe(II)-2-oxoglutarate-dependent dioxygenases through-
out the posttranslational modification and folding of extracellular matrix proteins
like collagen [136].

3.10.2 Vitamin E

“Vitamin E” is an important micronutrient which is made up of eight different
compounds, i.e., 4 compounds of Tocopherols and 4 compounds of Tocotrienols.
Tocopherol is the most important active component of vitamin E. Vitamin E is
mostly obtained from fat-rich foods, particularly edible oils and nuts [137]. This
Vitamin is a fat-soluble antioxidant which preserves the oxidizable lipids present in
foods, cosmetics, and medications (Fats and oils are kept from going rancid). The
lipids present in the body fluids and cells are also protected by the same antioxidant
process, making it a natural anti-aging component of tissues of humans [138]. It also
affects the gene expressions in the liver, blood, immune system, and central nervous
system that are important in physiological processes. Humans require vitamin E as a
free radical-scavenging antioxidant [139]. Cancer survivors frequently use them
as well.

Due to the presence of a phenol group, the chromanol head group of vitamin E
avoids damaging peroxidation [140] and it is the initial line of resistance against fatty
acids peroxidation which are not saturated. When the acidic H from vitamin E’s OH
is converted to peroxy radicals (ROO), the radical chain is prevented from spreading
inside the lipid domains [141]. Other oxidizing reagents that TP can trap include
singlet oxygen, superoxide anion, ozone, peroxynitrite, and nitrogen dioxide radicals
[137]. In an in vivo study, the deficiency of Vitamin E inhibited lipoperoxidation,
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which is associated with the increase in lipoperoxides which are circulating
[137]. Vitamin E inhibits lipoperoxidation, which affects the oxidation of cholesterol
because of the blocking of sterol5,6-epoxidation [142]. Some Medicinal Plants
containing Vitamins with their pharmacological actions are given in Table 3.2.

3.11 Polyphenols

Among all phytochemicals, phenolic compounds (PCs) play a very significant role
in health benefits. The category of “organic compounds” known as Phenolic
compounds are at number second as the most plentiful and after cellulose in the
plant kingdom. Besides health benefits, they perform various activities in plants like
protect them against ultraviolet (UV) solar radiation and provide structural support,
biotic or abiotic stress, and many more. Phenolic compounds directly act as
antioxidants because they have a significant role in neutralizing and adsorbing free
radicals and they also reduces the decomposing of peroxides or triplet or singlet
oxygen. As Phenolic compounds have hydroxyl group which is responsible for
exerting powerful scavenging activity, due to this activity phenolic compounds are
considered as important plant constituents and are also known as “potent chain
breaking antioxidants.” As anticancerous action, Polyphenols plays a significant
role in all phytochemicals. The Polyphenols, such as ellagitannins and epicatechin

Table 3.2 Some medicinal plants containing vitamins [143–169]

S. no Vitamin Plants Pharmacological study

1. Vit C Arabi (Colocasia esculanta)
f-Araceae

Anticancer, Antioxidant, anti-inflammatory,
probiotic

Indian licorice (Abrus
precatorius) f-Fabaceae

Antioxidant activity, Anti-inflammatory

Roselle (Hibiscus
sabdariffa) f-Malvaceae

Anti-inflammatory, Antioxidant activity

Hogweed (Boerhavia
diffusa) f-Nyctaginaceae

Antioxidant, Anti-inflammatory activity

Turmeric (Curcuma longa)
f-Zingiberaceae

Antioxidant, Anticancer, Anti-inflammatory
agent

2. Vit E Silk cotton seed (Gossypium
herbaceum) f-Malvaceae

Anticancerous, Dietetic, Antioxidant

Fenugreek (Trigonilla
foenum-graecum)
f-Fabaceae

Anticancer, anti-inflammatory

Lettuce (Lactuca sativa)
f-Asteraceae

Antioxidant effects, Anticancer activity,
analgesic

Aloe vera (Alove
barbedensis) f-Liliaceae

Antioxidant, Anticancer

Amla (Phyllanthus emblica)
f-Euphorbiaceae

Antioxidant effect, anti-inflammatory
Anticancer effect, immunomodulatory
effect
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gallate, exhibited anticarcinogenic properties [170, 171]. The existence of
polyphenols in food gives significant organoleptic features in color, flavor, acri-
mony, etc. Polyphenols play a significant impact on health and have been utilized as
a therapeutic agent for centuries.

In past decades, great interest has been developed between the users and
researchers for the use of phenolic compounds because of their antioxidant activity
as many epidemiological studies have been done which shows the linking between
the use of natural antioxidants in diet having abundant quantity of these natural
antioxidants, which in turn decreases the risk of those diseases which mainly occur
and associated with the oxidative stress like “cancer.”

It is expected that the global phenolic antioxidant market may reach up to
1.83 billion USD by 2023 due to wide applications of phenolic antioxidants other
than therapeutic applications including cosmetics, plastic, rubber, fuel, lubricant, etc.
[172]. In plants, these substances are obtained from different pathways like, “pentose
phosphate-pathway,” “shikimate-pathway,” and “phenylpropanoid-pathway.” The
chemical structure of polyphenols contains an “aromatic compound,” comprising at
least one or more than one “hydroxyl” compound. There is an extensive diversity of
“phenolic compounds” (PCs), which are present naturally, due to their structural
diversity. As part of the phenylpropanoid pathway, cinnamic acid is formed due to
the deaminization of Tyrosine and Phenylalanine. Though these organic constituents
having a mutual carbon (C6-C3) phenylpropanoid element however an indispens-
able phase in their biosynthesis reaction is the addon of one or more than one –OH
groups to the phenyl ring, increase to the variability of molecules, such as stilbenes,
proanthocyanidins, cinnamic acids, lignans, flavonoids, lignins, coumarins, and
benzoic acids.

At Present, minimum “8000” structures of “Phenolic compounds”(PCs) have
been recognized, which further characterized into several classes [173]. Studies
have exposed that polyphenols can reduce the amount of O�

2 in vascular endothelial
cells by inhibiting the production of NADPH (Nicotinamide adenine dinucleotide
phosphate hydrogen) and also NOX (oxidase). They can also reduce the ATP
synthesis in mitochondria by hindering the ATPase and mitochondrial respiratory
chain. The polyphenols exert these effects because of the acceptance of electron by
phenolic hydroxyl to have a more stable “phenoxy radical”, which prevent “Cellular
Components” from OS (Oxidative stress), further they decrease the risk of several
ailments.

The classification of polyphenols has been given in Fig. 3.1, and among them the
most significant PCs (Phenolic Compounds) are found in the human food and they
are “Flavonoids,” “Phenolic Acids” (PA), and “Tannins”.

3.11.1 Phenolic Acids

The Chemical structure of “Phenolic Acids” contains at the minimum of “one”
aromatic ring where a minimum of one Hydrogen atom is relieved by hydroxyl
groups [174]. They comprise of two groups: the one is the “Hydroxybenzoic Acids”
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(HBAs) and the other group is the “Hydroxycinnamic Acids” or HCAs, these are
formed from “non-phenolic” molecules of “cinnamic” and “benzoic” acids and are
produced by the pathway namely “Shikimate pathway,” where“l-tyrosine” also
known as “l-phenylalanine” is the premonitory constituent [175].

The responses involved in the synthesis of phenolic acids are “Methylation,”
“Hydroxylation,” and “Deamination.” Initially, Tyrosine or Phenylalanine undergo
Deamination reaction, resulting in the formation of “p-coumaric acids” and/or
“Cinnamic acid,” respectively. Then Hydroxylation and methylation of “Aromatic
rings” of “p-coumaric”or/and “Cinnamic acid” takes place and the resultant outcome
is the formation of “Ferulic” and “Caffeic acid.” Then degradation of the “Cinnamic
acid” side chain occurs ensuing in formation of benzoic acid. Further, the processes
“Hydroxylation” and “Methylation” of benzoic acid give rise to protocatechuic and
p-hydroxybenzoic acids [176].

3.11.1.1 Hydroxybenzoic Acids (Hbas)
The Basic structure of hydroxybenzoic acids is C6–C1. Variation in their aromatic
rings which is a basic structure leads to the formation of number of compounds.
HBAs are “Gentisic Acid,” “Vanillic Acid,” “Protocatechuic,” “Ellagic,”
“Syringic,” “Gallic,” “Salicylic,” and 4-hydroxy Benzoic acids. These compounds
are found in both the forms in plants in conjugated form and in free form and some
compounds formed while processing [177].

3.11.1.2 Hydroxycinnamic Acids (Hcas)
The Basic structure of hydroxycinnamic acids is “C6–C3”where side chain having a
double bond might be having “cis or a trans configuration” and occurs in the form of
“Polymers,” “Dimers,” or “Monomers” can occur in precipitate form with acids of
hydroxyl group, alcohols, and also monosaccharides or disaccharides forming
“Esters,” or they can be amino after precipitation with amines. While in the free
form they are rarely found but as processed food they can be found in free form by
freezing, or fermentation and sterilization processes [177].

3.11.2 Flavonoids

“Flavonoids” is the another most significant antioxidant compound. It is a subdivi-
sion of polyphenols present in abundant quantity in most of the herbal medicines.
They contain nearly two-thirds of dietary “Phenolic Compounds” (PCs) or out of
8000 polyphenolic compounds 6000 are flavonoids. Their molecular weight is low,
categorized by a 15-carbon structure, organized as “C6–C3–C6,” with diverse
characteristics like arrangement of the basic structure and unsaturation degree,
subsequent in diverse subdivisions. Basically, the structures of Flavonoid are made
up of two aromatic rings, i.e., ring A and ring B, amalgamated by a three carbon link,
regularly in the form of a Heterocyclic ring, i.e., ring C. The formation of a molecule
of flavonoid is from a pathway known as “Acetate/Malonate pathway” where A ring
is formed and in the “Shikimate pathway” the “B Ring” is formed from
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“phenylalanine” [178]. Variation in the pattern of C rings produces a variety of
sections like “Flavonols,” “Flavanonols,” “Flavanones,” “Isoflavones,” “Flavones,”
and “Anthocyanidins.” These differences occur due to a number of reactions like
“Oxygenation,” “Glycosylation,” “Sulfation,” “Alkylation,” and “Acylation” [178].

3.11.2.1 Flavones
They are categorized as the primary form of “Flavonoids.” They comprise of a “Keto
Group” in C4, and a covalent bond in between the ring C2 and C3 and “Ring B” is
connected with C2. The utmost plentiful Flavones in vegetables and fruits contain
“Luteolin,” “Apigenin,” and their Glycosides. The “Polymethoxylated Flavones”
(like tangeretin and nobiletin) present in abundant amount in citrus peel have
powerful bioactivities. They possess antioxidant benefits and also playing a role in
delaying the metabolizing of drugs [177].

3.11.2.2 Isoflavones
Isoflavones are the kinds of flavones where ring “B” is adhered to “C3” at the place
of “C2” because of the specific structural feature the isoflavones having resemblance
to estrogens which is a female sex hormone having mild estrogenic activity due to
which Isoflavones are also called as Phytoestrogens. The main Isoflavones are
daidzein, glycitein, and genistein.

Researchers suspect that isoflavone may have a valuable role in decreasing the
risk of cancers related to hormones, like Breast Cancer, Endometrial Cancer, and
Prostate cancer. However, the mechanisms and outcomes of the studies are not clear
until now. Though, The effect of Isoflavones on cancer is not clear yet because in
some studies it is found that Isoflavones act as antioxidants while in some studies it is
found that it acts as oxidant.

3.11.2.3 Flavonols
It is the extensively distributed subclass of flavonoids which includes “Quercetin”
and “Kaempferol.” Flavonols are flavones hydroxylated in C3. They are found in
many foods and ensue in many medicinal herbs having anticancer potential. Such as,
“Alpinia officinarum” rhizomes and flowers of “Rosa chinensis.” [179].

Quercetin mainly exhibits its antioxidant activity due to several mechanisms like
the effects of quercetin on activity of glutathione enzyme, reactive oxygen species,
and the pathways of signal caused by several factors including toxicological and
environmental. Its potent antioxidant activity is found because it maintains oxidative
balance [180].

To slow down the purification in a system of “Human Neutrophil
Myeloperoxidase” Quercetin plays its role by using undamaged “Human
Neutrophils”; at this stage, it is found more powerful than “methimazole,” which
is definite “Myeloperoxidase-inhibitor.” This kind of Flavonol was invented to be an
influential constraint of “human neutrophil degranulation” and O2 creation tempted
by diverse secretagogues. The processes of “Phosphorylation of neutrophil proteins
inhibition” and activation of neutrophil by “phorbol 12-myristate 13-acetate” occurs
due to quercetin. Phosphorylation as a significant intracellular occurrence correlated
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with activation of Neutrophils because of Phosphorylation of a definite “Neutrophil
protein” with some concentration of quercetin, in addition to abridged neutrophil
degranulation and O2 production [181]. The result of some researches have found
that quercetin provides prevention against various diseases, like osteoporosis, and
also it helps in prevention of some forms of cancers and tumors. The preventive
effect of quercetin for such diseases is due to its antioxidant activity [182].

3.11.2.4 Flavanones
The flavanones and dihydroflavonols (or flavanonols) are the compounds of
flavonoids where C ring grants a saturated “Pyrane group” having no covalent
bond in between the “C2” and “C3,” and also holds “keto group” in “C4” and
“Dihydroflavonols” contains OH in “C3.” The important flavanones present are
namely “Eriodictyol,” “Naringenin,” and “Hesperetin.” They possess antioxidant,
anti-inflammatory like pharmacological activities and are also helpful in maintaining
the health of CVS (Cardiovascular System) [177].

3.11.2.5 Flavan-3-ols
The covalent bond between the rings of “C2” and “C3,” and also the “Oxo group” in
“C4” is absent in Flavan-3-ols, and keep OH in C3. These structural features develop
in “C2” and “C3” at ring “C” in “chiral centers,” meanwhile 4 diverse divisions are
involved in every carbon atom, due to this Flavan-3-ols exhibits numerous diverse
conformations [177].

The foremost types of Flavan-3-ols are “Catechin,” “Gallocatechin,”
“Epicatechin,” “Epigallocatechin,” their “3-O-gallates,” oligomers, polymers.
They are considered as good antioxidants, specifically those containing “galloyl
moieties.” While “Oligomeric flavan-3-ols” also known as “Proanthocyanidins” is
among the most copious component found in food which are occupied regularly.
The capability to prevent the dermis from the several side effects or adverse effects
which are caused due to ultraviolet radiation (UV radiation) present in them,
decreases the chances of skin cancers. This property of protectiveness is primarily
through 4 mechanisms, which are, protection against inflammation caused by UV
radiations, secondly prevents oxidative stress, thirdly prevent the damage of DNA,
and then the inhibition of immune responses [183].

3.11.2.6 Anthocyanidins
They do not have “Keto Group” in ‘C4,” but having an OH group in “C3,” and two
covalent bonds in ring “C”; owed to these specific characteristic features, they are the
only “Ionic Flavonoids.” Nearly all “anthocyanins” are “glycosylated” byproducts
of “anthocyanidins” like, “Peonidin,” “Petunidin,” “Cyanidin,” “Delphinidin,”
“Pelargonidin,” and “Malvidin.”
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3.11.3 Curcumin

It is a phytochemical (dietary phenols) mainly present in Curcuma longa rhizome,
commonly known as Turmeric or Haldi. The earliest research studies have shown
that curcumin has preventive and curative effects against several diseases like
carcinoma, neurological, autoimmune, cardiovascular diseases, etc. According to
some anticancerous studies it was found that the antioxidant phytochemicals
prevented cell proliferation thereby caused cancer cell death. Curcumin directly
induces its effect on “Targeted Cancer Stem Cells” to produce anticancerous activity
[184] and if combines with catechin then it exhibits “Synergistic” Anticanceorous
activity in different cell lines for Cancer of Larynx and Colon
Adenocarcinoma [185].

3.11.4 Tannins

They are commonly referred to as tannic acid. They are the plant phenolics having
relatively high molecular weights (>1000) and precipitate protein from solution. As
a large number of hydroxyl groups and other functional groups are present, these
compounds are present as esters or “heterosis.” Therefore, they are able to condense
proteins and salivary glycoproteins which may lead to the loss or decrease in
lubrication action which in turn is responsible for the astringency action of many
plants [186]. The Hydrogen link in between the “Phenolic groups” and the “Site-
Specific protein” of tannins play a role in binding between proteins and Tannins and
the stability of this binding depends on the molecular weight of tannins. They have
been chemically categorized into two classes: One is Hydrolyzable Tannins and the
other is Nonhydrolyzable Tannins or also called Condensed tannins. The “Tannins”
which are hydrolyzable composed from the shikimate pathway lead to the formation
of “Gallic acid esters” or Gallotannins, esterified by glycosylated ellagic acid
(ellagitannins) and gallic acid partially or completely. Glucose and gallic acids are
yielded after the hydrolyzation by some specific enzymes, Bases, Acids, and also
Gallic Acid Esters. However, Condensed tannins have more complex structure and
uniform hydrolyzable tannins [177, 187]. List of some Tannin containing plants and
their pharmacological activities are given in Table 3.3.

3.11.5 Stilbenes

Stilbenes have shown a promising effect to combat challenging diseases like cancer,
because of its anti-inflammatory action, cell death activation, and antioxidant activ-
ity, which is coupled with reduced toxicity under in vivo conditions. Now the
concept of chemoprevention is popular globally which promotes the administration
of agents which have potent to protect or prevent, inhibit, or delay the progression
process of carcinogenesis [200, 201]. Stilbenes have the potential to trim down the
tumorigenesis by interacting with all stages of carcinogenesis at molecular level.
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Moreover, the limited concentration in the plant and low bioavailability limited its
benefits [202]. The bioavailability of many phenolic compounds greatly depends
upon their morphology, molecular size, administration site, metabolism, and absorp-
tion processes. These factors are also associated with the basic structure of the
compound including Glycosylation or Acylation degree and conjugation with
other phenolics, polymerization, solubilty, etc. [203, 204]. This is the major cause
due to which the bioavailability of many phenolic compounds greatly differs [204].

3.11.6 Curcuminoids

Curcuminoids are defined as the derivatives of ferulic acid, contain two molecules of
ferulic acid attached with a “β-diketone” in a highly conjugated form by methylene.
They have been used since antiquity for different cultural, culinary, cosmetics, and
medicinal purposes. Earlier its therapeutic potential was revealed through many
researches. This phytochemical comes under the group of Phenolic compounds
known as “Diarylheptanoids.” The main chemical compounds of curcuminoids
include curcumin, demethoxycurcumin, and bisdemethoxycurcumin [205]. All
three chemical compounds of curcuminoids possess significant yellow color to
turmeric, particularly to its rhizome. Furthermore, the antioxidant property is also
found in curcuminoids which are isolated from species of Zingiber or Curcuma, such
as Curcuma domestica, Curcuma xanthorrhiza, Curcuma zedoaria, and Zingiber
cassumunar [206–208]. Curcuminoids have been reported for its antioxidant, anti-
cancer [209], and antimicrobial activities. [210]. Curcumins have shown their
antioxidant potential by transferring hydrogen atoms to make it larger than that of
“α–tocopherol” and which is considered as more powerful natural antioxidant [211]
which is related to the ability for inhibition of carcinogenic reactive oxygen species
like “Nitrite Radicals”, “Peroxides,” “Superoxide Anions,”and “Hydroxyl radicals”
[212]. The pathophysiology of Inflammatory disorders and also certain types of
cancer have been associated with the improper upregulation of cyclooxygenase-2 or
COX-2 and also iNOS enzymes. Curcumin exhibits its anti-inflammatory action
most likely by inhibiting enzymes like “Lipooxygenase,” “COX-2,” and also

Table 3.3 List of some tannin containing plants and their pharmacological activities [188–199]

S. no Plants Pharmacological activity

1. Black plum (Eugenia
jambolana) f-Myrtaceae

Anti-inflammatory effects, Antioxidant, Antineoplastic
effect, Chemopreventive effect, Radioprotective effects

2. Arjun (Terminalia arjuna)
f-Combretaceae

Anticancer activity, Antioxidant Anti-inflammatory,
immunomodulatory

3. Pomegranate (Punica
granatum) f-Lythraceae

Antioxidant, Anticancer, Anti-inflammatory

4. Sebastan (Cordia latifolia)
f-Boraginaceae

Anticancer, Anti-inflammatory, Antioxidant

5. Acacia (Acacia Arabica)
f-Leguminosae

Antioxidant, Antimutagenic
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“iNOS” as these are the enzymes which have a significant role in mediating
inflammatory processes. Hence, Curcumin exhibits preventive effects on cancer
because tumor progression is more likely to be closed with inflammation [213].

3.11.7 Coumarins

Plants contain coumarins in free form as well as in the form of glycosides. They are
categorized on the basis of their oxygenation degree of their benzopyrane moiety and
also on their large chemical diversity [179]. Up till now, using natural sources
specifically from green plants more than 300 coumarins have been isolated and
identified. A maximum number of compounds are having coumarins. These
compounds include anticoagulant agents like Dicoumarol [214], Photosensitizing
agents like psoralens, etc. The coumarins which are having pyrone rings and benzene
rings in fused form comes under the group of phenolics having low molecular weight
and these coumarins are extensively used for preventing and treating several
diseases. On the basis of substitution pattern coumarins exhibits their pharmacolog-
ical actions, therapeutic uses, and biochemical properties. Coumarins possess a
number of important pharmacological actions like antioxidant action, anticancer,
anti-inflammatory, antiviral, etc. [215–218]. They also possess its effect on “Central
Nervous System” (CNS). In many researches, the effect of 7-hydroxycoumarin has
been determined as antioxidant. In a study, the effects of 6–7 hydroxycoumarin also
known as esculetin and 7-hydroxycoumarin on cellular metabolism of A431 cells for
a time period of 24 h were investigated. Results showed that the 7-hydroxycoumarin
exhibits the inhibition on the activity of “Succinate Dehydrogenase” at a concentra-
tion of more than 10μg/ml [219]. In another study the antioxidant namely
“Auraptene” or 7-geranyloxycoumarin [220], which have been isolated from citrus
fruits peel “Citrus natsudaidai Hayata” was determined for its effect as
chemoprotective agent against chemically induced carcinogenesis [221]. The results
of the study revealed that this antioxidant, i.e., auraptene having preventive effect
through enrichment of immunity. Moreover, auraptene also possess antitumor effect
in skin of mouse and in the rat tongue, colon, and esophagus it possess anticancerous
activity [222]. The coumarins which are present naturally exhibit their anticancerous
activity by inducing several enzymes which are responsible for detoxifying
carcinogens like S-Transferase, Glutathione, etc. [223].

3.11.8 Lignans

Lignans are phytoestrogens, and their metabolites are worked as antioxidants and
free radical scavengers, decreases the chances of cancer development [224]. These
are polyphenols obtained as secondary metabolite of phenylanaline. Bacteria present
in the intestine can metabolize Polyphenols or plant lignans and form “Mаmmаliаn
lignаns” namely enterоlасtоne and enterodiol. Lignans bind with оestrоgen
reсeрtоrs in the breast cells. Mammalian lignans, i.e., enterolactone and Entroldiol
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are having involvement in the cystostatic activity against cancer cell line of
colon [225].

3.11.9 Quinones

The structure of quinones comprising of benzene ring where 2 carbonyl bonds are
formed by substituting of 2 hydrogen atoms by 2 oxygen atoms. Among all
quinones, the most important is the benzoquinone (С6H4О2) and it is further
categorized into other types like 1,2-benzоquinоne, 1,4-benzоquinоne,
раrаbenzоquinоne, and оrthоbenzоquinоn. Herbal anthraquinones produce
antitumor effects and also inhibiting carcinogenesis. In a study it was found that
these “anthraquinones” eradicate cancer cells in the lungs of human and colon by
blocking the benzo[a]pyrene mediated DNA damage in the cell line of human
hematoma and showed high suppressing activity on proliferation of mesangial
cells of humans, In addition, also have a specific antitumor activity of
neuroectodermal tumor, this activity is due to the immune cytochemical response
of this phytochemical to neutralizing the specific antigen of neuroendocrine and
epithelial [226, 227].

Quinones also act effectively in colon cancer chemotherapy by inducing toxicity
to the cancer cell line namely “MСF-7” which is involved in cancer of breast and
also to the T-Lymphocytic Leukemia cell line which is CEM-SS to restrain telome-
rase and to possess powerful activity as antineoplastic. Furthermоre, some of the
furаnо nарhthа quinоnes shоwed effects on toxic cells in mammalian species and
also on the factors which damage DNA. The аntitumоr activity of quinоnes is mainly
attributed оn the nuсleus of hydrоxy bonds whiсh аre аssосiаted with inhibition of
cell growth [226, 227].

3.11.10 Bioavailability of Phenolic Compounds (PCs)

The rate of absorption of Phenolic Compounds (PCs) across the intestine affects its
bioavailability. Taguchi et al. have been reported the bioavailability of many
polyphenols ingested in pure form or in foods, when reaching plasma varies from
0.072 to 5 μM [228]. Figure 3.3 demonstrates the bioavailability of phenolic
compounds.

3.12 Conclusion and Future Perspective

The major causes of mortality and mental and physical disability are many chronic
diseases including cancers, diabetes, and other related problems. The oxidative
damage of biomolecules like protein, lipid, and DNA is caused by oxidative stress
which occurs due to the reactive oxygen or nitrogen species in some conditions.
Chronic inflammation and excessive production of oxidants are responsible for the
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derangement of normal physiological function resulting in pathogenesis of many
diseases. Antioxidants have the potential to prevent cells from damage due to free
radicals. Natural antioxidants have advantages over synthetic one as it has been
mentioned in several studies that the continuing use of synthetic antioxidants can
cause many side effects. Therefore, nowadays the world is venturing toward natural
antioxidants due to their safe and effective status. The natural antioxidants can be
derived from fruits, vegetables, medicinal plants, and other natural sources. The
plant-derived antioxidants are among the most promising agents to combat chronic
disorders. Many antioxidant phytochemicals consist of multifaceted effect, such as a
phytochemical resveratrol, which is having preventing role in several diseases like
Obesity, Diabetes, Cancers, Cardiovascular diseases, and also in Alzheimer disease.

Several experimental studies have been depicted that the antioxidants exhibit
anticancerous activities and these antioxidants can be present in functional foods as
well as nutritional supplements.

Therefore, it is advised to take in our daily routine a balanced diet which consists
of fruits, vegetables, grains, and medicinal plants recommended by the experts
because they contain many phytochemicals having antioxidant property, which
helps to combat various chronic disorders. The traditional system of medicine,
viz., Ayurveda and Unani has a vast treatise of natural products which have antioxi-
dant property and a number of chronic disorders are successfully prevented/cured by
them. There is a sire need to identify the leads from this rich heritage and develop

Fig. 3.3 Schematic representation for the bioavailability of phenolic compounds
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Table 3.4 A brief description of common antioxidant plants [229–251]

S. no Medicinal plant
Part
used

Chemical constituent responsible for
antioxidant activity

1. Turmeric (Curcuma
longa) f-Zingiberaceae

Rhizome Curcumin, 4-hydroxycinnamoylmethane

2. Nutmeg (Myristica
fragrans) f-Myristicaceae

Fruit Myristphenone, phenolic volatile oils,
phenolic acid (caffeic acid), flavanols
(catechin)

3. Acacia (Acacia Arabica)
f-Fabaceae

Gum Flavonoid, phenols

4. Cobra saffron (Mesua
ferra) f-Calophyllaceae

Phenols, flavonoid

5. Ginger (Zingiber
Officinale)
f-Zingiberaceae

Rhizome Gingerol

6. Clove (Eugenia
Caryophyllata)
f-Myrtaceae

Bud Phenolic acids (gallic acid), flavonol
glucosides, phenolic volatile oils (eugenol,
acetyl eugenol), Tannins

7. Dodder (Cuscuta reflexa)
f-Convolvulaceae

Seeds Flavonoids, dulcitol, bergenin, coumarins,
glycosides, lactone

8. Carrot (Daucus carota)
f-Apiaceae

Root Carotenes, carotenoids, glycosides,
flavonoids, sugars, quaternary bases

9. Gooseberry (Emblica
officinalis)
f-Phyllanthaceae

Fruit Polyphenols (ellagic acid, gallic acid,),
tannins

10. Fennel (Foeniculum
vulgare) f-Umbelliferae

Fruit Volatile oil, fenchone, anethole, limonene,
anisaldehyde, estragole

11. Licorice (Glycyrrhiza
glabra) f-Fabaceae

Root Glycyrrhizin, flavonoids

12. Mango (Mangifera indica)
f-Anacardiaceae

Fruit polyphenols, vitamin A and C, quercetin,
ellagic acid, gallic acid

13. Nightshade (Solanum
nigrum) f-Solanaceae

Fruit Polyphenolic compounds, flavonoids

14. Male fern (Dryopteris.
filix-mas)
f-Dryopteridaceae

Root/
Rhizome

Phenolic acids, Aspidinol, Filicinic acid

15. Bayberry (Myrica nagi
thumb) f-Myricaceae

Bark Flavonoid, phenolic

16. Arjun (Terminalia arjuna)
f-Combretaceae

Bark Phenols, flavonoids

17. Monkhood (Aconitum
heterophyllum)
f-Ranunculaceae

Root Phenolic, saponins

18. Belleric myrobalan
(Terminalia bellirica)
f-Combretaceae

Fruit Phenolics, tannin

19. Rose (Rosa damascene)
f-Rosaceae

Flower Flavonoid, phenols

(continued)
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formulation with the help of reverse pharmacology to combat the challenging
disorders which may not only be promising against various noncommunicable
disorders (NCD) but ultimately it will escape the huge amount, very prolonged
duration, and tedious process of drug discovery and development. Nowadays, the
Antioxidants synthesized from natural sources like from food and medicated herbs
have been investigated for their benefits in health and nutritional values in reference
to medicinal uses mentioned in Unani and other classical literature, e.g., Al Hawi by
Zakariya Razi (Rhazes), Ilaj al Amraz by Hakeem Shareef Khan and many more.
The plant-derived medicines are a good source of phytoconstituents to combat
cancer, but only limited aspects have been investigated so far. Hence, the screening
and isolation of active constituents having no or less side effects should be a major
task to combat cancer.

There is a need for identification and extraction of more phytochemicals having
antioxidant properties from medicinal plants. Further to investigate their pharmaco-
logical functions with the mechanism of actions of these phytochemicals must be
investigated for their safety studies, adverse or side effects to make safe and effective
use of them (Table 3.4).
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Abstract

Long-term dietary intake of natural polyphenols shows chemoprotective and
anticancer activity through scavenging and removing free radicals. Polyphenols
have been reported to influence and alter the initiation, promotion, and progres-
sion of cancer. The broad range of these polyphenol compounds’ biological and
pharmacological activities is well supported by numerous studies in metabolism
regulation, microbiome interaction, and interference with primary cell signaling
responsible for cancer development. A number of polyphenols from various
dietary sources demonstrate the regulation of cancer-causing transcription factors,
and polyphenols control signaling molecules and modulate cancer cell apoptosis,
proliferation, invasion, and metastasis. Here, we focus on multiple cell signals
that play a significant role in cancer progression and discuss the beneficial role of
polyphenols in different cancer progression stages, including metastasis and
apoptosis. In addition, we attempted to provide a more consistent and reliable
relationship between how different polyphenols affect cancer signaling. To
summarize, using polyphenols as nutraceuticals aids in the development of
potential new drugs with a particular target pathway involved in cancer patho-
genesis and medication production as a possible strategy in cancer treatment.
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4.1 Introduction

Recent developments in phytochemical-based preparations have played an essential
role in treating various diseases related to cell growth, differentiation, and prolifera-
tion [1]. One such critically reviewed and widely studied class of phytochemicals is
polyphenols. Polyphenols have a wide range of evidence demonstrating their bene-
ficial effects on diseases caused by cell degeneration, deregulation, and abnormal
differentiation, such as cancer tumorigenesis, neurodegenerative diseases, and a
variety of other cell abnormalities [2]. Cancer, one of the most hotly discussed and
prevalent diseases of the twenty-first century, has had no targeted treatment or cure
to date [3]. Since the last few decades, many studies and clinical work have been
performed on various phytocomponents related to cancer treatment. Polyphenols are
among the most significant parts of clinical and preclinical research [4].

Polyphenols are secondary metabolites present in various medicinal plants and
are an essential bioactive dietary compound [5]. Consumption of a rich polyphenol
diet, such as fruits and vegetables, provides multiple health benefits [5]. Polyphenols
are made up of several subclasses, including flavonoids and other phenolic
compounds, all of which contribute to the protective mechanism against different
diseases [6–8]. The primary polyphenol subclasses are flavonoids and
non-flavonoids. Due to polyphenols’ antioxidant properties, polyphenols’ regular
consumption (up to 1g) helps to minimize reactive oxidative species and
pro-oxidants [9]. Besides, several studies in recent years have shown that
polyphenols play a significant role in chemoprevention and cancer cell apoptosis
[5, 10].

One of the major factors contributing to the development of cancer is the
interrupted intracellular signaling network, which transmits aberrant signals that
result in abnormal cellular activity [11–13]. In chemoprevention, targeting these
deregulated intracellular signaling mechanisms may help by modulating one or more
cell signaling pathways in a manner that inhibits the carcinogenic mechanism [14–
16].

Several cell lines, animal models, and human epidemiological studies indicate
that dietary polyphenols play a protective function against multiple forms of cancer.
Dietary polyphenols by modulation and targeting several signaling pathways are
opposed to the cells’ carcinogenic nature [17]. Clinical studies also relate polyphe-
nolic intake to cancer prevention, indicating a decreased risk of different types of
cancer and reduced recurrence following intake of flavonoids or certain foods or
beverages that are high in these phenolic compounds [18, 19]. Human trials, by
contrast, have demonstrated no beneficial effects. Since carcinogenesis is a multistep
process involving multiple cellular signaling pathways such as NF-кB, PI3K/Akt
signaling, mTOR signaling, IGF (Insulin-like growth factor) pathway, and many
more [20]. Minor deregulation of major signaling pathways leads to many alterations
related to cell differentiation and proliferation [21]. Also, deregulated signaling
contributes to the carcinogenic activity of the cells and leads to cancer. Intake of
different dietary polyphenols modulates aberrant cell signaling to normalize and
reverse cancer development [22, 23]. Many hypotheses often operate on the concept
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of polyphenols linked to the apoptotic signaling system for cancer cells. Polyphenols
cause cell apoptosis through induction of cell cycle arrest in cancer cells [24]. Fig-
ure 4.1 depicts the cellular signaling pathways involved in cancer progression, as
well as polyphenols’ involvement in chemoprevention by modulation of these
pathways.

There is currently a wide amount of knowledge available that supports
polyphenols’ biological role and anti-carcinogenic activity. So far, several
researchers have provided information on the use of polyphenols in cancer care.
However, to the best of our knowledge, there is still a limited number of studies on
the use of polyphenols as an alternative therapy in cancer treatment. We searched for
all of the details on polyphenol bioavailability or ADME (Absorption, Distribution,
Metabolism, and Elimination). In that case, we will see that the concentration of
polyphenols in food products and their consumption varies by individual. Since
there are several polyphenols, determining which one is showing anticancer activity
is difficult. In contrast, the associations of polyphenolic compounds ingested as
dietary supplements with drug pharmacology should be studied. The “omics”
technology can be used to investigate the pharmacological effects of polyphenols.
Furthermore, using polyphenols as a nutraceutical is one of the most promising steps
toward incorporating them into chemoprevention drug formulations. The profile of
safety and toxicity must also be taken into account, especially in terms of bioavail-
ability. In this chapter, we will discuss the function of polyphenol in chemopreven-
tion and its impact on modulating various signaling pathways.

4.2 Polyphenols and Cancer Chemoprevention

4.2.1 Introduction of Dietary Polyphenols

Several cancers are linked to dietary nutrients and other constituents
[25]. Polyphenols can be present in a variety of fruits, vegetables, nuts, and
beverages. Dietary sources of polyphenols include green tea, almonds, and berries
[26]. Polyphenols have been shown to have effective and pharmacological activities
in preventing neurodegeneration, aging, tumorigenesis, and metabolic disorders
such as diabetes [27]. Polyphenol has also been shown to control pathogenic,
hypertensive, and cardiovascular infections [27]. Polyphenols are essentially
polyhydroxyphenols, which are distinguished by a large number of phenolic units.
These phenolic units are glycosides [28].

Polyphenols are usually categorized into different groups based on their structure,
source, and therapeutic action [29]. They are known as phenolic acids, flavonoids,
phenolic amides, and other polyphenols based on their chemical nature
[30]. Flavonoids are one of the leading and largest polyphenols that are further
subclassified as isoflavones, flavanols, and anthocyanidins. Phenolic acid is also
subclassified as benzoic acids and cinnamic acid derivatives [30–33]. They also play
a significant role in angiogenesis and tumorigenesis [2]. Polyphenols, which are
found in a variety of foods, including vegetables and fruits, can be used in
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chemoprevention and as therapeutic agents because they significantly control several
signaling pathways and include cell cycle arrest and apoptosis [34].

4.2.2 How Dietary Polyphenols Function?

Various studies have shown that polyphenols interfere with multiple cell signaling
mechanisms and pathways. The interaction of polyphenols, primarily flavonoids,
appears to modulate the different signaling mechanisms [35]. This modulation, in
some way, leads to the activation of transcription factors involved in gene expression
[35]. Gene expression ultimately works by facilitating various cellular deregulation
processes, such as cellular viability, inflammatory pathways, and the release of
various other factors [36].

Polyphenols have various bioactive effects on human health, including anticancer
activity; polyphenols affect the cell cycle, making them one of the most effective
compounds in tumorigenesis [37]. Oxidative stress is one of the key factors behind
multiple cell abnormalities [38]. Oxidative stress induces ROS (Reactive Oxidative
species) activation, which further triggers many cellular pathways such as NF-кB
[39], ERK (Extracellular signal-regulated kinases) [40], JNK (c-Jun N-terminal
kinase) [41], PI3K/Akt [42], P38 [40], and many others; the regulation of these
pathways affects transcription [43]. Transcription is the pathway responsible for
activating, controlling, and releasing various mediators for inflammation and cellular
oxidative stress.

Dietary polyphenols have an impact on ROS and play an essential role in free
radical scavenging [44, 45]. Polyphenols also promote the activity of endogenous
antioxidant enzymes thus inhibiting oxidant enzymes [46]. They have also been
shown to play an important role in signaling and releasing the effects of different
cytokines [47].

Phenolic substances can modulate a variety of biochemical processes induced by
tumor cell promoters [48]. According to research, dietary polyphenols inhibit pre-
malignant and cancer cell growth by inducing apoptosis and inhibit cell tumor
growth by inhibiting cell cycle phases [48, 49]. The roles of these polyphenols are
still unknown, and no comprehensive studies have been conducted to provide
complete data on cancer suppression and chemoprevention by polyphenols. Various
research includes information on the antioxidant properties of polyphenols. A few
studies have also revealed polyphenol findings in other diseases affecting the
glycemic process [50–52].

4.2.3 Current Perspective and Role of Polyphenols in Cancer
Chemoprevention

Cancer is a disease group that involves abnormal cell growth and metabolism
[53]. The primary mechanism underlying cancer growth is unbalanced and
dysregulated cell proliferation and differentiation [54–56]. To date, no specific
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cause of disrupted cell growth and differentiation is identified, and all cancer
prevention and treatment therapies include cell growth inhibitors with severe side
effects [57].

Polyphenol can inhibit the cell cycle, making it one of the potential
chemopreventive agents [58, 59]. High dietary consumption of fruits and vegetables
is widely believed to help prevent cancer onset [60]. However, there is a degree of
uncertainty in that some studies have not shown any reduction in cancer growth
incidence due to the intake of fruit and vegetables [60]. Despite this, there is still a
chance that certain fruits or vegetables or specific polyphenols found within them
could have protective effects against cancer production [61].

Cancer is a complex and multistep process that involves multiple cells and
molecular signaling [62]. The initiation method, in which the cell is exposed to the
carcinogenic agent, is the most crucial step in cancer development [63]. Second, the
process of promotion begins when cells replicate from their original state to
pre-cancer cells [64]. In the final stage, tumor formation starts, which leads to
uncontrolled cell development. These steps result in metastases and the formation
of new blood vessels, a process known as angiogenesis. During cancer cell growth,
signaling pathways such as cell proliferation and differentiation, as well as increased
cellular oxidative stress, are activated [65].

Polyphenols in the diet play an important role in carcinogenesis by upregulating
and downregulating major cell pathways involved in cancer progression
[66, 67]. Polyphenols regulate cell proliferation, transduction, apoptosis, angiogen-
esis, and metastasis by modulating cell signaling [48]. The potential
chemoprotective existence of polyphenols helps to prevent carcinogenic processes
and signaling molecules [16]. One of the polyphenols in green tea, which is
extensively researched in cancer polyphenol, with more than 700 reports claiming
chemoprotective effects in the case of multiple cancers [68]. The main
phytochemicals present in green tea are catechins in the form of ()-
epigallocatechin-3-gallate (EGCG), ()-epicatechin-3-gallate, ()-epigallocatechin,
and ()-epicatechin [66, 68]. These EGCGs are the most common and important
defense mechanisms against skin, lung, breast, colon, liver, stomach, prostate, and
other cancers [2, 5]. The EGCG study notes that polyphenols’ protective effects
include inhibition of genotoxic molecules and inhibition of mutagen activity. In
addition to these polyphenols, the enzyme Cytochrome P450s is regulated
[69]. Numerous studies have been performed to date concerning polyphenols as
chemoprotective agents. However, the bioavailability and safety data for
polyphenols for clinical use in cancer are still missing.

4 Polyphenols Targeting and Influencing Cellular Signaling During. . . 101



4.3 Involvement of Intracellular Molecular Signaling During
Cancer Progression

4.3.1 EGFR-mediated Signal Transduction Pathway

The epidermal growth factor (EGF) receptor signaling is an important signaling
pathway that is part of the complex mechanism that drives cancer progression
[70, 71]. Combination therapies include anti-EGFR serving as a chemopreventive
agent along with other anticancer therapies [72]. The EGF was described as a factor
contributing to cellular growth by Nobel laureate Stanely Cohen [73]. EGFR is a
family of receptor tyrosine kinases that is excessively expressed in cancer progres-
sion and responsible for activating various carcinogenic mediators in different types
of cancers such as breast, lung, colon, esophageal many others [74, 75]. EGFR has
shown a significant role in cell development, migration, proliferation, differentiation,
and carcinogenic translation and transcription [76]. They also contribute to cancer
survival and metastasis and have emerged as one of the most critical cancer research
pathways [77].

Over-activation of EGFR activity is responsible for tumor cells’ growth and
involves various cellular activities that over-regulate normal proliferation and dif-
ferentiation and cause apoptosis [78]. The EGFR family structurally consists of three
major domains, including the cysteine-rich extracellular N-terminal ligand-binding
domain, the hydrophobic transmembrane domain, and the intracellular domain
C-terminal tyrosine kinase cytoplasm [79]. The intracellular domain is strongly
conserved, and thus all binding has taken place in the extracellular domain, which
also has four major sub-domains in it [80]. Sub-domains I and III are responsible for
the open conformation and activation of sub-domains II and IV [80, 81]. This
translocation allows sub-domains I and III to reveal the ligand-binding pocket to
interact with the adjacent dimer arm to form the homodimer [81]. EGFR also
promotes heterodimerization with a relative member receptor of the same family
[82]. When EGFR homodimerizes or heterodimerizes, it initiates a variety of cellular
signaling cascades and promotes complex signaling factors [82].

EGFR activation is caused by ligand-binding and receptor dimerization, promot-
ing the phosphorylation of the tyrosine residue binding at the EGFR C-terminus
[83]. This phosphorylation helps supply the effector proteins and the
phosphotyrosine motif present in the receptor intracellular domain [83, 84]. As a
result, this activation and the effector proteins promote the activation of the
RAS-RAF-MEK-ERK pathway, P13K-AKT pathway, anti-apoptotic and (Signal
Transducer and Activator of Transcription) STAT signaling [85]. All these
activations signaling pathways contribute to cell proliferation, migration, survival,
and adhesion along with angiogenesis [86]. These cellular processes are deregulated
and over-activated in malignant cells triggered by mutations in associated genes
[85, 86]. If activated, start signaling from the cell membrane, and all these signals are
transmitted to the nucleus via cytoplasmic intermediates.

EGFR is present in the nucleus of nearly all cancer cells, including those from the
breast, ovaries, cervix, skin, prostate, and esophagus [77]. In human cancers, EGFR
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signaling occurs through two distinct pathways. One is the conventional EGFR
pathway, which is considered a significant transduction cascade involving PLC-c-
CaMK/PKC, RAS-RAF-MEK-ERK, P13-AKT-GSK, and JAK-STAT
[85, 87]. Many of these signaling pathways have been actively involved in the
transduction of cellular growth factors via signal cascades’ activation to particular
cytoplasmic targets and the nucleus to engage in the genetic transcription [87]
actively. Under the deregulated/over-regulated condition, these signaling
mechanisms led to malignant development, increased spread and differentiation,
tumor progression, apoptosis invasion, and cancer mediator resistance [76]. Another
primary cascade of EGFR is novel direct transduction involving the translocation of
the EGFR cell surface and the target gene’s transcription [87]. More on EGFR
nuclear accumulation has also been associated with tumor proliferation and cell
survival [88].

4.3.2 RAS–RAF–MEK–ERK (MAPK ERK) Signaling Pathway

Overactivated EGFR promotes tumorigenic factors and decreases apoptosis
pathways controlled by PI3k-AKT signaling [85]. MAPK (mitogen-activated pro-
tein kinase) is important for cell proliferation and survival [89]. This pathway
involves the activation of various cascades, including RAF, MEK (MAP-ERK
kinases), and ERK (Extracellular Signal-Regulated Kinases)[90]. In normal cells,
the RAS activation, which further signals the RAF kinases’ activation, facilitates the
RAF’s dimerization and development [91]. The RAF then activated further
phosphorylates and activated the MEK’s (1&2) [92].

MEK activation results in the phosphorylation of ERK 1 and ERK 2. ERK serves
an essential role by actively promoting cellular effects such as nuclear gene tran-
scription and cytosolic protein expression [91, 92]. Even minor changes in this
signaling cascade facilitate tumor progression by inducing mutations in specific
genes, such as RAS genes, kRAS, nRAS, and hRAS, as well as MEK1 mutations
[93]. It also causes deletion of mutations and promotes the methylation of specific
genes. These factors have an effect on tumor cell survival and the production of the
cancer process [85].

4.3.3 PI3K–AKT–mTOR Pathway

PI3K (Phosphoinositide 3-kinase)/AKT (protein kinase B)/mTOR (mammalian tar-
get of rapamycin) pathway is another signaling system found to be deregulated in the
event of cancer progression and human malignancies and various varieties of
neoplasms [94]. The oncogenic activity of PI3K/AKT/mTOR is due to its role in
cell progression, differentiation, and survival [95, 96]. The PI3K signal cascade is
triggered after dimerization and activation of the EGFR [85]. It is also triggered by
RTK activation, which activates the tyrosine kinase receptor on the cell membrane’s
surface. Ras and oncogenic proteins also play a role in PI3K activation [97]. When
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active, PI3k interacts with the other signaling cascades and is involved in a variety of
processes, including mutation and gene involvement, as well as the activation of
RAS isoforms [93].

Studies show that the PI3K/AKT/mTOR pathway is actively involved in cancer
progression and results in the amplification of gene encoding components [99].

Besides, activation of PI3K/AKT/mTOR is also mutated in various cancers,
including head and neck cancer, breast cancer, colon cancer, lung cancer, and
ovarian cancer [95]. When activated, PIP3 (phosphatidylinositol 3,4,5-
trisphosphate) is activated via PIP2 (phosphatidylinositol 4,5-diphosphate) phos-
phorylation. Under normal conditions, the PIP3 level is regulated by the PTEN
(Phosphatase and tensin homolog), which is responsible for the dephosphorylation
of the PIP3 and converts it back to PIP2, and triggers the negative feedback loop of
the PI3K cascade [96, 98, 99].

Under normal circumstances, AKT phosphorylates the TSC2 (tuberous sclerosis
complex 2) and inhibits the activity of the TSC1/TSC2 complex, and causes mTOR
to be activated via RAS and spreads the signal [100, 101]. MTOR is available in two
isoforms, i.e., mTORC1 and mTORC2, for which mTORC1 is responsible for
protein synthesis and protein translation [102]. MTORC2 is primarily known to
phosphorylate the AKT to its full activation [103, 104]. Genetic mutations and
modifications disrupt the standard PI3K/AKT/mTOR signaling cascade, resulting
in molecular changes contributing to cancer progression [105].

As most studies to date have shown, the modification, including PIK3CA
mutations, overexpression of ER, HER2, etc., in a variety of cancers directly linked
to PI3K/AKT/mTOR cascade signaling [106]. Together with the mTOR mutation, it
causes mTOR-related signaling changes and leads to human malignancies, including
cancer. Increased phosphorylation of mTOR and Akt signaling modulates cancer
progression and influences cell proliferation/differentiation [98]. These causes, as
well as the role of the PI3K/AKT/mTOR signaling cascade, make it an important
signaling cascade for cancer research in order to establish successful treatment
strategies for future use [94].

4.3.4 PLC-c-CaMK/PKC Signaling Pathway

Protein kinase C belongs to the family of phospholipid-dependent serine/threonine
kinases that help in cellular functioning [107]. PKC (Protein kinase C) is categorized
into three subfamilies of isozymes, i.e., conventional isozymes, novel or nonclassical
isozymes, and atypical isozymes [107]. DAG (Diacylglycerol) is needed as the
primary activator for the activation of PKCs and other activation cofactors such as
phosphatidylserine and calcium [108]. PKC isozymes are responsible for multistep
signal transduction, including growth hormones and ligand proteins, which respond
to multiple stress/stimulus reactions.

In cancer progression, PKC isozymes function as a significant factor in cell
proliferation, survival, and migration [109]. PKC isozymes also include various
cellular signaling cascades in cellular apoptosis and angiogenesis along with cancer
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resistance [107, 109]. During the cancerous environment, PKC isozymes actively
modulate cell signalings, such as RAS–RAF–MEK–ERK (MAPK ERK) or PI3K–
AKT–mTOR in cell proliferation, differentiation, and survival [89]. Besides,
activated PKCs help to inhibit the apoptosis cascade and anticancer factors such as
Caspase and Bax. Activation of PKC isozymes and downregulation of apoptosis
signaling cascades significantly impact cellular conditions [110].

In chronic lymphocytic leukemia, PKC acts as an antiapoptotic regulator,
whereas in acute myeloid leukemia, it acts as a proapoptotic regulator [111]. It
also involves the spread of cancer cells in the case of colon cancer and other cancers
[112, 113]. PKCs are regarded as a critical signaling factor in cancer progression due
to their role in the expression and spread of cancer factors.

4.3.5 JAK-STAT Pathway

STAT is a family transcription factor involving six prominent members, i.e., Stat-1,
2, 3, 4, 5a, 6b. STAT is one of the main signaling factors involved in various cancer
progressions, including breast cancer and colon cancer [114, 115]. Deregulated
EGFR and JAK pathways are linked with elevated STAT3 tumor activity
[116]. This improper STAT3 signal transduction is most likely to increase cytokine
levels, as well as have an impact on cell growth, proliferation, and differentiation
[117, 118]. It directly activates the transcription of genes involved in cell prolifera-
tion in a cancerous environment such as c-Jun and C-Fos. It includes the cell cycle’s
progression and the downflow of apoptosis factors such as BCL-xl and Fas
[119]. Besides, STAT helps in VEGF (Vascular endothelial growth factor) activa-
tion, one of the modulating factors for angiogenesis and tumor metastasis [120]. The
role of STAT in oncogenesis, cancer, angiogenesis, and other cancer-promoting
actors makes it one of the targeted import signaling mechanisms for cancer
research [85].

STAT phosphorylation promotes STAT release from its receptor and induces
dimerization into two distinct STAT molecules after receptor activation [121]. This
dimer has been translocated into the nucleus, where it binds to the DNA fragment
and causes gene expression. This binding to DNA expresses genes that are receptive
to cytokines, such as interferons and interleukins, involved in cancer progression by
linking to various receptors [118]. This binding phosphorylates the JAK and helps to
form a dimer in association with another STAT molecule. This molecule is then
translocated into the nucleus and further added to the DNA and promotes cell
proliferation and differentiation via gene expression [117].

Studies show elevated levels of STAT 1, 3, and 5 in a variety of cancer cells.
These proteins are actively involved in the signal transduction of hormones and
cytokines. Above all, STAT protein regulates cell function, including organogenesis,
fetal development, cellular apoptosis pathways, growth, immune function, and cell
inflammation [122]. STAT is activated during tumor formation by several tyrosine
kinases, including JAK and EGFR. JAK/STAT activation has a significant impact on
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cell proliferation, inflammation, angiogenesis, and metastasis, all of which contrib-
ute to cancer progression [123, 124].

4.3.6 IGF-mediated Pathway for Signal Transduction

IGF or IGFR (Insulin-like growth factor receptor) transduction is a transduction
cascade strongly involved in cell growth and survival [125]. It also includes chemo-
responses under particular conditions. IGF-I and IGF-II ligands bind to the receptors,
i.e., IGFR-I and IGFR-II, which further promote the different signaling cascades and
involve DNA synthesis and cell growth and survival [76, 126]. The abnormal
activation or over-expression of IGF and IGFR is linked to the development of
several forms of cancer. IGF/IGFR is linked to a number of cancers, including cancer
cell survival and metastasis [127].

4.3.7 Nuclear Factor-B Signaling Pathway

NF-кB is a transcriptional factor responsible for regulating and expressing immune
and growth genes [128]. It is a homo-or hetero-dimeric mixture of protein subunits,
namely RelA, RelB, c-Rel, NF-κB1, and NF-κB2 [128, 129]. These subunits share
the N-terminal Rel domain, mainly involved in DNA binding and dimerization
[130]. In normal cells, NF-кB dimers are sequestered in the cytoplasm by I£B.
Still, under stimulation from an external environment, they are rapidly translocated
to the nucleus, promoting gene expression [131]. NF-кB is mediated either by
phosphorylation of IκB members accompanied by proteasomal degradation or by
the degradation of p100 and p105 to p52 and p50 [132]. Under normal
circumstances, NF-κB is controlled by the control of IκB. NF-κB is highly activated
in cancerous conditions and translocated to the nucleus to improve cell proliferation
and survival, together with the deregulation of many other signaling pathways [133].

MiRNAs also play a significant role in affecting major components and proteins,
such as TNF and other inflammatory cytokines responsible for regulating NF-κB
[85]. Reduction in the expression level of the miR-9 aids in the promotion of the
NF-κB expression and upregulation of the activities relevant to the NF-κB
[134]. This leads to NF-B overexpression and activation, which affects cell prolifer-
ation and survival. NF-κB signaling is also implicated in angiogenesis, metastasis,
and cellular invasion. Enabling NF-B mediates the upregulation of interleukins and
VEGF expression, which serves as a cancer marker [135].

4.3.8 Wnt Pathway

Wnt signaling is a transduction pathway that involves several proteins and is
activated by cell surface receptors. Wnt signaling follows either a canonical or a
non-canonical signaling direction. The key differentiating factor that distinguishes
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between canonical and non-canonical pathways is β-catenin [136]. Both signaling
pathways are triggered through the Wnt ligand receptor connection to the Frizzled
(Fz) cell surface receptor [137]. This receptor binding transmits a signal to Dishev-
elled (Dsh), which is an intracellular protein. Numerous glycoproteins are involved
in Wnt signaling and are responsible for key roles such as cell survival, proliferation,
differentiation, migration, and other vital functions, including cell patterning and
stem cell regeneration [85, 138].

Deregulated Wnt signaling causes an abrupt mutation in the genes, altering the
role of the necessary proteins in signal transduction [139]. This abrupt signaling
plays a role in cellular changes, including the development of cancer. Wnt signaling
is altered in cancer and is actively involved in cancers such as breast cancer,
hepatocellular carcinoma, lung cancer, and gastric cancer [140–143]. Increased
level of β-catenin correlates with increased expression of cyclone D1 and is also
observed in different melanomas [144]. Inhibition of β-catenin indicates it decreased
abrupt cell proliferation, migration, and invasion and causes apoptosis
signaling [145].

4.3.9 Sonic Hedgehog Signaling

SHH signaling stands for sonic hedgehog signaling, one of the main signaling
pathways responsible for embryonic cell differentiation and proliferation
[85, 146]. SHH signaling is responsible for embryonic limb and craniofacial devel-
opment. SHH is a vital signaling mechanism that helps preserve tissue polarity
[146]. In the absence of SHH ligand, PATCH-1 inhibits SMO and inhibits translo-
cation to activate GLI-1(Glioma-associated homolog-1) [147]. PATCH-1-mediated
inhibition of SMO is abolished in the presence of SHH ligand, and SMO is available
to promote nuclear accumulation of GLI1 and trigger genetic transcription
[148]. The rapid activation of SHH signaling is seen in many human cancers and
is responsible for the promotion of oncogenic factors in cancer cells [149]. Abnormal
SHH signaling has been linked to the development of many cancers, including basal
cell carcinomas, medulloblastomas, and rhabdomyosarcomas [150].

Mutation in SMO and PATCH-1 is a major factor responsible for the deregulation
of SHH signaling. Several studies have shown that endocrine and paracrine SHH
deregulation is induced in various tumors and cancers [151]. SHH hyperactivation is
involved in pancreatic, colorectal, prostate, and glioma cancers and is responsible for
tumor angiogenesis, tumor cell proliferation, differentiation, and survival [152].

SHH transduction pathways are also helpful in the preservation of cancer stem
cells (CSCs) in cancers such as chronic myeloid leukemia and breast cancer
[153, 154]. The SHH pathway is inhibited, which reduces the distribution and
regeneration of stem cells. SHH signaling’s role in CSC maintenance has also
been linked to metastatic progression in cancers such as pancreatic and colon-rectal
cancers [155].
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4.4 Anticarcinogenic Activity of Dietary Polyphenols by
Modulating Various Signaling Pathways

4.4.1 Modulation of Cellular Signaling Associated with Cancer
Through Polyphenols

Numerous studies to date have shown that a diet rich in polyphenols decreases the
risk of various chronic diseases, including cancer. According to several researchers,
the intake of a diet rich in polyphenols and other phenolic compounds has beneficial
effects, including preventing various diseases by modulating different cellular sig-
naling that is actively responsible for controlling inflammation and oxidative stress,
apoptosis, and many more [156]. Polyphenols are the most abundant and diverse
phytochemical group found in the majority of plant products, including vegetables
and berries.

Polyphenols, as previously mentioned, are a major class of phytoconstituents
with various roles, such as antioxidant, antiproliferative, and anti-inflammatory, all
of which lead to the reduction of carcinogenic cell survival [157]. These widely
distributed polyphenols function on various cell signaling pathways and reduce the
production of numerous cytokines that are found to be responsible for cell inflam-
mation and oxidative stress. Polyphenols, such as resveratrol and epigallocatechin
gallate, are actively responsible for the direct control of cell signals transduction
pathways, such as inflammatory cascades, cell proliferation signaling cascades, and
other pathways responsible for cell abnormalities.

Resveratrol demonstrates anticarcinogenic activity through a signaling mecha-
nism by upregulation of death receptors or TRAIL (TNF-related apoptosis-inducing
ligand) by death receptor expression (TRAIL-R1/DR4 and TRAIL-R2/DR5).
TRAIL has had further effects on the upregulation of Bax and inhibition of Bcl-2
[160]. Resveratrol Inhibit cell proliferation by activation of apoptosis in
hepatocarcinogenesis [164]. Effects of cell proliferation reduction, colony formation
failure. Curcumin Prevents Small Cell Lung Cancer [172]. EGCG inhibits cell
proliferation and migration of pancreatic cancer cells by inducing apoptosis by
interference with the STAT3 signaling pathway. EGCG has improved the therapeu-
tic effects of gemcitabine and CP690550 on pancreatic cancer [173].

The apoptotic effect of luteolin was facilitated by mitogen-activated protein
kinase stimulation. The authors confirm that luteolin induced apoptotic cell death
by inducing antioxidant activity and activating MAPK signaling in colon cancer
cells [193]. Silibinin decreased proliferation and increased delayed mutation apo-
ptosis in TP53 (Tumor protein P53) cells. Silibinin toxicogenic activity on FRAP/
mTOR, AKT2, FGFR3, DNMT1, and miR100 was dependent on the status of TP53
cells [190]. Apigenin 7-O-glucoside facilitates apoptotic cell death through PTEN/
PI3K/AKT and inhibits cell proliferation in the cervical tumor cell HeLa [181].

Quercetin inhibited the progression of breast cancer by inhibiting mobility and
glycolysis through mTOR-mediated autophagy activation. In MDA-MB-435 and
Hs578t breast cancer cells, genistein prevents cell proliferation by activating apo-
ptosis. Genistein inhibits miR-155 expression, which has anticancer properties in
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metastatic breast cancer [199]. Table 4.1 describes the research-based detailed
evidence (preclinical and clinical studies) on polyphenols in cancer chemopreven-
tion, including specific signaling)

4.4.2 The Potential Therapeutic Effect of Dietary Chemopreventive
Polyphenols on Cancer Cell Apoptosis

Some research has already looked into the idea of polyphenols being related to
apoptotic cancer cell signaling mechanisms. Polyphenols trigger cell apoptosis in
cancer cells by disrupting the cell cycle. Polyphenols have been shown in previous
studies to have a therapeutic effect on apoptosis in cancer cells, and some therapeu-
tically active polyphenols are used to prevent cancer cells.

Luteolin is a dietary flavone that suppresses the development of tumors in human
colon cancer. Luteolin modulated DNA demethylation and complexity between p53
and Nrf2 (Nuclear factor erythroid 2-related factor 2) is associated with the apoptotic
effects of luteolin [194]. Kang et al. show that luteolin triggered the MAPK signaling
pathway mediated apoptotic effects. Luteolin activates apoptosis in human colon
cancer cells by inducing antioxidant activity by triggering MAPK signaling. Leutin
has a possible therapeutic effect on colon cancer [193]. Another polyphenol is
Apigenin 7-O-glucoside (AGL), which induces cell apoptosis through the PTEN/
PI3K/ACT pathway. AGL can facilitate the release of cytochrome c by controlling
the Bcl-2 family proteins and instead cause caspase 9/3 to enhance cell apoptosis.
AGL shows potential therapeutic activity against cervical cancer [181].

Casticin, a flavonoid extract from Vitex rotundifolia, induced G0/G1 arrest and
mitochondrial-related apoptosis by Bcl-2 expression and upregulating Bax, cleaved
caspase-9, cleaved caspase-3, and cleaved poly ADP-ribose polymerase expression.
Casticin significantly disrupted the dose- and time-dependent proliferation of gall-
bladder cancer cells [216]. Resveratrol has a potent chemopreventive effect on
DENA-initiated hepatocarcinogenesis by controlling cell proliferation and apoptosis
activation [164]. The ability of resveratrol to suppress tumor growth, the therapeutic
potential of TRAIL, suggests that resveratrol alone or in conjunction with TRAIL
can be used to treat prostate cancer [160]. Cardamonin greatly strengthened 5-FU
chemosensitivity in GC cells by blocking the Wnt/β-catenin signaling pathway. The
addition of cardamonin and 5-FU resulted in apoptosis and inhibition of the cell
cycle in BGC-823/5-FU cells and downregulate expression levels of P-glycoprotein,
β-catenin, and TCF4 [219]. The author previously studied bavachin-induced cell
death mechanisms in choriocarcinoma cells. Bavachin increased 3/7 caspase activa-
tion in JEG3 and JAR cells by 2.6 and 3.4-fold, respectively. By interfering with the
STAT3 signaling pathway, EGCG inhibits pancreatic cancer cell growth and
promotes apoptosis [173].

Pterostilbene (PTER) was found in blueberries. Preclinical results suggest that
PTER is an inexpensive, specific, and therapeutically safe natural product that can be
tested for prostate cancer. Pterostilbene inhibits MTA1 signaling by enhanced p53
acetylation, the high apoptotic index for prostate cancer [161]. Chrysin induced
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apoptosis and suppressed cells during the sub-G1 phase of the cell cycle and
decreased proliferation in both prostate cancer cells. Chrysin inactivated the PI3K/
AKT pathway and stimulated the ERK1/2 MAPK and P38 MAPK pathways, which
led to the apoptosis of DU145 and PC-3 cells. Chrysin has the potential to be a
therapeutic agent for human prostate cancer cells [213]. Basic chalcones 11 and
17 were antiproliferative agents that inhibited the growth of human breast cancer
cells by activating the intestinal apoptotic pathway. Chalcones induced apoptosis in
ER-positive cells by increasing p53 expression (MCF-7 line).

4.5 Conclusion and Future Perspectives

Based on the evidence provided in this study, the conclusion is that polyphenols play
an important role in carcinogenesis by upregulating and downregulating various
cancer-related mechanistic pathways. Apoptosis is induced by dietary polyphenols,
which prevent the production of premalignant and cancer cells and suppress tumor
growth by stopping cell cycle phases, cytokine levels, and cellular oxidative stress.
Polyphenols derived from natural products are currently at the forefront of drug
research and development due to the potential for many of these compounds to
interfere with cancer development at different stages.

The positive effects of polyphenols have been reported and published in numer-
ous in vitro and animal studies. While several polyphenols are shown to have
beneficial effects on various signaling pathways, further research is needed to
validate polyphenols’ anticancer mechanisms. In addition, more research must be
performed on the therapeutic effect of dietary polyphenols on cancer risk in relation
to the anticancer function of multiple polyphenols and their mechanisms of action.
Furthermore, promising new drugs with a specific target pathway involved in cancer
pathogenesis and dosage can be engineered using polyphenols as a good replace-
ment and supplementary resource in cancer care and potential future sources for drug
development and research.
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Polyphenols as Modulators of Oxidative
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Abstract

Epidemiologic reports have revealed that cancer is a major health risk and
considered a leading cause of increasing death rates all over the world. High
oxidative stress can mediate chronic diseases such as onset of cancer because of
damaging effects on vital molecules, DNA mutation, cell proliferation, and
genome modification. Among bioactive phytoconstituents, dietary polyphenols
are widely distributed in fruits, vegetables, spices, etc., having strong antioxidant
activity and believed to act extensively as chemopreventive agents causing
interference with carcinogenesis. Anticancer effect of polyphenols is induced
via regulation of antioxidant enzymatic activity, apoptosis induction by
downregulation of various signaling pathways, and cell cycle arrest by initiating
cell senescence associated with oxidative stress. Several polyphenols are
demonstrated to act directly by affecting epigenetic process via modulating
level of oxidative stress and reactive oxygen species (ROS) generation. Addition-
ally, prooxidant mechanism of polyphenols impedes the metabolic process of
cancer stem cells as well as self-renewal signaling pathways. Polyphenols can be
suggested as a beneficial anticancer tool in a combinational protocol with a
standard chemotherapeutic agent resulting in significantly fewer side effects.
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5.1 Introduction

Life expectancy, mortality rate as well as economic standards of people is greatly
affected by health challenges globally. Over the years, cancer has emerged as an
epidemiologically evidenced health risk, which granted global pressures with more
than 14 million new cases approximately and 8 million deaths yearly [1]. Cancer, a
multistage process described by three phases primarily, i.e., initiation, promotion,
and progression [2]. Oxidative stress contributes to all three stages of cancer. During
the first stage (initiation stage), over-generated reactive oxygen species (ROS) may
lead to damaging effects on DNA molecules by causing gene mutations along with
morphological changes in DNA. Whereas during the promotion phase (under the
influence of ROS), aberrant gene expression, interference with cellular communica-
tion, and modulation of second messenger system occur which promotes cell
proliferation or reduction in apoptotic process of an early-stage cell population.
Oxidative stress may also actively contribute to the cancer progression stage by
forming critical DNA modification to the initiated cell growth [3].

Many epidemiological reports suggested that a rapid increase in the rate of
mortality is attributed to frequent tumor recurrence, which is believed to be arising
in response to chemo or radiotherapy-induced cell resistance [4]. Additionally,
despite the availability of advanced diagnostic methods, cancer is usually diagnosed
in a later stage in most cases. Nevertheless, nowadays smart drugs with promisingly
improved anticancer effects have been introduced, which especially targets the
pathologically responsible signaling pathways [5, 6]. Thus, it is a strict need of
time to develop a potential alternative approach for the effective management and
treatment of cancer. Over the past few decades, a plant-based diet, including
vegetables and fruits comprising polyphenols, is consumed all over the world
which increases interest to understand its chemical and biological nature along
with beneficial effects on human health [7]. The literature revealed various experi-
mental models, such as cellular, molecular, and transgenic animal models, which
explored the relevant underlying mechanism of action concerning polyphenols. The
ability of polyphenols to scavenge the endogenously produced free radicals, radia-
tion, and even xenobiotics are considered as potential bioactivity which contributes
to the treatment of a variety of cancers in animal models as well as humans
[8, 9]. Polyphenols have chemotherapeutic property, as they owe redox activities,
which directly targets ROS and oxidative stress [10].

Over the recent years, several reports have evidenced that ROS is implicated as a
strong bridge between cancer and chronic inflammation. Even tumor promoters are
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characterized by the ability to accelerate and activate inflammatory cells for the
production of ROS [11, 12]. Certain antioxidants are evidenced to possess signifi-
cant potential to inhibit tumor promotion in animal models [3].

However, the anticancer activity of polyphenols is not fully credited to their
antioxidant action and it has been suggested that the prooxidant capacity of
polyphenols is widely attributed to its antitumor activity by following both direct
and indirect mechanisms. They act by initiating DNA damage and consequently
cellular death. Direct mechanism of prooxidant activity promotes the generation of
some redox chemical species, e.g., aroxyl radical and metal cation complex, in a
favorable environment of high pH and increased amount of transition metals
[13, 14]. Whereas, the indirect mechanism involves the interaction of polyphenols
with specific cellular pathways, such as NADPH (reduced form of nicotinamide
adenine dinucleotide phosphate) oxidase (NOX), via activation of intracellular ROS
production [10] (Fig. 5.1).

It has been evident that elevation in the level of copper within cancer cells
activates the prooxidant mechanism in the redox-active microenvironment. Copper,
assembled by a metal chelating agent, is a crucial chromatin redox-active metal ion
linked with DNA bases [15]. Pathological reports have suggested a significant
increase in copper level in cells, serum, and tissue samples of patients who suffered
from cancer [16]. As cancer cells show aberrant redox hemostasis, it was advised
that these polyphenols may selectively get involved in cancer cells’ behavior
attributed to their redox status [17].

5.1.1 Major Risk Factors of ROS Generation

5.1.1.1 Endogenous Factors of ROS Generation
Mitochondrial oxidative phosphorylation, peroxisomes, metabolism by cytochrome
P450, and activation of inflammatory cell response are several important endoge-
nous risk factors responsible for the generation of ROS. About 4–5% of molecular
oxygen majorly gets converted to superoxides in response to oxidative metabolism

Fig. 5.1 Role of polyphenols in cancer cells through prooxidant and antioxidant mechanisms
attributed to different cellular ROS level
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in mitochondria. Superoxide dismutase act on the generated superoxides gives rise to
hydrogen peroxide, which ultimately changed to the hydroxyl radical [18]. Past
studies have revealed a potential connection between tumorigenesis and level of
mitochondrial ROS as cancer cells have identified with high ROS induced by
mitochondria as compared to normal cells. In addition, various inflammatory cells
such as neutrophils, macrophages, and eosinophils also contribute to the generation
of ROS. Superoxide anion, nitric oxide, hydrogen peroxide, and nitric oxide are
ROS, which are produced by macrophage activation. Peroxisomes are also respon-
sible organelle towards the formation of hydrogen peroxide and superoxide anions
by acyl-CoA oxidase and xanthine oxidase. In rat model, it has been reported that
from normally utilized oxygen about 35% of total hydrogen peroxide in liver is
associated with peroxisomes. Moreover, different external chemical sources includ-
ing halogenated solvents, phthalate esters, and hypolipidemic drugs are known to
increase the level of hydrogen peroxide via an elevation in the concentration of
peroxisomes, which are associated with the development of tumors in liver. There-
fore, it advises a promising connection between liver tumorigenesis and ROS
generation by peroxisome proliferation [19].

5.1.1.2 Exogenous Sources of ROS
Exogenous sources involving different chemical and physical agents induced cancer
by involving the activation of oxidative stress-mediated pathways in mammals.
Ionizing radiation plays a vital role as a carcinogen that adversely affects every
phase of cancer [20]. Moreover, Ionizing radiation cause DNA damaging effects due
to ROS generation from water radiolysis, which further results in mutation of genes
and carcinogenesis effects. ROS formation by nongenotoxic carcinogens, which are
non-DNA reactive in nature mediated by way of directly acting on different
metabolized intermediates or by stimulating the responsible endogenous factors of
ROS. Even exposure to some xenobiotics such as barbiturates, chlorinated
compounds, metal ions, phorbol esters, and peroxisome proliferating compounds
are also considered as producers of oxidative stress as well as cancer. Antineoplastic
agents including adriamycin and cisplatin induce DNA damage and cell death via
generating high levels of ROS. Human beings are continuously exposed to other
exogenous factors such as tobacco smoking, air pollution, pesticides as well as
ultraviolet rays that prominently cause oxidative stress [19, 21].

5.2 Role of Oxidative Stress in Cancer

5.2.1 ROS-Mediated Cellular Transformation Mechanisms

Oxidative stress is one of the major events among others to cause the favorable
environment to initiate tumor onset, progression, and further survival of tumor cells
by mediating cellular signal transduction pathways [22]. Tumor cells are
characterized by their enhanced efficiency towards cell survival rate compared to
normal cells. These signaling pathways participate in inter or intracellular
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communication and are essential for tumor cell survival and cell fate. Additionally,
chronic inflammation leads to preneoplastic condition via stimulation of dysfunc-
tional and damaging processes by the production of a huge amount of ROS leading
to further immune cell activation [23, 24]. Overcoming of the endogenous antioxi-
dant response occurs if the cellular ROS is overproduced and it can cause irretriev-
able oxidative damage to vital cellular components such as nucleic acids, lipids, and
proteins leading to dysregulation of oncogenes and tumor suppressor genes. There-
fore, the process of oxidative stress and chronic inflammation are closely associated
with each other, and negligence to control these major processes could initiate
carcinogenesis in response to cellular modulation at the genetic/epigenetic level
[25]. Moreover, oxidative stress is also observed to affect several important signal-
ing pathways linked with the process of cell proliferation including epidermal
growth factor receptor signaling pathway (EGFR) along with chief signaling
proteins, i.e., mitogen-activated protein kinase (MAPK), extracellular signal-
regulated kinase 1/2 (ERK1/2), nuclear factor erythroid 2-related factor 2 (NRF2),
reticular activating system (Ras)/rapidly accelerated fibrosarcoma (Raf),
phosphatidylinositol 3-kinase (PI3K), protein kinase C, and phospholipase C
[26, 27]. Furthermore, ROS modifies tumor protein p53 suppressor gene expression,
which plays a key role in apoptosis. These reports advocate that oxidative stress is a
key factor in the onset and further progression of a tumor through gene expression
alterations, cell proliferation, and apoptosis [28, 29]. On one side of the coin, ROS is
attributed to carcinogenesis, whereas, on the other side, extreme amounts of ROS
may contribute to inhibition of proliferation of cancer cells, apoptotic damage to
cancer cells, or its necrosis by acting as a strong cellular toxicant. Under the
influence of high oxidative stress, malignant cells are more susceptible to the
damaging effects of ROS [30]. Several studies explored that patients suffering
from cancer show an elevated level of oxidative stress and decreased level of
antioxidant status during pretreatment of cancer [31]. Thus, assessment of tissue
redox condition has great potential for cancer diagnosis and this could be signifi-
cantly beneficial to rectify the appropriate approach for patient treatment. The
conventional method for oncology therapeutics primarily relies on the mechanism
of ROS overproduction persuaded apoptosis in cancer cells. However, in long run,
this strategy proved to exhibit serious and inevitable toxic side effects towards
surrounding normal tissues. A less sturdy state of ROS status along with a steady
level of decreasing equivalents occurs within normal cells rather than cancerous cells
[32]. Therefore, based on the regulation of the redox-signaling pathway, a new
effective therapeutic tool can be designed by assessing the redox status of normal
as well as cancer cells.

Antioxidant agents are evidenced to minimize the adverse reaction that occurs
with cancer treatment therapy, i.e., neurotoxicity, weight loss, stomatitis, and asthe-
nia [33]. A significant decrease in dose-dependent toxic effects by antioxidants may
allow more patients to successfully complete prescribed chemotherapy or radiother-
apy to demonstrate a better and convincing therapeutic index. Moreover,
antioxidants also play a promising role as a chemopreventive agent. Various
reported studies evidenced that people who consume the polyphenolic type of
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antioxidant-rich food such as vegetables, fruits, and other related food may bear a
significantly lesser probability of cancer incidence. The Mediterranean diet habit has
a beneficial effect on cancer prevention and it is majorly occupied with antioxidants.
Therefore, it is capable of modulating the progression of the inflammatory process,
proliferation, apoptosis, cell cycle, and expression of various related genes [34, 35]
(Fig. 5.2).

It has been reported that inflammatory cytokines, as well as cells, have the
potential to onset and further perpetuate various cancers including liver, lung, breast,
stomach, colon, and skin. About 20 % of cancer is induced in response to chronic
inflammation or persistent infection [36]. Several pathways implicated in a tumor are
associated with chronic inflammation have been documented. The onset of the
inflammatory microenvironment leads to increase in levels of cytokines,
prostaglandins, nuclear factor kappa B (NF-κB), and microRNAs (miRNAs) that
influences various cellular process including cell proliferation, cell senescence,

Fig. 5.2 Schematic representation of different signaling pathways followed by polyphenols for
activation of apoptosis, anti-proliferation, anti-metastasis, and anti-inflammation in cancer cells.
(Left to right) Cellular apoptosis caused by inhibition of Bax and Bcl-2 as well as by actuating
Caspase signaling pathway via increasing Cytochrome C which ultimately leads to anti-
proliferation. Anti-proliferation induced via PI3K/Akt pathway inhibition by arresting cell cycle
division by increasing p53, p21, and p27. Anti-metastasis occurs due to suppression of Akt/FAK/
Ras/PI3K pathway through regulation of MMP 2/9 level. Anti-inflammation activity initiated by
modulating MAPK pathway via reduction in p38 and COX-2 expression
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cellular death, DNA methylation, angiogenesis along with DNA mutation rate
[37]. Presence of interleukin 6 (IL-6) cytokine is observed in various cancers,
which accounts for tumor initiation and metastasis by modulating the NF-κB and
signal transducer and activator of transcription protein (STAT3) signaling pathways
[38]. Protein kinase B (Akt) and ATP-binding cassette protein (ARRB1) pathways
are involved in the instigation of hepatocellular carcinoma in partial liver resection-
associated inflammation. Tumor necrosis factor-α (TNF-α) is observed to promote
spontaneous mammary cancer in rodents [39].

Cyclooxygenase-2 (COX-2) derived proinflammatory lipid prostaglandin E2

(PGE2) and its receptors are known to exhibit a vital role in tumor progression
through the proliferation of tumor cells, immunosuppression, and angiogenesis.
Numerous human solid tumors samples from various organs such as stomach, breast,
and colon were observed with a high level of PGE2. Additionally, thromboxane A2
(TxA2) is another COX-2 derived prostaglandin that is reported to be involved in
process of oncogenesis by affecting angiogenesis. Incidence of colon
carcinogenesis-associated tumor was prominently increased with PGE2 in rat
model [40]. Therefore, based on past reports, it is established that various inflamma-
tory cells and biomolecules may contribute to tumorigenesis and tumoral growth.

5.2.1.1 Oxidative Stress Biomarkers in Cancer Diagnosis
Measurement of free radicals and level of oxidative stress is commonly performed
with the estimation of free radicals reaction products along with their biomolecules
in terms of biomarkers. Oxidative stress biomarkers impart clinical relevance for
diagnosis of disease, pathological condition, status, and type of cancer by evaluating
tissue or fluid sample of patients.

It is believed that ROS mainly targets PUFA (polyunsaturated fatty acids) which
exists within the cell membrane, susceptible to be oxidized as a result of lipid
peroxidation. Further different metabolites including 4-hydroxynoneal,
malondialdehyde, and acrolein generated by lipid peroxidation induce inhibition of
enzyme as well as receptor alterations via binding and functional modification to
protein leads to cell injury. Various reports suggested elevated level of
malondialdehyde (oxidative stress biomarker) is observed in various types of cancer
[41]. ROS is also responsible for DNA damage. Hydroxyl radicals (OH-) are highly
unstable and a strong oxidizing agent which has the ability to react with most organic
or inorganic cellular components such as DNA, lipids, proteins, amino acids, and
sugars at a high rate. Hydrogen abstraction, addition, and electron transfer are key
chemical reactions induced by hydroxyl radicals. These radicals target DNA and
modify the deoxyribose by causing cross-linking [41].

Thymine glycol and 8-hydroxydeoxy guanosine (8-OHdG) are formed as a
product of DNA damage. An oxidized form of guanine, i.e., 8-OHdG, is known as
a chief oxidative DNA damage metabolite that causes transmutations such as C:C
and G:C from A:T and T:A due to its potential to base pair with adenine and
cytosine. Increase in 8-OHdG level was observed in various types of human tumors,
i.e., high-grade glioma, than neighboring healthy tissue or even from low-grade
glioma. Numerous reports suggested a strong link between oxidative stress and
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tumor onset and progression. Accumulation of 8-OHdG in salivary cell DNA was
reported in patients with squamous cell carcinoma of head and neck attributed to a
notable imbalance in their redox system. Its concentration was elevated in the case of
breast tumor cells, too. Consequently, 8-OHdG is considered a significant tumor
marker for clinical diagnosis [21, 42].

Glutathione is a major antioxidant as well as reducing agent present in the body in
two different forms; one is resuscitated and oxidized, i.e., GSH and GSSG, respec-
tively. Since an increased level of the reduced form of glutathione is observed in a
healthy person thus elevated level of cellular GSSG and reduced level of GSH can be
utilized as an oxidative stress marker. Various reports also exhibited a reduction in
blood GSH status in breast cancer patients [41].

5.2.2 ROS-Mediated Epigenetic Modification in Cancer

Conventional epigenetic changes such as DNA methylation and histone alterations
disrupt the availability of DNA transcription factors or may cause reorganization of
chromatin structure and ultimately particular gene expression gets affected. It has
been suggested that noncoding RNAs in general and specific miRNAs modulated
gene expressions are closely associated with epigenetic alterations [43]. At the post-
transcription stage, miRNAs can negatively control their concerned genes expres-
sion and after binding with their specific mRNAs, it attenuates the stability or even
translation process. Moreover, epigenetic modifications are considered pathophysi-
ological characteristics of cancer [44]. Besides acquired genetic alterations, epige-
netic modifications of gene expression also play a major role in the onset and
progression of cancer [45]. In cancerous cells, gene silencing occurs as a result of
excessive hypermethylation of specific areas of tumor suppressor genes and this
results in blockade of essential gene expression [46]. Oxidative stress and inflamma-
tion cause modulated epigenetic expression of cytokines, oncogenes as well as tumor
suppressor genes, leading to chronic inflammation-mediated carcinogenesis
[12, 47]. Even significantly reduced methylation of DNA molecules leads to global
chromosomal instability, mutations, and ultimately carcinogenesis [48]. A new
therapeutic approach could be an emphasis on epigenomes to reverse the epigenetic
alteration linked with cancer or to maintain the regular gene expressions as these
epigenetic damaging starts in the early stage of cancer [49].

5.2.2.1 Modern Techniques for Detection of ROS-Mediated DNA
Damage

Since the endogenous and exogenous stimuli target the DNA molecules in eukary-
otic cells to induce DNA lesions such as genomic instability, DNA helix breakage by
altering the base, loss of genetic information by breaking the DNA double-strand,
and accounts for various diseases, including cancer. DNA damage can be evaluated
by utilizing different available modern strategies such as molecular, fluorescence,
chemiluminescence, and analytical.

150 E. Yadav et al.



Molecular Approach

Polymerase Chain Reaction (PCR) and Agarose Gel Electrophoresis
PCR and agarose gel electrophoresis can be used to detect DNA lesions and
breakage on the basis of reduction in the molecular weight of a single DNA strand.
PCR is considered an effective and most common technique to estimate
ROS-mediated DNA damage. In this technique, the amplification process of DNA
molecule is arrested at the point of damage by preventing the Taq polymerase
progression, which further quantitatively reduces the PCR product and produces
DNA templates devoid of Taq obstructed lesions. PCR is an easy and consistent
process in which precise replication of a specific DNA segment is performed and
then agarose gel is employed to resolve an array of DNA fragments (50–50,000 bp)
based on the percentage of agarose. Whereas quantification of the damaging effects
on DNA strands is analyzed with quantitative PCR (qPCR) along with the kinetics
study, concerned with the removal of mitochondrial DNA damage in human beings
[50]. Damaging effect to the mitochondrial DNA in hydrogen peroxide treated
Schizosaccharomyces pombe cells is reported to measure with this PCR technique.
Various parameters need to be considered in qPCR such as quantification of DNA as
well as amplified product, high-molecular-weight DNA, qPCR specific conditions,
and estimation of DNA lesion frequency. Therefore, based on previous reports,
detection of DNA damage with gene-specificity and repairing can be efficiently
performed with PCR [51].

Additionally, UV-associated photoproducts of DNA, including cyclobutane
pyrimidine dimers and 6-4 photoproducts distribution, can be detected with
Ligation-mediated PCR. This technique has high sensitivity as it analyzes even a
single DNA photoproduct at a very low UV range of 10–20 J/m2 and in vivo DNA
interactions with proteins [52].

Immuno-coupled PCR assay is especially used to couple the product of nucleic
acid amplification with an antibody and further, in the enzyme-linked immunosor-
bent assay (ELISA) a biotinylated DNA attached with an antigen-antibody complex
reinstates the detection enzyme. Gene thymine dimer generation is measured by this
methodology and has been accounted directly proportional to the global concentra-
tion of human genomic DNA exposed to UV radiations. As compared to typical PCR
and qPCR, PCR-based short interspersed DNA element (SINE) mediated assay is
extremely sensitive towards detection of UV-B as well as xenobiotics induced DNA
lesions, including cisplatin, by involving the faster amplification of extended DNA
segments at the site of the genome transcription [53].

Fluorescence Strategies

Comet Assay
The comet assay is a highly efficient method to assess DNA adducts either single or
double-stranded in eukaryotes. This technique is one of the easy and simple bench-
mark assays also called as single-cell gel electrophoresis [54]. Along with detecting
the DNA lesions, it is also capable to analyze oxidized bases, pyrimidine dimers
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associated with UV, and alkylation abrasion through the development of lesion-
specified endonucleases [55]. This assay is based on the identification of intact DNA
as a comet head in the form of spherical mass whereas the strand breaks surrounded
by DNA surge out like a tail from the head. In general, comet assay is performed
with DNA immobilization by implanting in agarose followed by a lysis process with
detergent and a high amount of salt. The restricted resolution power (10–800 kb) is
considered as a limitation of comet assay when performed with standard conditions
[56]. Other versions of comet assays are also available to detect DNA damage such
as by using lesion-specific enzymes, alkaline and neutral single-cell gel
electrophoresis.

Alkaline Single-cell Gel Electrophoresis
This variant of comet assay causes alkaline denaturation around the point of DNA
breakage and extends the tails of comet. However, sensitivity and preciseness is the
limitation of this technique as compared to a method including lesion-specific
enzymes [57].

Neutral Single-cell Gel Electrophoresis
In this assay, alkaline treatment is initially utilized and after restoring in the neutral
condition, the gel electrophoresis process is executed in a neutral or mild alkaline
environment. This method is also considered less sensitive as compared to
others [50].

Utilization of Lesion-specific Enzyme Technique
The lesion-specific enzymes technique has the ability to assess different types of
DNA damage such as pyrimidine dimers or oxidized bases [58]. Briefly, these
enzymes cause the formation of apyrimidic or apurinic region by removing the
afflicting base. Whereas, impairments like 8-oxo-7,8-dihydroguanine and ring
opened-purines are detected by formamidopyrimidine DNA glycosylases and
endonucleases which specifically identify the oxidized pyrimidines [54].

Halo Assay
In this assay, a supercoiled DNA is created by embedding propidium iodide (PI) into
the DNA helix followed by a lysis process in which the halos are generated from the
particular cell’s nucleoids and subjected to determine the chromatin damage. The
“halo” diameter is considered as directly proportional with PI level and is
represented in terms of supercoils either relaxed or rewound at a low and high PI,
correspondingly. The advantage of this assay is the detection of DNA lesions in
single-cell without using radioactive precursors labeling [59].

DNA Breakage Detection (DBD): Fluorescence In Situ Hybridization (FISH) Assay
The FISH technique deals with multiple target progression simultaneously, imaging
of live cells and fast quantitative estimation. It allows detecting various aberrations at
genetic, chromosomal, and genomic levels linked with various diseases. Conse-
quently, it has clinical significance in tracing gene modifications in cancer patients.
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Whereas, a variant of this FISH technique, i.e., DBD FISH is capable to analyze as
well as quantify the single and double-strand DNA abrasion at the genomic level or
with a single-cell’s specific DNA sequence. Clinically, it has been utilized to
diagnose the status of cervical cancer development based on quantification of
DNA breakage within the genomic area, which is susceptible to destabilization [50].

Radioimmunoassay (RIA)
In this assay, synthesis of the marked antigen is performed either with a radiolabel or
without any labeling and further coupled with a particular antibody. RIA technique
is based on the assessment of antigens amount by using specific antibodies
[60]. Additionally, this assay may be used to estimate the DNA abrasion including
cyclobutane dimers in DNA and level of 6-4 photoproducts [59].

Chemiluminescence Tools

Enzyme-linked Immunosorbent Assay (ELISA)
ELISA is a frequently used immunological technique for the detection and quantifi-
cation of damaging effects on DNA [61]. Briefly, it is performed with an unknown
amount of antigen attached to a surface exposed to an unknown concentration of
antibody to instigate the binding of the antibody with the antigen. After adding a
suitable substrate, quantification of antibodies associated with an enzyme is carried
out [59, 61].

Immunohistochemical Assay
Immunohistochemical assay is subjected to utilize proteases and RNase pretreated
fixed cells. This method arrests the cross-reaction with DNA by removing proteins
and RNA [61]. An immunohistochemical assay offers more precise screening and
analysis of certain metabolites impairments for instance ALK gene within non-
small-cell cancer of the lung [62].

Immunological Assay
This assay determines the existence of oxidative DNA by using the immunoslot-blot
method and detection with chemiluminescence followed by conjugation of second-
ary antibodies with alkaline phosphatase enzymes and radioactive iodine [63]. This
assay is limited in terms of the occurrence of antibodies’ cross-reaction with normal
DNA bases.

Analytical Strategies

High Performance Liquid Chromatography (HPLC) Electrospray Tandem Mass
Spectrometry (MS)
Oxidative DNA damage due to oxidative stress and UV light absorption by nucleic
acids is considered as one of the major causative factors for the promotion of
carcinogenesis. The advancement in HPLC technique by coupling tandem MS
along with an electrospray ionization mode represents an accurate and highly precise
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assay to estimate the oxidative damage to DNA bases as well as dimeric pyrimidine
photoproducts associated with UV. With this technique, modified genomic DNA
nucleobases can be easily identified and quantified during the early phase of the base
excision repair [64]. Thus, HPLC-MS technique may act as a beneficial tool for the
detection of single-stranded lesions as these are associated with proteins of the base
excision repair pathway [65]. It has been reported that quantification of various
oxidized nucleosides such as 8-oxo-7,8-dihydro-2’-deoxyadenosine, 8-oxo-7,8-
dihydro-2’-deoxyguanosine, 5-formyl-2’-deoxyuridine, 5-hydroxymethyl-2’-
-deoxyuridine, and 5-hydroxy-2’-deoxyuridine can be performed with cellular
DNA exposed to γ-rays [66]. Estimation of type of DNA lesion along with Tandem
DNA lesions, i.e., dinucleoside monophosphates, also gives information about the
exact site and extent of DNA damage [66, 67]. Since this technique offers high
accuracy and is a preferred method, it has some limitations as it is expensive and
requires skilled human resources to observe the oxidized base formation even at a
low level in cellular DNA [66].

Gas Chromatography-mass Spectrometry (GC-MS) Technique
GC-MS has the ability to analyze different products of DNA adduction including
heterocyclic bases as well as sugar moiety. Basically, gas chromatography aids in the
detection of complex samples, while MS offers structural elucidation in terms of
biological or chemical analysis. It detects a single DNA lesion within multiple DNA
lesions or nucleobases linked with chemical or enzyme degradation of the nucleic
acids with high sensitivity. In general, this technique involves DNA hydrolysis
followed by derivatization and separation of hydrolysates by using gas chromatog-
raphy, which is further detected and quantified with MS [50].

Electrochemical Methods
Electrochemical methods have been established for analyzing DNA damage induced
by ROS and DNA modification on the basis of DNA-mediated charge transport.
These techniques can observe numerous types of base damage products as well as
discrepancies within base pairs [68]. Additionally, development of a sensor to
estimate the single base mutations and duplex DNA base lesions has been
hypothesized with respect to charge sensitivity against DNA film transport
[69]. Other electrochemical methods such as electrocatalysis are novel methods to
identify lesions even at a low level hence can be used as an early diagnostic
approach. It is recommended as a sensitive, precise, selective, and economic method
for DNA damage detection, but it is unable to rapidly distinguish thymidine dimer-
related lesions without associating with the DNA double helix distortion [59].
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5.3 Bioactive Polyphenols in Cancer Treatment

5.3.1 Epigenetic and Antioxidant Approach

Numerous epidemiological reports have advised that cellular damage induced by
overproduced ROS (superoxide, hydrogen peroxide, and hydroxyl free radicals) is
recognized as a basic causative factor of cancer as well as age-associated diseases
[70]. Therefore, despite the availability of standard cancer treatment methods,
reduction of oxidative stress by regular utilization of antioxidant molecules is
implied as a quintessential strategy for cancer treatment or prevention [71]. Experi-
mental evidence based on animal and human studies have focused on antioxidant
effect of dietary polyphenol molecules [72–74]. Polyphenols could be a beneficial
tool in cancer prevention as well as associated mortality [75]. Besides the antioxidant
potential to prevent oxidative damage, polyphenols also exhibit beneficial activities
through restructuring of chromatin and other epigenetic remodeling
[76]. Polyphenols, in terms of chemoprevention, can act as a reversible modulator
in epigenetic pathways, concerned with tumorigenesis, resulting in activation or
silencing of gene expression [77]. Various polyphenols [apigenin, epigallocatechin-
3-gallate (EGCG), luteolin, delphinidin] directly activate or block the epigenetic
enzymes [histone acetyltransferase (HAT), DNA methyltransferase (DNMT), and
histone deacetylases (HDAC) [78]], regulate the expression of NF-κB and
remodulate the chromatin structure. Past reports have revealed that several
polyphenols including curcumin, sulforaphane, and resveratrol exhibits antitumor
potential via histone protection from deacetylation during epigenetic alterations.
Polyphenols such as EGCG, curcumin, and genistein prevent acetylation of histone
proteins [79]. Resveratrol, lycopene, EGCG, curcumin, and genistein dietary
polyphenols act by inhibiting the methylation process of DNA molecules via
DNMT activity modulation [80].

Cancer cells are mainly characterized by the presence of some distinguished
features in response to cumulative epigenetic modification of multiple genes along
with their related cell signaling pathways. Some pathways are closely connected to
the process of inflammation [81]. Furthermore, tumor cells allow immune cell
infiltration; thus, the anti-inflammation approach might affect the therapy of cancer
[82]. Modulation of epigenetic cofactor including inflammatory cascades associated
with cancer with minimum toxicity by polyphenols is well-established [83]. Most
polyphenols act as strong anti-inflammatory agents due to their ability to persuade
HDAC enzyme activity [84]. Whereas some polyphenols have the ability to regulate
the activity of HDAC as well as HAT, may be due to interconnection of responsible
mechanism. Polyphenol, such as curcumin, a potential free radical scavenger,
downregulates the oxidative damage possibly by both mechanisms of acetylation
and deacetylation modulation [85]. It has been reported that oxidative stress ulti-
mately leads to the acceleration of proinflammatory mediators via inhibition of
HDAC and stimulation of HAT intrinsic enzyme activity, which is involved with
NF-κB pathway [86].
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Luteolin act as a chemopreventive polyphenol that modulates ROS-mediated
specific signal transduction pathways as well as enzymes related to DNA replication.
Elangovan et al. reported 1% luteolin-containing diet exhibited a significant decrease
in fibrosarcoma rate in mice model by alleviating the enhanced concentrations of
lipid peroxides and cytochrome P450 [87]. Luteolin is believed to be engaged with
various possible mechanisms such as reduction in oxidative stress by ROS level
regulation, NF-kB and activator protein-1 (AP-1) hypofunction, topoisomerases (I,
II) inhibition, downregulation of PI3K, signal transducer and activator of transcrip-
tion protein 3 (STAT3), insulin-like growth factor I receptor (IGF1R), as well as
human epidermal growth factor receptor 2 (HER2), and p53 stabilization to wield
chemopreventive activity [88].

Tea is widely consumed and the second most prevalent beverage worldwide.
Green, black, and oolong tea is rich in polyphenols. Tea polyphenols are reported to
have photo-protective activity against DNA damages induced by UV rays, which
directly or indirectly cause the onset of inflammation, oxidative stress, and alteration
in cell signaling pathways as well as epigenetic modifications [89]. The most popular
tea polyphenols are green tea polyphenols with EGCG, an abundant (50–88%)
component present in green tea [71]. Polyphenols in green tea possess strong
antioxidant potential, which contributes to anti-inflammatory and cancer prevention
effects. It has been reported that treatment with green tea polyphenol at a dose level
of 0.05% in the form of sole source of drinking fluid results in an average increase
(5–7%) in mean survival time along with a reduction in tumor load (25–39%) in
mice with mammary adenocarcinoma via significant reduction in malondialdehyde–
DNA adduct [90]. In cultured cells, EGCG has been reported to hamper some key
transduction signaling pathways and responsible to activate several redox-sensitive
transcription factors including NF-κB and AP-1 [91]. Moreover, in the mouse skin
model, EGCG inhibits the DNA binding of NF-κB and cAMP response element-
binding protein (CREB) mediated by 12-O-tetradecanoylphorbol 13-acetate
[92]. During in vitro study, EGCG inhibits the process of carcinogenesis by acting
on several signal transduction pathways such as PI3K/Akt, Janus kinase/signal
transducer and activator of transcription protein (JAK/STAT), Wnt, MAPK, and
Notch [93]. Additionally, EGCG blocks phosphorylation of MAPK induced by
oxidative stress in human fibrosarcoma HT1080 cells as well as breast cancer cell
line T47D and skin cells [88]. EGCG is also able to prevent cisplatin, a cancer
chemotherapeutic agent, induced side effects specifically nephrotoxicity induced by
oxidative stress. Cisplatin is known to cause mitochondrial oxidative stress in the
kidney and disturb the activity of antioxidant enzymes. EGCG may be utilized as a
promising adjunct to cisplatin chemotherapy [94]. Moreover, these polyphenols are
extensively beneficial from epigenetic side. EGCG treatment modulated methylation
level of DNA molecules and remodeling of chromatin protein in human prostate
cancer cell line as well as decreased the Class I HDACs activity [95]. Among all
green tea polyphenols, EGCG promisingly blocks HAT activity while rest of the
polyphenol derivatives including epicatechin, catechin, and epigallocatechin exerted
less effect on HAT inhibition. EGCG also prevents the coupling of p300/CREB
binding protein (CBP) with the IL-6 gene promoter area and accelerated HDAC3
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level, which plays a major role in HATs and histone deacetylases equilibrium during
NF-κB associated inflammatory signaling pathway [96]. For the treatment of skin
cancer, EGCG exhibited beneficial effects by regulating the DNA methylation
process along with histone alteration and tumor suppressor genes p16INK4a and
p21 (CIP1/WAF1) regulation [97]. Combinational therapy of polyphenols
demonstrated the possible synergistic chemopreventive approach. For instance, a
DNA methyltransferase inhibitor (dietary green tea polyphenols) and a histone
deacetylase inhibitor (sulforaphane) in breast cancer cell lines caused an epigenetic
modification of muted tumor suppressor genes such as p21 (CIP1/WAF1) and
Klotho via chromatin activation [98]. Past studies have revealed that treatment of
different human cancer cell lines with EGCG regulates the hypermethylation of p15,
p16INK4a, MGMT, hMLH1, and RARβ genes in time as well as dose-dependent
manner [99, 100]. Epigenetic silencing in various human cancers is basically
characterized by abnormal and accelerated methylation of Wnt inhibitory factor-1
(WIF-1). EGCG potential to promote WIF-1 is attributed to increased demethylation
in lung cancer cell lines [101]. Polyphenols exist in tea and coffee act via demethyl-
ation in cell lines concerned with human breast cancer. Likewise, caffeic acid and
chlorogenic acid exhibited dose-dependent effect on DNMT1 inhibition
[102]. Caffeic acid exhibits anticancer and antimetastatic effects by controlling the
phase of tumor promotion through inhibition of inflammatory responses and oxida-
tive stress events via reducing the expression level of COX-2 and NF-κB
[103, 104]. Black tea has been reported as an anti-tumorigenic in the lung and
liver [105]. Theaflavin present in black tea modulates the signal transduction path-
way linked with PI3K, which affects inflammation, proliferation, and apoptosis in
mice [106]. In multiple myeloma human cells, theaflavins showed antitumor activity
by preventing chymotrypsin-like activity against tumor proteasome [107]. Past
reports demonstrated that polyphenols, chlorogenic and caffeic acids present in
coffee beans and other plant sources, have shown a strong antioxidant effect
in vitro as well as in vivo. Furthermore, chlorogenic acid is observed as an anticancer
agent by inhibiting the DNA damage by modulating the NF-κB pathway associated
with ROS. An interesting study has explored a reciprocal relationship between
regular coffee intake with the risk of endometrial, liver, breast, and colon cancer
onset. It showed daily consumption of at least one cup of coffee reduced the risk of
cancer associated with the upper gastrointestinal tract by 49% in the Japanese
population [108].

Over the recent years, apigenin has gained attention due to its therapeutic point of
view such as potential anticancer effect with low toxicity than other flavonoids
having structural similarities [109]. It acts through restraining ornithine decarboxyl-
ase as well as cell growth and inhibits the tumor growth via modulation of different
signaling pathways such as PI3K/Akt, MAPK, and B-cell lymphoma (Bcl)-2-
associated X protein (Bax)/Bcl-2 ratio [110–113]. It has also been suggested that
treatment of malignant cells with apigenin causes a blockage of G2/M and G0/G1
phase arrest by affecting the activity of p34 (cdc2) kinase along with stabilization of
p53 protein [114]. Apigenin exhibited doxorubicin sensitivity reversal effect against
hepatocellular carcinoma BEL-7402 and BEL-7402/ADM cells, which were
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resistant to doxorubicin at a dose level of 10 μM. This effect is associated with a
reduction in expression of nuclear factor erythroid 2-related factor 2 (NRF2) mRNA
as well as protein via attenuating PI3K/Akt pathway. Interestingly, in BEL-7402
xenografts, the combinational approach of apigenin and doxorubicin showed a
synergistic effect on the reduction of tumor growth along with cellular proliferation
rate and increase in apoptosis [115].

Vegetables belonging to the cruciferous family including broccoli, cabbage,
cauliflower, and kale are highly rich in bioactive polyphenol, i.e., sulforaphane,
has the ability to persuade the expression of various enzymes such as detoxification
enzymes (phase II) through stimulation of cytoplasmic NRF2 and murine
hepatocytes associated glutathione transferase [116, 117]. Under oxidative stress
conditions, NRF2 promotes the expression of different antioxidant enzymes after
binding with an antioxidant responsive element in the nucleus [118]. Sulforaphane
significantly reduced the tumor size and promoted the process of apoptosis in
xenograft murine when administered orally. Anticancer effect of sulforaphane
exerted through various mechanisms including a reduction in oxidative stress caused
by NRF2 linked pathways and inhibition of HDAC activity explored in colon cancer
cell line HCT116 dose-dependently [119]. Histones acetylation was found affected
in prostate, ileum, and colon of C57BL/6J mice whose food was supplemented with
sulforaphane for 10 weeks [120]. Furthermore, two bioactive metabolites generated
from sulforaphane [sulforaphane-N-acetylcysteine and sulforaphane-cysteine], in
response to the mercapturic acid pathway, also showed the effective inhibition of
HDAC [121].

Curcumin, a well-known polyphenol, is widely utilized for its broad-spectrum
beneficial effects such as antioxidant and anti-inflammation contributed to various
diseases including cancer [122]. Curcumin has been explored as a long-term
chemopreventive agent by accelerating the level of antioxidant enzymes attributed
to activation of NRF2 signaling pathway, promoting effect on tumor suppressor p53,
and regulation of various inflammatory mediators (TGF-β and COX2) in mice with
liver lymphoma. Curcumin is also reported to affect the activity of HAT and HDAC
enzymes through histones modulation [123]. Numerous reports based on in vitro
studies on different cancer cell lines have suggested that curcumin reduced the
activity of p300/CBP HAT which particularly curbs acetylation of histone as well
as nonhistone protein, i.e., p53 [124]. Additionally, in hepatoma-cultured cells,
curcumin significantly reduced the level of histone acetylation by inhibiting the
HAT activity without affecting HDAC [125]. Curcumin reserved the p300/CBP-
related HAT activity along with various classes of HDACs when explored in
hematopoietic cell lines, which restrict the cell proliferation and initiates apoptosis
[85]. Antitumor effect exerted by curcumin via regulation of miRNA level in cancer
cells. For instance, curcumin has demonstrated to reduce the level of expression of
protein Bcl-2 attributed to antiapoptosis in breast cancer cell line MCF7 through
ameliorating effect on miRNA-15a as well as miRNA-16 [126]. Intake of dietary
curcumin (2%) alone and combination of curcumin (1%) and PEITC have been
found effective in high-grade carcinoma and cause apoptosis by modulating the Akt
signaling pathway in mice prostate model with transgenic adenocarcinoma
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[127]. Numerous reports have reported that curcumin can inhibit cell cycle progres-
sion, tumor growth, and angiogenesis along with apoptosis induction in ovarian
cancer at a dose level of 500 mg/kg in vivo [128]. Curcumin acts as a
chemopreventive agent by targeting various mechanisms including NF-κB pathway
inhibition, increase in Apo2L/TNF-related apoptosis-inducing ligand (TRAIL)
induced apoptosis [129], regulation of Akt and p38 MAPK pathway which further
results in the introduction of G2/M cell cycle arrest and apoptosis [130] and affecting
different enzymes associated with drug metabolism [131]. Curcumin slowed down
the tumor formation against HER-2 positive breast cancer in mice [132]. When
curcumin was administered with other established polyphenols, such as EGCG, it
was effective in oral cancer [133] and breast cancer (with genistein) [134] via TRAIL
in lymph node carcinoma of the prostate (LNCaP) cells [135].

An important polyphenol, i.e., resveratrol, occurs in various types of fruit berries
like blueberries, cranberries, raspberries as well as in nuts, red grapes, and wine. It
exhibits a strong anti-inflammatory, antioxidant effect and influences the metabolic
process of glucose directly or indirectly contributing to anticancer activity [136]. Fur-
thermore, it regulates cellular growth, angiogenesis, cell apoptosis, and metastasis
processes of a tumor by affecting responsible signaling pathways [137]. Cancer cells
are characterized by a high level of oxidative stress along with glycolytic flux.
Therefore, resveratrol can reduce the level of intracellular ROS as well as glycolytic
metabolism of cancer cells. It generates the inactive chromatin molecules in response
to stimulation of protein deacetylase sirtuin (SIRT) 1 and modifies the gene tran-
scriptional process [138]. Whereas, considering the other side, p300/CBP HAT is
activated by resveratrol, which is involved in the production of the active form of
chromatin [139]. Additionally, Tili et al. demonstrated that resveratrol causes vari-
ous epigenetic modifications and participates in the activation of tumor suppressor
miRNAs during the oncogenesis process [140]. The cytoprotective effect of resver-
atrol has been suggested against paclitaxel-induced cytotoxicity in breast cancer cell
lines such as MDA-MB-231, MDA-MB-435s, and SKBR-3, except MCF-7 cell
lines [141]. Daily and high utilization of freeze-dried black raspberries act as a
chemopreventive agent in Barrett’s esophagus, a premalignant esophageal condition
characterized by oxidative stress-induced metaplastic columnar-lined epithelium
estimated in urine [142] due to significant reduction in oxidative stress level and
tumor incidence [143].

At the onset of breast cancer, different hallmark epigenetic alterations are
observed such as alleviation in the level of SIRT expression attributed to tumor
suppressor gene. In vitro as well as in vivo experimental studies revealed that
resveratrol has the potential to inhibit the expression of survivin in response to
elevate the BRCA1 expression with an accelerating effect on SIRT1 expression.
Therefore, resveratrol therapy can be utilized as targeted drug therapy for the
treatment of breast cancer associated with Breast cancer type 1 susceptibility protein
(BRCA1) [144]. Resveratrol and curcumin possess significant chemopreventive
effects in mice induced with lung carcinogenesis by regulating enzymes associated
with drug metabolism as well as antioxidant activity when utilized in combination
therapy [145].
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Isoflavones such as genistein and daidzein have similar chemopreventive effect as
estrogens against different types of cancers particularly in breast cancer and prostate
cancer induced by hormones in human [146]. Genistein is capable to compete with
both natural estrogen receptors [estrogen receptor alpha (ERα) and the estrogen
receptor beta (ERβ)]. Ratio of ERα/ERβ is considered as a predictive indicator for
breast cancer and the status of ERα expression could hint at the existence of
malignant tumors. ERα/ERβ ratio is majorly affected by genistein treatment in
addition to regulation of enzymatic antioxidant status, oxidative stress, function of
mitochondria, and SIRT in human breast cancer cell lines [147, 148]. It was also
found to modulate gene transcription by affecting DNA methylation and histone
alteration like epigenetic modification incidence. Regarding human esophageal
squamous carcinoma cell line, genistein acts by regulating the hypermethylation of
DNA molecules and reactivation of methylated silenced genes such as tumor
suppressor gene p16INK4a [149]. Under the influence of renal carcinoma, B-cell
translocation gene 3 (BTG3) and tumor suppressor gene is inhibited in response to
an increase in 5’-cytosine-phosphate-guanine-3’ (CpG) methylation. This was sig-
nificantly upregulated by genistein administration by causing demethylation of CpG,
DNMT reduction, and modifications of active histone [150]. Additionally, genistein
can influence at miRNAs level as it accelerates the expression of miRNA-1296 along
with S phase cells accumulation and reduces the target of miRNA-1296, i.e., mini
chromosome maintenance gene (MCM-2) in prostate cancer cells [151].

A dietary polyphenol, i.e., quercetin, occurs in various vegetables and citrus fruits
which reduce intracellular oxidative stress by scavenging the ROS. Past reports of
in vitro head and neck tumor model suggest that quercetin caused reduction of
aldehyde dehydrogenase (ALDH) 1 level, and inhibited head and neck cancer
associated spheres induced stemness expression [152]. Whereas in pancreatic cancer
it works by inhibition of β-catenin [153]. Quercetin also inhibits HDAC and
DNMT1 activity leading to activation of SIRT1 deacetylase, which ultimately
results in cell cycle arrest, and apoptosis by p53-linked mechanism and retard the
growth of the tumor as well as angiogenesis [154]. Quercetin and genistein have an
enzyme inhibitory effect on protein tyrosine kinase concerned with cell
proliferation [155].

Antitumor potential of ellagic acid was exhibited by affecting the cellular
pathways like deactivation of PI3K/Akt, which resulted in regulation of Bcl-2 family
proteins [156]. Supplementation of ellagic acid modulates the expression of Bax and
caspase-3 caused an acceleration in cytochrome concentration and ultimately cell
death. Study explored with in vitro and in vivo tumor models concluded the
chemopreventive effect of proanthocyanidins via targeting at various molecular
levels. In different cancer cells, oleuropein inhibited the cell cycle and induced
apoptosis [157]. Oleuropein and hydroxytyrosol have also been reported to
downregulate the HER2/neu receptor overexpression induced by Herceptin in breast
cancer [158].

Polyphenolic rich fraction extracted from artichoke showed significant cytotoxic
and apoptosis induction effects in colorectal cancer cells by modulating the expres-
sion of Bax gene as well as p21CIP1/WAF1 cell cycle inhibition [159]. It is also
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found effective against different human cell lines including hepatoma cell line
[160]. On human breast cancer cell line, it induced the process of apoptosis dose-
dependently without affecting the normal breast epithelial cell line. Moreover,
artichoke causes epigenetic modification including reduction in DNA
hypermethylation and enhances the level of lysine acetylation [161]. Interestingly,
artichoke polyphenols exhibit prooxidant effect on breast cancer cells [162], while in
normal hepatocytes it acts through antioxidant mechanism [160].

5.3.2 Therapy-Induced Senescence Approach

Cytotoxicity is the basic approach for cancer treatment therapy. As this therapeutic
strategy may cause the death of a cell in neoplastic tissues but the frequent incidence
of therapy resistance or induction of advanced stage of primary as well as metastatic
tumors has been observed in various types of cancers. Therefore, against such case, a
promising alternative approach, i.e., induction of cytostasis, has been utilized which
inhibits the ability of cells to proliferate without causing the death of the cancerous
cell [163]. This cancer treatment strategy provides minimal or no side effects
associated with chemoprevention in cancer patients along with an equal or extended
survival rate. It may represent a more pragmatic and targeted therapeutic approach
for the management or treatment of some chronic cancer types. For induction of
cytostasis, a potential therapeutic tool such as therapy-induced senescence (TIS)
persuades a complete and irreversible arrest of cell growth with different anatomical
and biochemical properties [164]. It mainly affects morphologically with flat,
extended characters and accelerates β-galactosidase enzyme activity linked with
senescence in tissues as well as cultured cells [165]. With the conventional approach
of cytotoxic drugs, the apoptotic process continuously progresses but regarding
senescent cells, they have the ability to endure permanently [166]. Tumor suppressor
genes such as retinoblastoma protein (Rb) and p53 are considered essential genes
possessing promising inhibitory effects on tumor cell growth. It has been reported
that cells having active p53 and Rb genes are, more susceptible to stress conditions
and oncogenic behavior, responsible to activate senescence [167]. However, tumor
cells devoid of active Rb, p53, and several other tumor suppressive proteins greatly
respond to TIS, and it is accounted as an important therapeutic approach. For
instance, doxorubicin accelerated senescence in more than 50% of cells without
affecting Rb and p53 genes in cancer cell lines deficit to these characteristic tumor
suppressor genes [168].

The underlying mechanism, i.e., cells affected by senescence or cell death, can be
defined by p53 and Rb mutual function [169, 170]. As of now, the specific role of
these tumor suppressor proteins in response to senescence activity is quite intricate
and not even known to its complete level. Along with p53 and Rb, several other
overexpressed genes involved with cell cycle such as p16INK4a, p27, cyclin-
dependent kinase inhibitors (CDKI), and p21CIP1/WAF1 [171, 172] play a vital
role in process of senescence by promoting the senescent status in cancer cell lines. It
is noticed that a reduced level of p21CIP1/WAF1 expression delays the cell cycle
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arrest associated with senescence, while its overexpressed state causes rapid initia-
tion of cell cycle arrest influenced by senescence [173]. Likewise, p16INK4a
regulates Rb phosphorylation via reducing CDK4 and CDK6 activation [174]. The
p16INK4a is attributed to Rb functional activity, its hypophosphorylated state,
which leads to inhibit various genes regulated by E2F transcription factors
participating in the arrest of G1 cell cycle. Various reports have suggested the
importance of both, p53/p21 and Rb/p16, pathways in significant promotion of
cell senescence in two ways; the first is caused by the shortening of telomere and
damaging effects on DNA, and another one is associated with stress-induced
premature senescence (SIPS) [175, 176].

Development of novel cancer therapeutic tool with a combination approach by
using induction of prosenescence with well-established treatment therapy could be
worthwhile. This combination of neoadjuvant with adjuvant protocol has a benefi-
cial role in various neoplasias treatment, such as prostate, colon, and breast cancer,
and it is found to enhance the survival rate in patients or disease-free survival
[177]. A conventional treatment approach could be provided in combination with
prosenescence therapy before the process of surgery to lessen the tumor mass within
a neoadjuvant protocol. Furthermore, natural compounds, particularly polyphenols,
may be utilized as senescence-inducing moieties in a combinational approach along
with radiotherapy but due to some physiological limitations, such as age or severe
stage of the disease, they are not suitable for surgical therapy [178, 179]. Such type
of treatment is believed to act by introducing senescence where it causes the
inhibition of tumoral growth and clears senescent cells by stimulating the immune
system. This ultimately contributes to diminishing the mass of the tumor. Both
factors, senescence and apoptosis contribute to p53; therefore, a synergistic effect
on cancer cells could be observed with the combination of prosenescence protocol
along with conventional radiotherapeutic or chemotherapeutic approach, which
directs induction of senescent and apoptotic cell death.

Various prosenescence agents are gaining attention and clinically explored to
assess their potential for cancer management. Nowadays, natural compounds
involved epigenetically in senescence control are mainly focused to develop benefi-
cial prosenescence tools in cancer therapy [180]. Most polyphenols present in fruit
and vegetables are proved as anticancer via inhibiting the cellular growth majorly by
inducing premature senescence associated with ROS. A natural compound extracted
from ginseng, i.e., 20(S)-ginsenoside Rg3, produced senescence-linked cell growth
arrest at subapoptosis level and elevated ROS in human glioma cells [181]. Addi-
tionally, bisdemethoxycurcumin naturally derived from curcumin was reported to
curb cell proliferation via induction of oxidative stress-related senescence in human
breast cancers [182]. Similarly, phenethyl isothiocyanate also exhibited cellular
apoptosis along with tumor senescence [183]. Artichoke extract rich in polyphenols
at high doses has the ability to act as a chemopreventive agent explored in human
breast cancer cell line MDA-MB231 through apoptosis and restricting its invasion
potential [184]. Artichoke extract administration at sublethal dose stimulates prema-
ture senescence by following epigenetic and ROS-mediated pathways to suppress
cell growth in human breast cancer. Since artichoke polyphenols possess a strong

162 E. Yadav et al.



antioxidant effect, an elevated concentration of ROS has been observed as a respon-
sible key stimulus for the induction of senescence with chronic administration of
artichoke extract. These reports demonstrated the essential contribution of ROS in
cancer cells as a precursor for causing prooxidant damage induced by polyphenols.
The key role of ROS was substantiated with attenuation of the potential effect of
artichoke extract on MDA-MB231 cell line by antioxidant N-acetyl cysteine. Addi-
tionally, artichoke extract exhibited a prooxidant effect in breast cancer cells, [161]
whereas in normal hepatocytes it showed antioxidant activity [185]. As numerous
tumor cells are characterized by the occurrence of an aberrant redox system,
artichoke extract may act via selectively restricting the cellular growth of tumor
without or with minor toxic effects on normal cells attributed to their redox system
status.

Resveratrol was also found to be effective in chemoprevention through the onset
of premature type of senescence in lung cancer cells when treated at a low dose.
Increased damage to DNA double strands as well as over generation of ROS in
response to increased expression of NAPDH oxidase-5 is known to correspond with
the antitumor effect of resveratrol [186]. Another study reported that resveratrol
cause inhibition of gastric cancer cell growth and further promote apoptosis at a high
dose, while at low dose it induced senescence instead of apoptotic response by
arresting cell growth at G1 phase. In vivo model, i.e., a nude mice xenograft also
supported the inhibitory activity of resveratrol on gastric cancer cells. Additionally,
resveratrol was observed to be a gastric cancer progression inhibitory agent and it
significantly reduced Ki67-positive cells within the tumor sample of nude mice
[187]. With the treatment of resveratrol, a similar type of response was estimated
in vitro as well by causing an alteration in regulators engaged with the cell cycle and
triggering the senescence-associated pathways. The ability of various tumor cells to
get affected by senescence at a low dose and chronic administration with resveratrol,
and undergo apoptosis mechanism after providing high doses of resveratrol was
corroborated with C6 rat glioma cell lines. Furthermore, it has been investigated that
resveratrol and quercetin given chronically at subapoptotic doses can produce cell
growth arrest associated with senescence. Based on the results, this combinational
therapy can be utilized as a beneficial tool for the treatment of glioma cell
tumors [188].

5.4 Contribution of Polyphenols in Targeting Cancer Stem
Cells (CSCs)

5.4.1 Effect of Polyphenols on CSCs Self-renewal Regulation

Over recent years, many reports confirmed the presence of CSCs in many solid as
well as nonsolid tumors associated with colon, head, breast, brain, neck, leukemia,
etc. [189]. CSCs are attributed to tumor recurrence and therapy-resistant tumors
[190]; consequently targeting CSCs for novel therapeutic approaches is gaining
attention [191]. Although, CSCs are distinct cancer cells having a comparatively
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low level of ROS because of high concentration of ROS scavenging molecules. They
respond more competently towards DNA repair and on the process of glycolysis and
autophagy [192]. Numerous CSCs targeting approaches have been suggested which
includes (1) inhibition of self-renewal potential along with other pathways related to
chemoresistance, (2) induction of cell differentiation ability [193], (3) targeting
several molecular markers on their cellular surface [194], (4) inhibiting the glycoly-
sis by affecting their energy metabolism [195], by targeting cell organelle including
mitochondria [196], and (e) constructing novel strategies for complete inhibition of
cancer stemness based on miRNA [197]. It has been estimated that CSCs might stay
in a special microenvironment characterized by the presence of hypoxia-like
conditions [198], a peri-tumor acidic pH [199], oxidative stress [22], and chronic
inflammation [200] in almost every type of tumor. Therefore, considering the
situation, many scientists have advised that cancer disease can be treated by involv-
ing one of the two mechanisms; one is by CSCs metabolism arrest or the second is by
disturbing the adjoining cancer cell environment [201].

Design of a novel anticancer tool depends on carefully targeting the CSCs. To
fulfill this objective, natural compounds having anticancer potential might exhibit a
relevant beneficial role. Various organic natural polyphenolic compounds are
addressed in numerous reports as CSCs’ regulating substances.

5.4.2 Effect of Polyphenols on CSCs Metabolism

Polyphenols are reported to possess the ability to influence the pathways
(Wnt/β-catenin, Hedgehog, and Notch) associated with the self-renewal of CSCs
[202]. Particularly, isothiocyanates exhibited a beneficial effect in preventing human
tumors [203]. It follows different mechanisms to inhibit signaling pathways, i.e.,
NF-κB and STAT3, related to oncogenesis via regulation of apoptosis process,
epithelial-mesenchymal transition, stimulation of enzymatic detoxification of
carcinogens, and inhibition of cell proliferation as well as CSCs self-
regeneration [204].

Sulforaphane, mostly present in plants of the cruciferous family, has been
identified as CSCs targeting agent in different cancers by involving various
pathways such as NF-κB, Hedgehog, and Wnt/ β-catenin regulation along with
transitional induction of epithelial mesenchyma [205]. Therefore, keeping these
properties in mind, some preclinical studies recommended sulforaphane along with
chemotherapy as an ancillary agent [206]. Sulforaphane was found to have reducing
properties on cancer cell growth against human breast cancer cells due to alleviating
the level of ALDH positive cells as well as mammospheres detected during in vitro
study [207]. Additionally, in vitro and in vivo models revealed sulforaphane is
responsible to inhibit cell proliferation in pancreatic CSCs via stimulation of the
Hedgehog pathway responsible for the self-renewal of CSCs [208].

Quercetin was also observed to be beneficial in pancreatic CSCs studies by
decreasing ALDH1, inducing apoptosis and reducing epithelial–mesenchymal tran-
sition proteins expression in vitro [209]. In vivo studies also exhibited that treatment
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with quercetin reduced cell proliferation and decreased gene expression of angio-
genesis and stemness, which caused arrest of xenografts associated with CSCs
[210]. Reports suggested the combination therapy of various polyphenolic
compounds to design a potent synergistic tool for cancer treatment as sulforaphane
and quercetin exhibited improved effects when given in combination [211]. Regular
utilization of soy foods, rich in isoflavones, has reduced the risk of mammary tumors
and controlled breast cancer-related adiposity along with bodyweight in animal as
well as human models [212, 213]. Culture medium rich with genistein isoflavone
treated adipocytes-like condition exhibits a reduced level of mammospheres forma-
tion in human MCF-7 breast cancer cells [214].

Curcumin extracted from Curcuma longa has an anti-inflammatory effect against
acute pancreatitis and targeted pancreatic CSCs [215] by affecting mitogen-activated
protein kinase signaling pathway [216]. Combination approach of curcumin with
different well-known chemoprotective agents including oxaliplatin against colorec-
tal cancer cell lines [217], gemcitabine in a pancreatic cancer orthotopic model,
paclitaxel against bladder cancer has been observed as potentially synergistic. One
more report suggested that curcumin with metformin imparted a promising antican-
cer effect via CSC mechanism in oral squamous cell carcinoma [218].

5.4.3 Effect of Polyphenols on CSCs Metabolism

Hyperglycolitic metabolism is the characteristic property of CSCs [219] and they
have decreased level of mitochondrial respiration in tumor mass than other cells
[220]. Therefore, impairment in the metabolic process either by blocking glycolysis
or by forced mitochondrial metabolism of CSCs and their oxidative phosphorylation
could be an important possibility to thwart CSCs [221]. A number of polyphenols
are known to contribute to the regulation of cancer metabolism. For instance,
genistein has been reported to modulate the pentose phosphate pathway without
affecting fatty acids synthesis in pancreatic adenocarcinoma cells [222]. Further-
more, in human breast cancer cells, EGCGwas observed to stimulate AMP-activated
protein kinase (AMPK) which is essential for cellular energy level regulation,
protein synthesis, cell cycle as well as cell viability [223]. AMPK activation
primarily causes inhibition of cell proliferation, increased level of CDK inhibitor
p21CIP1/WAF1 whereas decreased the level of rapamycin pathway associated with
targeting and arrest of CSCs growth [224]. Additionally, olive oil polyphenols
possess anticancer activity by alleviating the level of gene expression partakes in
CSCs self-renewal and aerobic glycolysis (Warburg effect) [225]. Since a high level
of oxidative stress is observed in CSCs with enhanced glycolytic activity, they are
more prone to additional damaging effect induced by prooxidant polyphenols as
compared to normal cells [226]. One more report based on polyphenol, i.e.,
curcumin, exhibited chemopreventive effect by inducing cell death via accelerated
ROS formation and cell apoptosis, and degraded potential of the mitochondrial
membrane in different cancer models [227, 228].
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It has been demonstrated that CSCs lay within specific locations particularly at
the site of inflammation, oxidative stress, and low level of oxygen along with low pH
[3]. Therefore, polyphenols are suggested to target the concerned signaling pathways
supporting tumor microenvironmental characteristics. Regarding these features,
pterostilbene extracted from berries (blueberries) exhibited an anticancer effect by
targeting hypoxia. In vitro studies revealed that upon a coculture process of breast
cancer cell lines (MCF-7 and MDA-MB231) and tumor-promoted malignant metas-
tasis showed significantly populated CSCs with increased formation of
mammospheres through modulation of β-catenin, Twist1, hypoxia-inducible factor
1α, and NF-κB pathways. Rate of CSC formation was promisingly decreased with
the incorporation of pterostilbene into the cell culture medium. In vivo experiments
further exhibited the beneficial antitumor effects of these polyphenols by inhibition
of various key processes such as tumorigenesis as well as metastasis [229, 230].

5.4.4 Effect of Polyphenols on Proinflammatory Signaling
Pathways

Neoplastic niche is majorly characterized by the existence of chronic inflammation
[231]; therefore, most polyphenols play a vital therapeutic role in counteracting
chronic inflammation responsible for initiating various diseases like cancer
[232]. Natural phenolic and flavonoid compounds that exist in vegetables and fruits
are suggested to act as anti-inflammatory by suppressing NF-κB pathway,
contributing in different pathological processes including cell transformation,
inflammation, proliferation, metastasis, and angiogenesis of tumor cells
[233]. Carotenoids showed anti-inflammatory and anticancer effects by
downregulating the NF-κB signaling pathway [234]. Glucosinolates, present in
Brassicaceae family reported to possess a significant protective effect against inflam-
mation and tumor in a murine model with inflammation-induced colon cancer [235].

5.4.5 Effect of Polyphenols in Regulation of Peritumoral pH

An acidic environment is the distinct feature of CSCs’ extracellular surroundings
induced by aerobic glycolysis [236]. In vivo animal studies demonstrated that
utilization of sodium bicarbonate neutralizes acidic cancer pH and thereby it arrest
tumor growth as well as cancer cell invasion [237]. Moreover, the consumption of
vegetables and fruits diet, rich in potassium, along with less intake of animal proteins
might be a promising tool to counterbalance cancer-induced acidosis.

Various polyphenols including resveratrol and genistein also contributed to
neutralizing the acidic pH and they can be used as a potent therapeutic and
chemopreventive strategy by causing damaging effects on CSC metabolism or by
enforced oxidative phosphorylation of tumor cells. Besides, other bioactive
phytocompounds have also been advised to elevate the cellular pH level by
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influencing the activity of the proton pump and ultimately induction of cell apoptosis
[238]. Some important polyphenolic anticancer agents are listed in Table 5.1.

5.5 Polyphenols in Anticancer Clinical Trials

Preclinical studies of various polyphenols including curcumin, resveratrol, EGCG,
lycopene, quercetin, and sulforaphane have proved the effectiveness against differ-
ent cancers; therefore, clinical trials of some of these compounds are presently in
progress.

Curcumin is widely reported as a potential chemopreventive and chemotherapeu-
tic agent in different types of cancer cells. Curcumin has been observed safe,
nontoxic, and tolerable in Phase I clinical trials administered even at a high dose
of 8 g/day but it showed poor bioavailability in humans. Even after the curcumin
bioavailability issue, clinical trials have exhibited efficacy towards prostate cancer,
breast cancer, and hematological malignancies [274] when given either alone or in
combination as an anticancer agent. Pastorelli et al. reported curcumin Meriva®

(2000 mg/day) enhances the efficacy of gemcitabine to the local or advanced
metastatic pancreatic cancer patients without exerting any toxic effects [275]. Pres-
ently, determination of curcumin (300 mg/i.v./day) efficacy in combination with
Paclitaxel (80 mg/m2 BS; i.v.) administered once weekly for consecutive 12 weeks
in patients with advanced and metastatic breast cancer is in progress by using
randomized, double-blind, and placebo-controlled phase 2/3 trial (NCT03072992).
Additionally, curcumin is registered on clinicaltrials.gov with other 18 actively
ongoing clinical trials associated with cancer.

EGCG also proved safe by clinical data when administered in patients with high-
grade prostatic intraepithelial neoplasia and/or atypical small acinar proliferation at a
dose level of 200 mg/day. Polyphenon E, a polyphenol-rich formulation majorly
containing EGCG (1200 mg/day), was observed to cause a reduction in proliferation
process, apoptosis and accumulation of EGCG in cancer tissue during a pilot study
of randomized, presurgical placebo-controlled phase II in bladder cancer. One more
report exhibited the significantly enhanced efficacy of EGCG along with indole-3-
carbinol against patients with advanced ovarian cancer [274]. Recently,
chemoprotective activity detection of Teavigo™ (contain 94% EGCG) at a dose
level of 450 mg/PO/day in colorectal cancer patients is ongoing with randomized,
early phase I trial (NCT03072992).

Chen et al. suggested the decrease in prostate cancer risk is attributed to lycopene
consumption observed in persons ingesting a high concentration of lycopene
[276]. In contrast, intake of multisupplement with high dose lycopene (35 mg),
green tea catechins (600 mg), and selenium (55 μg) for 6 months induced an
insignificant reduction in the level of prostate-specific antigen (PSA). Whereas
elevation in prostate cancer incidence (accounted with re-biopsy) as well as miRNAs
expression observed with a randomized, double-blinded, and controlled trial in
multifocal high-grade prostatic intraepithelial neoplasia and/or atypical small acinar
proliferation patient [277]. While Beynon et al. observed a metabolomic study with
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lycopene (15 mg) provided with green tea catechins containing EGCG (600 mg) for
6 months caused a decrease in circulating pyruvate level in individuals with elevated
PSA without prostate cancer. The link between pyruvate level and prostate cancer is
suggested in a report performed with Mendelian randomization analysis [278]. Due
to the lack of solid and homogeneous clinical data, the conclusions drawn can be
conflicting or ambiguous. However, assessment of lycopene (20 mg/PO/day) effi-
cacy for the reduction of skin toxicity against metastasis colorectal carcinoma
patients administered with panitumumab is currently in progress with a double-
blind, placebo-controlled phase II trial (NCT03167268).

It has been noticed that consumption of pulverized muscadine grape skin extract
having 4000 mg resveratrol increased the PSA doubling time (PSADT) up to
3–5 months by interrupting the incidence of recurrence as compared to placebo
[279]. Recently, a clinical trial has been completed on the effectiveness of resveratrol
(2.5 g/p.o./twice/day) in low-grade gastrointestinal neuroendocrine tumors via
Notch-1 signaling but no data is available based on this clinical trial yet
(NCT01476592).

A double-blinded, randomized, placebo-controlled trial on SFN has been
performed with 78 patients having elevated levels of PSA after radical prostatec-
tomy. It showed SFN oral treatment (60 mg/day) for consecutive 6 months induced
significant acceleration in PSADT without any adverse effect than a placebo group.
While after 2 months of SFN administration, PSA slope was observed as unaltered.
In another study of single-arm trial, various parameters including safety, efficacy,
pharmacokinetics as well as pharmacodynamics of broccoli sprout extracts rich in
SFN at a dose level of 200 μM/day provided for 20 weeks were performed by using
20 patients with PSA recurrent prostate cancer. Though the primary end result was
not attained, it has been observed that there was a significant elevation in PSADT
with on-treatment as compared to pretreatment PSADT (6.1 months
pretreatment vs. 9.6 months) [280]. Presently, chemopreventive efficacy of Avmacol
(sulforaphane) tablets administration twice a day (120 μM/p.o.) is going on with a
double-blind, placebo-controlled phase II trial in former smokers highly prone to
develop lung cancer (NCT03232138).

5.6 Conclusion

All over the world, the scientific community is facing challenges towards the
treatment and prevention of cancer. Though there are numerous conventional che-
motherapeutic medicines available in the market, due to inevitable toxic effects, less
bioefficacy, and high cost, there is a strict need to explore natural compounds such as
polyphenols for the treatment of cancer. Cancer cells bear a condition of oxidative
stress due to high-level ROS than physiological cells and different regulating
pathways to manage their concerned redox status. Since ROS plays a vital role in
tumorigenesis, utilizing antioxidant agents, especially dietary polyphenols, serves a
good strategy in the reduction of oncogenesis or chemoprevention. While in another
case, overproduced ROS is responsible to cause cytotoxicity in cancer cells and
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ultimately cell death. Literature suggested that consideration of redox status of tumor
cells is an important factor for the selection of polyphenols as a potent anticancer
treatment therapy. Polyphenols regulate epigenetic alterations in tumorigenesis at
the gene level via intracellular modulation of ROS concentration and inflammation.
Under pathological conditions, natural polyphenols (Table 5.2) display potent anti-
oxidant activity whereas prooxidant-like activity has been exhibited in typical
conditions leading to activation of apoptosis along with inhibition of inflammatory
and cell proliferative processes. Bioactive polyphenols are known to persuade a
complex balance between cell proliferation, apoptosis, and senescence; therefore,
they can be utilized, from the therapeutic point of view, as a new antitumor tool with
advanced bioefficacy, bioavailability along with no or minimum side effects as
compared to conventional anticancer therapy (Fig. 5.3). It has been demonstrated
that the anatomy and physiology of chromatin are greatly endorsed by DNA
methylation and post-translational histone modifications in the epigenomic cascade.
Several polyphenols alter the inflammatory process by affecting enzymes associated
with the epigenetic modification that might dither the tumor. Therefore, it is neces-
sary for polyphenol anti-inflammatory therapies to intensely explore their anticancer
potency in terms of epigenetic regulators. However, it has been noticed that the

Table 5.2 List of ongoing anticancer clinical trials on different natural polyphenols

S. no.
Clinical trial
reference no. Polyphenol Cancer type Analysis

1 NCTO1912820a Quercetin Prostate cancer Accumulation of EGCG,
ECG, quercetin along with
their methylated
metabolites in prostate
tissue as well as plasma.
COMT, MRP1, and
DNMT1 enzymatic
expression. Inter-
individually genotype
variation in COMT.

2 NCTO3232138a Sulforaphane Lung cancer
development
associated with
smoking

Bronchial dysplasia index,
apoptosis marker, such as
caspase-3 and TUNEL,
cell proliferation marker
Ki-67

3 NCTO3072992a Curcumin Advanced and
metastatic breast
cancer

Combination safety,
progression-free survival,
disease progression
duration, treatment failure
duration

4 NCTO2891538a Epigallocatechin Colorectal
cancer

Alteration in methylation
pattern than baseline

5 NCTO1476592a Resveratrol Low-grade GI
Neuroendocrine
tumors

Activation of Notch1 and
toxicity

aClinical trial reference number at www.clinicaltrials.govt
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antitumor approach by utilizing polyphenol as DNMT and HAT/HDAC modulators
suffers from few limitations including nonselectivity. A combinational synergistic
approach of polyphenol nonselective epigenetic treatment along with specific stan-
dard therapies at a low dose can be utilized as an alternative. Further, polyphenols
are responsible to maintain the concentration of miRNAs, responsible to act directly
on specific enzymes linked with epigenetic modification, and regulate the epigenome
landscape. They play a vital role in harmonizing ROS homeostasis within tumor
cells. Combination therapy of polyphenols with the conventional chemotherapeutic

Fig. 5.3 Different molecular targets of polyphenols induced anticancer activity. (1) Redox status: "
generation of free radical, # tNox activity, # GSH concentration; (2) Epigenetic modulation: DNA
methylation activity (# DNMT1, # HDAC), transcriptional regulation (# in p53 and p65 level) and
polycomb proteins, (3) Targeting of CSCs: # transcriptional factors associated with CSCs, # drug
carriers (ABCG2), # CSCs receptor (CD44)
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drug might be a potential tool to conquer drug resistance and a better alternative to
cancer patients.
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Abstract

The dynamic landscapes of epigenetic patterns implicate in genetic expression,
post-translational modifications as well as transcribing multivariate signals into
the specific program. These patterns play an important roles in DNA methylation,
histone modification, long noncoding RNA (lncRNA), and microRNA (miRNA)
interference to alter the functions of tumor suppressor genes (TSGs) and
oncogenes, followed by modulation in structures, functioning and assembling
of normal cells, prior to transformed into cancerous cells. Additionally, scaffolds
of natural polyphenols and their metabolites, owing to diverse, unique structural
conformations and topography, significantly intervene above-mentioned altered
epigenetic mechanisms of cancers.

This chapter aims to discuss recent findings in developmental cancer biology,
followed by establishing dynamic roles and delineated mechanisms of
polyphenols targeting various epigenetic landscape, their parameters, immuno-
genic responses, signaling pathways, and physiological barriers in cancerous
cells. The challenges and evidence for the perspective of polyphenols would
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integrate advanced understanding for developing various dietary products to
prevent and treat different cancers.

Keywords

Polyphenols · lncRNA and miRNA · Epigenetic · Cancer · Tumor · DNA
methylation · Histone modification

6.1 Introduction

Cancer is an uncontrolled division of healthy cells, which can be affected via genetic
disorders, epigenetic aberrations, and deregulation in post-translational
modifications [1, 2]. Tumor suppressor genes (TSGs) and Oncogenes are influenced
by genetic alterations and epigenetic changes that comprise DNA methylation,
histone modification, long noncoding RNA, and microRNA (miRNA) interference
that belong to post-translational modification [3]. Additionally, epigenetic
alterations can be triggered by regular intake of dietary and environmental factors
[4]. As a result, epigenetic aberrations and genetic disorders generally induce
tumorigenesis [5]. Globally, there are around 18.1 million new cases of cancer
diagnosed in the year 2018, while mortality rates increased to 9.6 million as
compared to 2008, which was nearly 7.6 million cancer-related deaths [6]. In
2030, there would be an estimated increase of 23.6 million new cases of cancer,
according to American Cancer Society statistics.

Epigenetics is reversible heritable modifications in the expression of a gene that
takes place without modifying DNA in sequence, but alterations that are suitably
potent to control gene expression dynamics [7]. DNA methylation and histone
modifications are the significant contributors to cancer epigenetics machinery,
which may trigger changes in expression of a gene but no alteration in DNA
sequence [8–10]. In contrast to genetic alteration processes, such as mutations and
deletions, which are often challenging to reverse back; however, epigenetics
abnormalities are often considered as facile reversible one [11]. Epigenetic gene
arrangements have critical roles in various biological processes such as genetic
imprinting, X-chromosome inactivation, and embryonic development. Three crucial
and distinctive complex mechanisms are well-known to be part of the “epigenome,”
which comprises DNA methylation, histone modifications, and post-transcriptional
gene regulation by noncoding microRNAs (miRNAs) [12]. These methods influence
DNA folding, transcript stability, nucleosome positioning, chromatin compaction,
and complete nuclear organization of the genetic material (Fig. 6.1). Concomitantly
and synergistically, they govern whether a gene is downregulated or upregulated,
along with the effectiveness and tissue selectivity towards the gene expression.
Interference of the epigenome causes the progression of the disease. Thus, disease
sensitivity is a consequence of a complicated association between one’s genetic
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characteristics and epigenetic markers imprinted on one’s genome by exogenous and
endogenous attributes [13].

Tumorigenesis is a chronic inflammatory disease in which epigenetic and genetic
characteristics change leading to tumor progression [14]. Epigenetic alterations,
including histone modifications, microRNAs, noncoding RNA, and DNA methyla-
tion, in inflammatory disorders are affected by various factors; mainly by dietary and
environmental attributes [15]. However, nutritional polyphenols are most likely
influenced by these epigenetic changes, which correspondingly contribute towards
their chemopreventive potential [13].

6.2 Polyphenols

Polyphenols are the most important factors of a human diet which primarily consists
of phytochemicals [16]. In Fig. 6.2, polyphenols are divided into five different
categories, such as phenolic acid, flavonoids, curcuminoids, stilbenes, as well as
lignans [17], while flavonoids are subclassified into flavanols, flavones, flavanones,
anthocyanins as well as isoflavones.

Polyphenols have been classified into flavonoids, stilbenoids, and phenolic acid;
on the other hand, flavonoids are subcategorized into flavonols, flavanones,
flavanols, flavones, isoflavones, and anthocyanins [17, 18].

6.3 Polyphenols for Tumor Prevention and Therapeutics

Several findings validated that animal or plant-based natural products (e.g.,
polyphenols) are used to inhibit and manage many diseases, including cardiac
disorders, pathogenic infections, hyperglycemia, neuronal disorders, cancer, as

Fig. 6.1 Epigenetic mechanism in tumorigenesis
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well as asthma [19, 20]. Tens of thousands of different polyphenols, isolated from
plants, reported anti-carcinogenic characteristics, tumor growth suppressor, anti-
proliferative, anti-inflammatory, anti-angiogenesis, apoptosis inducer, as well as
anti-metastasis properties [21, 22]. Furthermore, these compounds can be utilized,
such as bioactive molecules, to make innovative chemopreventive agents that show
the most effective target organ with the least infectivity [18, 23]. Noteworthy, here
role of nanotechnology-based delivery systems has emerged as a potential tool to
combat such challenges, especially in viral infections and malignancy [24]. Among
these nanoparticles, polymeric systems such as encapsulated [25] or polyelectric
complexes [26]; metallic nanoparticles such as gold [27] and silver colloids [28];
lipid nanoformulations [29], bicontinuous carriers, such as limicubes [30] and
cubosomes [31], as well as vesicular systems are most investigated delivery systems
for such type of therapeutics, preferably being fabricated with experimental
architects of factorial design tools [32] for optimal performances [33].

Multiple reports have shown that various nutraceuticals significantly regulate
gene expression by targeting various factors/constituents of the epigenetic types of
machinery [34]. Through the continuous improvement in the standard of living
adaptations, it is essential to identify novel compounds, which can be most likely
utilized as a hindrance of disease, and to discover novel molecules that could be
anticancerous and shows better efficacy against malignancy [35]. These natural
products are either derived from plants [36], microbial [37], and marine species
[38] or designed in some nature mimicking systems hence called bioinspired [39] or
biomimetic systems [40]. These polyphenols can commonly show anticancerous
activities and effectiveness in many other disorders, including hyperglycemia [41],
cardiovascular diseases [42], liver diseases [43], asthma [44], neurodegenerative
disorders [45], neurodevelopmental [46]; osteoporosis [47], anemia [48], bulimia

Fig. 6.2 The classifications of plant polyphenols
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[18], influenza/ pneumonia [49], renal and thyroid disorders [50, 51], nephritis [52],
periodontitis [53], hypertension [52], and skin disorders [55] (Fig. 6.3).

Polyphenols are mainly implicated with several mechanisms, via associations
with numerous cellular constituents, including enzymes, carbohydrates, and protein
to control gene expression and cancerous signaling pathways [23, 56]. Briefly, these
plant-derived polyphenols regulate cancer pathways by preventing cell proliferation
of cancer, tumoral mass reduction, and tumor regression.

Polyphenols are mainly found in vegetables, beverages, fruits, and spices. These
products are chemopreventive against devastating diseases, including neurodegen-
erative diseases, cancer, diabetes, osteoporosis, liver, and cardiovascular diseases
(CVDs) [18].

6.4 Role of Epigenetics in Cancer

6.4.1 DNA Methylation

Predominantly in cytosine, followed by guanine, a novel covalent bond with methyl
group forms methylated CpG. Whereas human CpG islands domain is short cDNA
sequences of more than 200 base-pair lengths, bearing very high frequency of CpG

Fig. 6.3 Polyphenols have a beneficial effect on the health system
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sites (observed-to-expected ratio > 60%), high GC frequency (>0.5), and
interspersed; along with repeating units of centromeric repeats, retrotransposon
elements, Recombinant DNA (rDNA) so these are significantly different from
normal patterns of the genome [57, 58]. Subsequently, in small CpG enriched
DNA stretches, methylation of the pyrimidine ring in cytosines at 5th carbon form
5-methylcytosine. CpG islands are preferably situated at 50 gene end as well as
covering around 0.6 fractions of human gene promoters [59]. Both methylations are
also reported in several non-CpG domains namely, CpA, CpT, as well as CpC
[60]. Differential types of methylated regions in CpG and non-CpG may decide
the fate or regulation of genes, i.e., their silencing or activation hence may critically
involve in pathological conditions of various diseases. In other words, the status of
DNA methylation controls gene expression. Although both methylated CpG and
non-CpG methylation are reported in complete genome accumulation of non-CpG
methylation is very specific and limited, depending upon the type of cells, i.e., as
pluripotent stem cells, oocytes, neurons, and glial cells [18].

Cancer is a major disorder owing to modification in enzymatic activities of DNA
methyltransferases (DNMTs), leading to numerous diseases as well. DNMTs act on
S-adenosyl-methionine to catalyze CH3 (methyl) domain relocation to cytosine. In
mammals, DNMT family may be subdivided into five categories, i.e., 1, 2, 3a, 3b,
and 3L subtypes [61]. In cell division, DNMT-1 maintains a pattern of DNA
methylation with DNA replications [62]. While, DNMT-3a and DNMT-3b enzymes
actively control de-novo DNA methyltransferase processes, essentially by
integrating a CH3 domain to cytosine, critical for differentiation [18, 63]. During
tumorigenesis, CpGs hypermethylation process is reported at 50 end in tumor-
accompanied genes along with inactivation of many cancer-suppressor genes,
despite hypomethylation of any single gene or its small subdivisions as reported in
several tumors [64]. For example, among cyclin-dependent kinase inhibitors,
p16INK4a (CDKN2A) is critical for tumor suppressor genes because differentially
hypermethylated in cancer. Events of tumor suppressor gene hypermethylation, for
example, H and E subtypes of cadherins, also induce metastasis and cancer prolifer-
ation [65]. Also, there is a closed relationship established between the inactivated
gene that encodes cyclin-dependent kinase inhibitors, as well as progression in
malignancy. Many hypermethylation events of DNA (genes) with repairing
functionalities play a critical and direct role in epigenetics to mutate and alter
tumor progression [66].

Subsequently, global DNA hypomethylation arrangement is a widespread cause
in many carcinogenic processes [67, 68]. The recent findings have shown that the
regulation of carcinogenesis is due to the combined impact of both DNA
hypomethylation as well as hypermethylation sequences, while hypomethylation
has an important key role in carcinogenic tissue in contrast with the normal tissue
[69, 70]. The absence of satellite DNA methylation serves significant purposes in
tumoral progression. For example, differential states of STAR-1 hypomethylation
(satellite DNA sequence), a cluster with highly repetitive and tandem DNA
sequences, contribute to both high frequencies of DNA rearrangements and chro-
mosomal instability in more than 60% of breast tumorigenesis
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[71]. Hypomethylation of satellite 2 (Sat2) in centromeric and juxtacentromeric
(centromere-adjacent) in chromosome 1 served the role of independent biomarkers
of poor prognosis in ovarian cancer and their elevated stages classify tumoral grade.
Although, satellite DNA hypermethylation, as well as 15 50 gene domain, are
implicated in ovarian tumors changes in satellite DNA methylation are independent
of gene region. Similarly, loci CDH-13 (at 16q24) as well as RNR-1 (at 13p12)
hypermethylation is closely correlated to decreased Sat2 hypomethylation [72]. Sub-
sequently, hypomethylation of chromatin helicase of DNA binding protein 3 gene
promoter domain favors upregulated positive regulator of tumor cell proliferation
(P cadherin) to impart invasiveness as well as metastasis in breast and colorectal
tumors [73]. Noteworthy, DNA methylation significantly affects the progression of
different cancers, and exploring the status of DNA methylation is crucial in all
tumors and their staging [74].

Furthermore, APC gene silencing has been noted in several tumors, including
colorectal, breast, prostate, as well as lung malignancy. APC serves an antagonist
role in Wnt signaling pathway, effectively implicated in migratory functions as well
as adhesiveness of cells. Briefly; WNT/β-catenin pathway majorly controls cell
proliferation as well as survivals of many types of cancers. It also controls the
members in the WNT pathway, which includes WNT inhibitory factor 1 (WIF1),
secreted frizzled-related proteins (sFRPs), WNTs, and DDKs (Dickkopf) through
epigenetic modifications [75]. Several other gene silencing events were duly
illustrated in breast tumors, for example, BRCA1 silencing, causing DNA repair
double-stranded breaks as well as transcriptional events [64]. Many FDA-approved
drugs, for example, Doxorubicin, Cisplatin, Vorinostat, Decitabine, Azacitidine, as
well as Paclitaxel revealed a promising approach in tumor treatment, through
DNMTs targets [76].

6.4.2 Histone Modifications

Briefly, histones are groups of a soluble protein implicated in DNA wrapping on a
structural bead unit of ~146 bp length but with a fixed distance intervals, i.e.,
nucleosomes [77]. Typically, a nucleosome involves linker histones type H-1
(main component) which establishes attachment with outer nucleosomal periphery
to serve a linkage from one nucleosome to another nearby nucleosome. While,
compared to H-1, core histones of nucleosome, i.e., 2A/2B, 3, and 4 variants of H;
establish more favorable bonding with DNA [78, 79]. Histone modifications which
are mainly reported at the globular N-terminus region that obtrudes outside from H-3
and H-4, susceptible to several chemical alterations with threonine, lysine, and
serine. Thus, histone modifications are potently implicated in carcinogenesis as
well as cancer development [80, 81].

Similarly, post-translational modifications (PTM) which frequently result in
charge-mediated alterations in nucleosome are another critical component in
epigenome assembly, leading to histone modifications and significantly altering
gene expressions. Histones in relation to PTMs further support several processes
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and methods of cells, via chromatin changes to significantly influence gene expres-
sion, related to carcinogenesis as well as cancer development [81]. These PTMs are
reversible as well as unrestricted towards lysine-arginine methylation, lysine
ubiquitination, lysine acetylation, and serine-threonine phosphorylation [80]. His-
tone modifications also occur due to the action of several catalytic enzymes, includ-
ing histone methyltransferases (HMTs), histone acetyltransferases (HATs), histone
demethylases (HDMs), and histone deacetylases (HDACs). These mediated histone
modifications can bring about cancer commencement and development via trigger-
ing genome-wide changes [82]. HATs actively participate in histone acetylation,
accountable for regulating many cellular methods, including DNA repair, transcrip-
tion, gene silencing, cell differentiation, and apoptosis [83]. HDAC enzymes reverse
HAT enzyme actions via affecting many methods, including cell growth, signal
transduction, and apoptosis [84]. These catalytic methods imbalance histone acety-
lation leading to tumor development. HDMs and HMTs also work as an inducement
for histone modifications. HMTs have been implicated through chromatin-
dependent transcriptional activation and repression in DNA methylation [85]. As a
result of these stimulant methods, particular genes inside DNA involved with histone
can either be stimulated or deactivated [86]. Among several kinds, EZH2, HMTs,
and G9a are very important histone methyltransferases, because of their ability to
histone H-3 methylation at lysine 27 (H-3: K27). While methylation of both lysine
9 histone H-3 (H-3:K9) as well as H-3:K27 help to enhance heterochromatin
implicated in gene silencing and facilitate tumor development [87]. Various dietary
polyphenols potentially regulate histone modifications to inhibit tumors thereby
serving a purpose in treatments [88].

6.4.3 microRNAs

microRNAs (miRNAs) also play a significant role in epigenetic modulation.
miRNAs can carry out RNA splicing associated with gain in functions, and miRNAs
significantly facilitate post-translational gene modulations. miRNAs, 20–22
nucleotides long, are small single-stranded noncoding RNAs that control gene
expression through post-translational silencing of the target genes [89]. miRNAs
regulate several biological methods, including cell differentiation, cell proliferation,
and apoptosis. As a result of their essential role in the physiology of cells, expression
level changes are directly associated with disease development. The recent findings
have demonstrated a direct relationship between miRNAs modifications and tumor
([90, 91]. MicroRNA expression can be monitored through various mechanisms,
including single nucleotide polymorphisms (SNPs), chromosomal abnormalities,
mutations in the primary transcripts, for example, miR-15a and miR-16-1 [92],
changed activity of many transcription factors, for instance, miR-17-92 cluster, and
alterations in the miR-34 family because of activation of p53. These mechanisms can
be related to various categories of tumors, including breast, bladder, and lung cancer
[93, 94]. However, hypermethylation of miR-9-1 in breast cancer occurs, whereas
miR-34c andmiR-34b groups are hypermethylated in colorectal cancer [95]. Aberrant
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methylation of miR-148a, miR-9, miR-34b, and miR-34c are frequently related to
metastasis. Besides, methylation of miR-9, miR-148a, and miR-34b/c are directly
associated with malignancy [96]. Similarly, these deviations, histone acetylation,
and promoter methylation can also control expression of microRNA in various
cancers [97].

6.4.4 lncRNA

lncRNAs, more than 200 nucleotides longer, are a category of non-translated
RNAs [98] and have a crucial role in different biological methods implicated in
cell progression and growth [99]. Numerous current studies showed their role in
the epigenetic complex by altering chromatin remodeling enzymes and influencing
gene expression arrangement, such as lncRNA TARID (TCF21 antisense RNA
inducing demethylation) controls GADD45A (growth arrest and DNA-damage-
inducible, alpha), which works as a regulator in the DNA methylation process by
stimulating tumor suppressor transcription factor 21 (TCF21) via promoter
demethylation [100]. A different class of lncRNA HOX transcript antisense
RNA (HOTAIR) associates with Polycomb Repressive Complex 2 (PRC2) as
well as mediating epigenetic silencing of the homeobox D cluster (HOXD) locus
by causing its H3 lysine 27 trimethylation (H3K27me3) [101]. lncRNAs also
control another joining method. For instance, the natural antisense transcript
(NAT) of zinc finger E-box binding homeobox 2 ZEB2 inhibits intertwining of
ZEB2 mRNA by interrelating with an intronic 50 splice site and safeguards as
anticancer cell metastasis [102]. Little lncRNAs work as oncogenes, whereas
another group works as the tumor suppressor [103] such as TGF-β activated
lncRNA (lncRNA-ATB) mediates epithelial to mesenchymal transition (EMT)
and metastasis in hepatocellular carcinoma [104]. Interconnection of NF-κB with
lncRNA (NKILA) works as a framework and triggers tumorigenic NF-κB pathway
by impeding IκB phosphorylation [105]. Current findings report exhibited the
tumor-suppressive nature of lncRNAs [106]. Here, the binding of PTENP1, a
pseudogene for tumor suppressor PTEN to the miRNAs, inhibits PTEN activity
by binding to 30 untranslated region (UTR) of PTEN mRNA. These lncRNAs are
identified as competitive endogenous RNA (ceRNA) for sequestration of miRNAs
or target mimics for miRNA. Consequently, it is promising to investigate more
about the lncRNAs function, which plays a significant role in clinical regulation of
tumors [107]. A summary of the epigenetic changes during cancer development is
demonstrated in Fig. 6.4.
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6.5 Polyphenols Inhibit Cancer Cell Proliferation Via
Epigenetic Alterations

The uncontrollable proliferation converts normal cells into cancerous cells with the
involvement of factors to control cell cycle progression and escape checkpoint. The
cyclins (cyclin-dependent kinases (CDKs) and their inhibitors (CDKIs) regulate four
(G1, S, G2, and M) phases of the cell cycle, acting as co-activators of CDK activities
and trigger the cell cycle progression through making complexes of cyclin-CDK.
Several reports indicate the involvement of polyphenols in regulating the arrest of
the cell cycle, which leads to cancer through pathways involving upstream signaling.
Some CDKIs examples involved in arresting cell cycle (at G1 stage) are p15INK4B,
p21CIP1, and p16INK4a. They do this (CDK4/6 inhibition) by creating complexes of
CDKI-CDK4/6 [5].

6.5.1 Curcumin

The curcumin found in the rhizomes of Curcuma longa, belongs to the family
Zingiberaceae putatively used for chemoprevention in several cancer types [108–
110]. The chemoprevention is mainly by arresting cancerous cell growth in the G1
phase, primarily by expressing a high level of p21CIP1 protein, reduction of miR-208
protein (responsible for the translation of p21CIP1), and also restoring the levels of
protein p15INK4B through downregulation/suppression in methylation state of a
promoter [111, 112]. Additionally, cyclin D1 and CDK4/6 expression are inhibited
by curcumin through miR-34a induction that acts on mRNA of these proteins,
mainly colorectal cancerous cells [113]. The expression of p21CIP1 and p16INK4A

proteins are enhanced by genistein, GTPs (green tea polyphenols), and EGCG
(epigallocatechin-3-gallate) through various (epigenetic) mechanisms in cancer
[114, 115].

6.5.2 Genistein

Genistein represents isoflavone (bioactive) obtain from extracts of soybean. It
induces expression of proteins like p21CIP1 and p16INK4A mainly by an increase of
transcriptional activators deployment, modification at H3K4me3, H4, and acetyl-
H3, as well as by reducing repressor binding, altering chromatin H3K27me3 and
H3K9me3, and lastly by enhancing p21CIP1 and p16INK4a levels in cancerous or
precancerous breast cells [116]. The EGCG represents another potent suppressor of
HDACs and DNMTs [117]. The expression of p16INK4a leads to arresting G-1 stage
of the cell cycle with EGCG treatment for further enhancing the methylation role of
p16INK4a, being identified by methylation-specific PCR (MSP) analysis [118]. The
EGCG represents the primary active constituents from GTPs, which reduces cyclin
(D1, D2) through induction of p21CIP1, CDKIs, p53, and p21CIP1, which is due to
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suppression of HDAC response and expression of HAT response that leads to
relaxation of chromatin [114, 119]. The GTPs, when combined with sulforaphane
(non-polyphenolic chemical obtained from vegetables), produce a synergistic effect
in arresting the cell cycle at the G2/M phase along with induction of KLOTHO and
p21CIP1. The induction of KLOTHO and p21CIP1 through GTPs sulforaphane
combination changes the methylation pattern of DNA and modification of histone,
which results in binding of MeCP2 to the former [115, 120]. This evidence suggests
the strategy of applying combination therapy (a mixture of more than one
biofunctional compound) for assessing antitumor efficacy. The demethylation of
novel protocadherin 17 (TSG PCDH17, at promoter region) through genistein
induces the arrest of gastric cancer cells in the G2/M phase [121]. Moreover,
genistein enhances miR-34a expression, a tumor suppressor, suppressing the onco-
genic HOX transcript antisense RNA (HOTAIR) expression, leading to cancer
growth induction in prostate cells [122].

The Kras is an oncogene that is overexpressed and mutated in several types of
cancers and is believed to play an essential role in uncontrolled proliferation, leading
to malignancy [123]. Sulforaphane, GTPs, and Quercetin enhance miR-let-7 expres-
sion, suppresses, and controls Kras miRNA expression [124]. Orally administered
Resveratrol significantly prevents colorectal cancer growth by inducing miR-96 and
regulating Kras protein expression and Kras-related downstream signaling
molecules [125].

The Isoliquiritigenin and Genistein of a licorice root extract (dietary chalcones)
induce repressors of the WNT pathway through its expression mainly by producing
miR-1260b and suppressing DNMT1 activity [126, 127]. The targeting effects of
miR-1260b on WNT repressors such as sFRP1, SAMD4, and DDK2 were
also reported by researchers. Additionally, there is a significant suppression of
miR-1620b, which is expressed in renal tumor cell [126]. Isoliquiritigenin also
stops breast tumor growth by suppressing DNMT1 expression, upregulating
hypomethylation of WIF1 promoter and protein expression [127].

6.6 Polyphenols Induce Cell Death in Cancer Via Epigenetic
Alterations

Sometimes, requirement of newer cells (cell population) is strictly being controlled
by modulating rates of cell division processes. Alternatively, sometimes requirement
of existing cells is no longer desirable so in these cells, programming of intracellular
death is activated to induce cell suicidal events hence called programmed cell death
(PCD) process. Inducing programmed cell death (PCD) in cancer cells represents an
effective strategy for treating cancer [128]. Molecules that control apoptosis are type
I PCD, while type II PCD molecules favor autophagy. To be more precise, apoptosis
is regulated by caspases and Bcl-2, while autophagy is controlled by autophagy-
related genes (ATGs) and microtubule-associated protein 1, also called light chain
3 (LC3). Curcumin’s ability to manage several epigenetic modifications is responsi-
ble for its potential antitumor property. Additionally, treatment of curcumin led to
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induction of miR-7 and miR-181b and subsequently inhibited BCL-2 (anti-apoptotic
protein). Moreover, curcumin also upregulates miR-215 and miR-192-5p thus acting
on X-linked inhibitor (XIAP, responsible for apoptosis), leading to apoptosis [129–
131]. Additionally, curcumin brings about induction of miR-29b, which inhibits
expression of DNMT3b and increases the promoter methylation loss primarily in
PTEN (pro-apoptotic protein) [132]. Curcumin has been demonstrated to possess
inhibitory activity against HDAC, which leads to induction of apoptosis and DAN
double-stranded breaks [133]. Several recent reports indicate the regulation of
oncogenes and/or TSGs through epigenetic modifications. Apoptosis is induced by
resveratrol and genistein through enhancing the level of miR-21 and miR-574-3p,
which acts on mesoderm development candidate 1 (MESDC1 oncogenes) and also
performs as a repressor of repeat flightless-interacting protein 1, which are leucine-
rich (LRRFIP1) and NF-κB, respectively [134, 135]. The other mechanism with
which resveratrol activates apoptosis is through miR-137 induction, leading to HMT
EZH2 inhibition, a decrease in H3K27 me3, and reactivating CLU NGFR
TSGs [136].

Autophagy is a leading mechanism responsible for anticancer activity. So far,
several studies claim the role of polyphenols as an antitumor entity through induc-
tion of autophagic pathway by epigenetic mechanisms. The induction of novel TSG
PCDH17 through genistein is mainly achieved by promoters by attaining methyla-
tion [121]. The PCDH17 induced autophagy is demonstrated in several in vivo and
in vitro models [137]. The PCDH17 could be a suitable site for polyphenols
responsible for their autophagic response achieved through epigenetic
mechanisms [5].

6.7 Polyphenols Decrease Metastasis of Cancer Through
the Regulation of Epigenetic Alterations

Tumor metastasis is the leading cause of most death caused by various types of
cancers like breast, prostate, lung, and colorectal cancers. Metastasis in the early
stage constitutes degradation and remodeling of extracellular matrix through matrix
metalloproteinases (MMPs). Moreover, the tissue responsible for inhibiting matrix
metalloproteinases (TIMPs) are crucial MMPs regulators [5].

The role of resveratrol in controlling the growth of cancer and its other beneficial
properties in humans is well-known. The resveratrol’s role on metastasis is mainly
by miR-328 binding on MMP-2 mRNA and also by inhibiting MMP-2 translation
(in cases of human osteosarcomas) [138]. Resveratrol hinders forkhead box protein
C2 (FOXC2), representing metastasis-related oncoprotein and mesenchymal-
epithelial transition (MET) by decreasing expression of miR-520h. The miR-520h
targets PP2A/C mRNA leading to inhibition of Akt/NF-κB, which represents a
transcriptional cascade [139]. Indirect inhibition of MMP3 and MMP1 expression
by curcumin through induction of miR-181b expression. The MiR-181b-induced
cancer proliferation/metastasis is through targeting 30-UTR of CXCL-2 and chemo-
kine (C-X-C motif) ligand)-1 (CXCL). Curcumin induces miR-181b expression,
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which leads to sufficient reduction ofMMP-3 andMMP-1 protein levels [129]. Addi-
tionally, Deb et al. discovered that DNA methylation has no role in the regulation of
TIMP-3, largely because TIMP-3 promoter was traced as unmethylated in
MDA-MB-231 and MCF-7 cell lines of breast cancer. The induction of TIMP-3
expression by GTPs and EGCG is through suppression of HMT, HDAC2, EZH2,
and HDAC8 protein expression that ends in reducing H3K27me3 level and increase
in the level of H3K9/18 acetylation (on TIMP-3 promoter) [140] (Table 6.1).

6.8 Epigenetic Therapy

Epigenetic therapy is synonymous with applications of drugs to improve epigenetic
defects also represents a treatment class that is a novel and innovative therapeutic
method for treating or reducing cancer. This therapy represents an efficient and more
advantageous treatment targeted in treating epigenetic defects, which, unlike genetic
defects, is reversible [143]. These drugs also hold significant use in preventing
several diseases and chemoprevention [144]. Furthermore, epigenetic drugs, either
in combination or alone, can perform better than the conventional anticancer drugs,
where later are found to be more toxic [145]. It is known that epigenetic alterations
support a wide variety of human diseases thus enhancing the current prospect of
epigenetic therapy which would be likely expanded in years to come.

The existing epigenetic drugs are designed to target inhibition of HDACs and
DNMTs expression. Despite this, other available drugs exist which controls gene
expression having potential targets which are still not discovered. The current
epigenetic drugs under evaluation can be grouped into two broad categories
(1) impede DNMTs and (2) impede HDACs. The two most commonly found
DNMT inhibitors (nucleoside inhibitors) are 5-aza-2-deoxycytidine (5-Aza-CdR,
or Decitabine) and 5-azacytidine (5-Aza-CR, or Vidaza), and are widely studied
for their epigenetic effect [146]. Procainamide, EGCG, and procaine represent
non-nucleoside inhibitors, having proved potential for reducing DNMT activity in
many clinical and experimental studies [147]. As far as HDAC inhibitors are
concerned, some compounds showing observable responses include trichostatin A
(TSA), Valproic acid, Suberoylanilide hydroxamic acid (SAHA), and
Phenylbutyrate [148, 149]. Most of the discussed drugs are currently under trial
(preclinical/clinical). These trials are mainly involved in disease-related hematolog-
ical malignancies and solid tumors [144, 150].

Despite promising evidence shown by the epigenetic drugs in cancer treatments,
it also possesses several shortcomings. Among the major limitations including the
inhibition of both HDAC and DNMT can trigger oncogenes present (largely due to
nonspecific nature), leading to the proliferation of cancer cells [151]. Additionally,
epigenetic states are reversible and can revert to their original state since DNA
methylation patterns are reversible [152]. Poor specificity and high toxicity make
the current synthetic epigenetic medications less valuable, so trends are emerging
towards developing more specific and safer epigenetic therapeutical and
chemopreventive drugs. The existing data (both experimental and epidemiological)
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Table 6.1 Polyphenols show potential anticancer therapeutic effects via epigenetic alterations

Polyphenol
Target
genes Mechanism of action

Biological
function References

Curcumin DNA
miRNA
miRNA
miRNA
miRNA
miRNA,
DNA
Histone
miRNA

Induce p21CIP1 expression
through repressing miR-208.
Bring back the p15INK4B through
reducing promoter methylation.
Inhibit CDK4/6 and cyclin D1
expression via miR-34a.
Downregulate BCL-2 via miR-7.
Downregulate BCL-2 by
miR-181b.
Prevent XIAP expression through
miR-215 and miR-192-5p.
Increase PTEN expression and
mediated DNTB3b inhibition by
induction of miR-29b.
Increase the level of DNA
double-strand finding by
inhibiting HDAC activity.
Downregulate MMP 1 and 3, and
mediated CXCL-1 and -2 through
induction of miR-181b

Cell cycle
arrest,
Apoptosis
Apoptosis

[111]
[112]
[113]
[130]
[129]
[132]
[133]
[129]

Genistein Histone Upregulate p21CIP1 and p16INK4a

expression via alteration of
histone methylation and
acetylation.

Cell cycle
arrest,
Apoptosis

[116]
[121]
[122]
[126]
[134],
[137],
[121]

DNA Induce TSG Protocadherin
17 (PCDH17) expression-
mediated promoter
demethylation.

miRNA Downregulate oncogenic
HOTAIR via upregulating tumor
suppressor miR-34a.

miRNA Suppress Wnt pathway via
inhibiting expressionmiR-1620b

miRNA Upregulates miR-574-3p through
targeting mesoderm development
candidate 1

DNA Upregulates PCDH17-mediated
downregulation of PCDH17
promoter methylation

Epigallocatechin-
gallate (EGCG)

DNA Reactivate expression of
p16INK4a via decreasing promoter
methylation

Cell cycle
arrest,
Apoptosis

[118]
[140]

Histone Induce TIMP-3 via alteration of
histone pattern at TIMP-3
promoter

(continued)
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provides us with evidence that plant polyphenols (dietary) carry significant antican-
cer properties and are involved in the treatment of several cancer types wherein the
effect is measured through epigenetic machinery modulation within the cancer
cells [13].

Table 6.1 (continued)

Polyphenol
Target
genes Mechanism of action

Biological
function References

Isoliquiritigenin Increase expression of inhibitory
WNT pathway by preventing
DNMT1 activity through
promoter demethylation

[127]

Quercetin Upregulate miR-let-7 via
inhibiting Kras expression

Apoptosis ([124],
[141])

GTPs (green tea
polyphenols)

DNA Upregulate p21CIP1, p16INK4a,
and p53 expression due to HDAC
activity reduction and
enhancement of HAT activity

Cell cycle
arrest,
Apoptosis

[114]
[119]
[124]
[140]

Histone Upregulate p21CIP1 via
downregulation of the acetylated
histone H3 at promoter range

DNA Upregulate the miR-let-7 via
decreasing the expression of Kras

Histone Induce TIMP-3 through
alteration of histone pattern at
TIMP-3 promoter

Resveratrol miRNA Upregulate miR-96 and inhibits
tumorigenesis via decreasing the
expression of Kras

Apoptosis [125]
[135, 142]
[136]
[138]
[139]

miRNA Decrease miR-21 expression and
mediated NF-κB activity through
targeting LRRFIP1

miRNA,
Histone

Induce upregulation of miR-137-
mediated reduction of EZH2 and
H3K27me3 via reactivation of
tumor suppressor genes CLU and
NGFR

miRNA Inhibit MMP-2 expression
through induction of miR-328

miRNA Indirect inhibition of MET
through induction of miR-520 h

Combinatorial
effect of Green
tea with
sulforaphane

DNA,
Histone

Induce p21CIP1 and KLOTHO
expression synergistically via
alteration in arrangements of
DNA methylation histone
modification level

Cell cycle
arrest at
G2/M

[115]
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6.9 Polyphenols and DNA Methylation

6.9.1 Tea Polyphenols (Epigallocatechin-3-gallate (EGCG)

The intake of tea has several beneficial effects on health systems. Tea polyphenols
include epigallocatechin (EGC), epicatechin-gallate (ECG), epicatechin (EC), and
epigallocatechin-gallate (EGCG) [153]. Among all, EGCG consist of more than
50% of the total polyphenol, which is amply present in green tea [107]. The
anticancerous activity of tea polyphenols is widely investigated [154]. Another
study showed that green tea intake led to a decrease in ovarian, breast, colorectal,
skin, pancreatic, and gastric cancers [155]. EGCG prevents the activity of DNMT
enzyme and aids in the reactivation of numerous tumor suppressor genes. EGCG
indicates substantial effects in several cancer cell lines. For instance, EGCG leads to
hypomethylation and reexpression of various tumor suppressor genes such as
retinoic acid receptor β (RARβ), DNA mismatch repair gene (hMLH1), p16INK4a,
and O6-methylguanine methyltransferase (MGMT), in human breast (MCF-7 and
MDA-MB-231), colon (HT29), prostate (PC3), and esophageal (KYSE 150) cancer
cell lines through impeding DNMT1 function [156]. Upon treatment of EGCG also
produces anti-proliferative activity in invasive cancer cells. Here, EGCG reactivates
cysteine-rich protein with Kazal motifs (RECK) gene through hypomethylation and
prevents the invasive growth of salivary adenoid cystic carcinoma cells
[157]. Numerous synthetic analogs of EGCG have been revealed to have an antican-
cer property [158, 159]. Few instances of EGCG-associated DNA methylation
modulation are shortened in Table 6.2.

6.9.2 Quercetin

This flavonoid is rich in various types of dietary products, for example, apples,
onions, or wine, and can exert a cancer-preventive effect that mediates cell cycle
arrest and apoptosis in cancer cells [141]. Upon treatment with quercetin stimulates
the expression of numerous tumor suppressor genes and therefore prevents cancer-
ous growth. For instance, demethylation of the promoter of p16INK4a (tumor sup-
pressor gene) triggers its function and downregulates cancer cell growth in colon
cancer [179]. Similarly, quercetin decreased cancer occurrence in the DMBA-treated
hamster model, considerably delaying the tumor growth via cell cycle arrest, apo-
ptosis, repressed invasion, and angiogenesis associated with the prevention of
DNMT1 and HDAC-1 [181]. The combinatorial effect of quercetin with other
polyphenols, including curcumin, shows the potent inhibitory activity of DNMT
and upregulated tumor suppressor gene androgen receptor (AR) demethylating AR
gene promoter in AR-negative prostate cancer cell lines. Therefore, these may be a
promising strategy for treating cancers [182].
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Table 6.2 Polyphenols roles in DNA methylation

Sources Dietary agent Target genes DNMT (-)
Type of
cancer References

Coffea Caffeic acid RARβ,
CDKN2A

(-) Breast [160]

Chlorogenic
acid

(-)

Soy Biochanin A Unknown (-) Esophageal,
Prostate,
breast

[161]

Daidzein Unknown (-) [162]

Genistein RARβ,
MGMT,
CDKN2A,
GSTP1,
HMGN5,
BTG3,TERT

Decrease
DNMTs,
MBD1,
MBD4,
MeCP2
expression

[163],
[164],
[165]

Turmeric Curcumin Unknown (-) Esophageal,
Leukemia

[166]

Acai berry,
bilberry,
blackberry,
cranberry,
and
raspberry

Cyanidin BCL-2,
STAT3/
VEGF

(-) Breast,
Leukemia

[167],
[168],
[169]

Berries Ellagic Acids Unknown (-) Breast [168]

Myricetin Unknown (-) Esophageal,
Breast

[156],
[168]

Grapes,
wines,
eucalyptus

Resveratrol Unknown (-) Breast, Lung [170]

Grapes,
blueberries

Piceatannol
(Resveratrol
metabolite)

Unknown (-) Breast [168]

Green tea Epigalocatechin-
3-gallate

RARβ,
MGMT,
MLH1,
CDKN2A,
RECK,
TERT,
RXRα,
CDX2,
GSTP1,
WIF1

(-) Esophageal,
Oral,
Prostate,
Urinary,
Lung,
Colon,
Leukemia,
Lymphoma

[147],
[171],
[172]

Epicatechin Unknown (-) Esophageal,
Breast

[173],
[174]

Epicatechin-
gallate

Unknown (-) Esophageal [173]

Epigallocatechin Unknown (-) Esophageal [173]

Catechin RARβ (-) Breast [174]

Green tea,
apples,
blackberries,

Catechin Unknown (-) [175]

(continued)

206 M. Kaleem et al.



6.9.3 Curcumin

Curcumin, the diferuloylmethane polyphenol from the most common Indian spice
turmeric (Curcuma longa), due to which yellow coloration of curry developed, has
been accompanied with several health benefits, such as prevention of tumor growth
by its capability to regulate intracellular signaling pathways involved in invasion,
survival, inflammation, and apoptosis as well as proliferation [183, 184]. Its
anticancerous and apoptotic factors are currently stated in numerous cancers
[185]. Curcumin could exert an inhibitory effect on DNMT1 by hindering its
catalytic activity. Furthermore, it could induce global DNA hypomethylation in a
leukemia cell line [186]. Curcumin prevents the expression of Sp1, decreasing the
expression of DNMT1 and followed by induction of demethylation of DLC1 to

Table 6.2 (continued)

Sources Dietary agent Target genes DNMT (-)
Type of
cancer References

dark
chocolate,
and red wine

Olives Protocatechuic
acid

Unknown (-) Breast [168]

Broccoli Sulforaphane CyclinD2 Decrease
DNMTs
expression

Esophageal,
Colon,
Prostate

[176],
[177]

Isothiocyanates GSTP1 Unknown Esophageal,
Prostate

[156],
[178]

Citrus Hesperidin Unknown (-) Esophageal [156]

Naringenin (-) Esophageal [156]

Quercetin CDKN2A (-) Esophageal,
Breast,
Colon

[141],
[179]

Tomatoes Lycopene GSTP1,
RARβ,
HIN-1

(-) Breast [180]

Red grapes Syringic Acid Unknown (-) Breast [168]

Apples Phloretin Unknown (-) Breast [168]

Sinapis
(mustard)

Sinapic acid Unknown (-) Breast [168]

Rosemary Rosmarinic acid/
Rosmarinic

Unknown (-) Breast [168]

Garcinia Garcinol Unknown (-) Esophageal [156]

Poison ivy Fisetin Unknown (-) Esophageal,
Breast

[156]

Parsley,
Onion,
Orange

Apigenin Unknown Decrease
DNMTs
expression

[156]

Sign abbreviations: (-): Inhibitor
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increase DLC1. Upregulation of DLC1 expression inhibits the levels of RhoA-GTP
and Cdc-GTP and subsequently impedes cancer cell proliferation. Therefore, studies
have shown that curcumin may be a promising strategy for treating breast cancers
[187]. FN1 [(3E,5E)-3,5-Bis(pyridin-2-methylene)-tetrahydrothiopyran-4-one],
which is similar to curcumin, indicated antitumor activity by enhancing nuclear
factor erythroid-2 related factor 2 (Nrf2) gene expression. FN1 induces
hypomethylation of Nrf2 gene through decreasing DNMT expression and therefore
increases the anti-oxidative defense mechanism of cancer cells. Thus, it may be a
promising tool for cancer therapy in prostate cancers [188]. Other demethylating
activities of curcumin are summarized in Table 6.2.

6.9.4 Genistein (Isoflavones)

Estrogens are a critical class of hormones, which directly interact with various
growth and inflammation-modulating hormones as well as signaling pathways at
different pathological stages, in differential manners [189, 190]. Among
phytoestrogens, genistein is the most investigated bioactive compound, usually
derived from soybeans. Briefly, owing to analogs to structure of estrogens, these
phytoestrogens are mimicking as estrogens at target receptors so are popularly
known as plant-based estrogens. Being structurally analogs to estrogens,
phytoestrogens type of species may interfere in intrinsic activities of estrogens and
may modulate various physiological functioning as well [191, 192] and so prevents
the DNMT activity; therefore, it emerges as a novel promising natural product for
cancer therapy [193]. Genistein works via various mechanisms in several cancer
cells. It partially demethylates the promoter of the Glutathione S-Transferase P1
(GSTP1) tumor suppressor gene in MDA-MB-468 MCF-7 breast cancer cells
[180]. Genistein prevents cell viability in breast cancer cells and inhibits global
DNA methylation factor [165]. The current studies showed that a reduced suscepti-
bility accompanies flavonoids to breast cancer and that microRNAs have a crucial
role in breast carcinogenesis [194]. Genistein-induced apoptosis in several cancerous
cells is well-known. Genistein induced apoptosis through upregulated estrogen
receptor alpha and mediated along with inhibition of DNMT1 expression, followed
by prevention of proliferation in human hepatocellular carcinoma (HCC) cell lines.
Such a therapeutically substantial alteration of epigenetic mechanism can be a
promising tool to develop HCC therapeutics [163]. Genistein also favors estrogen
receptor alpha-mediated apoptosis and repressed cell viability [163]. Additional
reports on genistein are shown in Table 6.2.

6.9.5 Resveratrol

Resveratrol (trans-3,4,5-trihydroxystilbene) is a polyphenol obtained from peanuts,
berries, grapes, and diverse plant sources. Resveratrol has been revealed to show
various health-promoting benefits for the hepatic, cardiovascular, coronary, and
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neurological systems [195, 196]. It has been demonstrated to prevent viral infection,
platelet aggregation, inflammation, oxidative stress and hinder the growth of several
types of cancer cells [195, 197]. It exerts potent anti-inflammatory activities so may
be effective against various types of cancers and neuronal disorders [195, 198]. Res-
veratrol demonstrates anti-proliferative activity by blocking cell cycle progression in
several cancers [199]. Limited studies stated resveratrol-associated hypomethylation
and upregulation of tumor suppressor genes such as treatments with resveratrol
decrease the expression of DNMT1/3b and upregulate tumor suppressor gene
RASSF-1α in breast cancer cells. Therefore, it acts as promising molecule in the
antimetastatic growth of tumors [170].

6.9.6 Apigenin

Flavones and isoflavones play a critical role in preventing growth and progression of
cancer cells. Meanwhile, these natural products are found in several plants
accompanied by decreased cancer growths [200]. Apigenin (4,5,7,-
trihydroxyflavone) is characterized as a plant flavonoid (Matricariarecutita L.) and
found in chamomile, parsley, wheat sprouts, onions, oranges, and tea
[200]. Apigenin a potent cancer chemopreventive agent, defense against skin carci-
nogenesis [201] and stimulates numerous molecular signaling pathways, including
arresting of G-1 phase in the cell cycle with the induction of p21WAF1 [202] and
arresting of G2/M phase in the cell cycle prevent p34 (cdk2) kinase [203] and Src
kinase [204, 205]. Upon treatment with apigenin inhibits DNMT activity in vitro
[156]. Nrf2 is an essential transcription factor which modulates a crucial
antioxidative stress defense system as well as regulates skin homeostasis
[205]. Anti-proliferative activity of Apigenin treatment reported in skin cancer
cells, owing to increased hypomethylation as well as reactivation of nuclear factor
erythroid 2 [NF-E2]-related factor 2 (Nrf2) gene promoter. Thus, it may be a new
promising tool for cancer therapy in skin cancers [205].

6.9.7 Lycopene

Lycopene, a tetra-terpenoid, is a common phytoconstituent of many red-colored
fruits and vegetables, such as tomatoes, which plays a crucial role in cell cycle
regulation, cell growth, apoptosis, and DNA repairing process, in many cancerous
cells, more specifically in breast cancer [206]. In breast cancer cells, promoter of
glutathione S-transferase (GSTP1) tumor suppressor gene is reported to be
demethylated with increased activity [180]. Other instances of lycopene-associated
DNA methylation regulation are presented in Table 6.2.
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6.9.8 Sulforaphane

Sulforaphane, an isothiocyanate extracted from kale, broccoli, cabbage, and cauli-
flower, involves the inhibition of HDAC activities [88, 107]. The limited studies
reported regarding the role of sulforaphane on demethylation. Sulforaphane, a
natural polyphenol, exhibits anticancer activities in numerous cancers, such as breast
cancer, prostate, lymphocyte, as well as colon cancer through induction cell cycle
arrest as well as favoring apoptosis [207, 208]. A significant reduction in
aggressiveness of CaCo-2 colon cancer cells was reported with sulforaphane treat-
ment, owing to decreased DNMT1 expression and activities [177]. Sulforaphane
induces tumor suppressor genes through repression of DNMT3b to mediate pro-
moter hypomethylation in cervical cancer [209].

6.9.9 Rosmarinic Acid

Rosmarinic acid (RA) was derived from Rosmarinus officinalis L. (Lamiaceae).
Natural polyphenol exhibits anticancer activities in numerous cancers such as in
breast, skin, prostate, ovarian, gastric, and colon cancer through induction apoptosis
[210, 211]. Rosmarinic acid, carboxylic acid, and an antioxidant are present in
several Lamiaceae herbs, such as peppermint, rosemary, and thyme, which have
therapeutic effects against cancer [211]. Rosmarinic acid downregulates the expres-
sion of the DNMT1 activity with chemopreventive effects in the MCF7 breast cancer
cells [168].

6.10 Polyphenols Induced Histone Modifications

The histone status is controlled by the polyphenols mainly by monitoring HAT/and/
HDAC activity. These modifications are briefly discussed here.

6.10.1 EGCG

Histone modifications mediated by EGCG are extensively studied and reported in
the literature [13]. The acetylation/deacetylation status of histone is modulated by
EGCG by activities (enzymatic) of HAT/and/HDAC. Possibly enzyme inhibition of
HAT by treating with EGCG leads to suppressing tumor growth and survival
[212]. The inhibition of tumor cell growth mediated by HDAC inhibitor (HDACi)
is broadly studied. The work of Pandey et al. effectively demonstrates polyphenol-
mediated (obtained from green tea) increase of acetylation (H3 and H4) mainly by
inhibition of HDAC activity concurrently follows with drop of HDAC (1, 2, and 3)
level of expressions [213]. EGCG, when combined with other chemicals, has
demonstrated higher antitumor-inducing activity. For instance, in breast and colo-
rectal tumor cells, the mixture of EGCG and sodium butyrate (fermentation product
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obtain from dietary fibers) shows enhanced anticancer activity mainly through
reducing HDAC and surviving activity [214]. The regulation of histone phosphory-
lation status by EGCG is effectively demonstrated in vitro and in vivo. The work of
Li GX et al. showed that DNA damage and (tumor) programmed cell death is
controlled by gamma-H2X (phosphorylated H2A variant X) [215]. The other
modifications of histone mediated by EGCG are given in Table 6.3.

6.10.2 Quercetin

The quercetin represents a pigment (extract) obtained from the plants of onions,
wine, or apples and possesses an antitumorigenic effect along with an inhibitory
effect against HAT. The quercetin downregulates COX-2 (cyclooxygenase-2)
mRNA along with an expression of protein mainly by suppressing p300 HAT
(histone acetyltransferase) action in endothelial cells of humans [238]. The quercetin
contains both HDAC as well as activity (inhibitory) against HAT. For instance, in
HL-60 (leukemia cells in humans), upregulates apoptosis mediated by Fas ligand
(FasL) mainly by inducing acetylation (of H3 histone) and by reducing the HDAC
activity [246].

6.10.3 Curcumin

Curcumin performs several modifying activities ranging from DNAmethylation and
histone-regulation activity. From the clinical significance point of view, curcumin
exhibits an inhibitory role to p300/CBP HAT activity mainly through covalent
binding to HAT enzyme [247]. The inhibition of p300 HAT/CB mediated by
curcumin suppresses histone acetylation and acetylation of several nonhistone
proteins, mainly apoptosis inducers such as p53. Curcumin treatment does not affect
PCAF and GCN5 proteasomal degradation while causing significant proteasomal
degradation of proteins such as CBP and p300. This indicates the selective and more
specific nature of curcumin activity [234]. Apart from the inhibitory activity against
CBP and p300, it also shows inhibitory activity against HDAC. The inhibition of
HDAC activity by curcumin is established in medulloblastoma cell lines, mainly
connected with suppression of HDAC4 protein expression [248]. The curcumin
response dramatically varies with the change of its structure and anticancer activity.
For instance, selectivity towards E2 synthase-1 (mPGES-1) (which is a microsomal
prostaglandin) and HDAC of different curcumin scaffold varies with substitution at
various positions, such as 1) C-1, 2) C-8, and/or C-80 [C5 (isopentenyl, 5–8), 3) C10
(geranyl, 9–12), and 4) C15 (farnesyl, 13, 14)], in contrast to parent molecule
[249]. The other histone modifications by Curcumin are being discussed in
Table 6.3.
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6.10.4 Genistein

The genistein represents isoflavone obtained from soy possessing extreme
modifying activity against histone when compare with other isoflavones namely
daidzein and biochin A. it modulates activity of chromatin by controlling the
condition of histone proteins. For instance, a substantial increase of trimethyl-
H3K4 and acetyl-H3 (chromatin activators), downregulation of chromatin repressor
symbols trimethyl-H3K27 and trimethyl-H3K9 present in agents of p16INK4a and
p21WAF1 (examples of cancer-suppressor genes which are present in the cells of
breast cancer) are controlled/regulated by the treatment of genistein [116]. Another
reported role of genistein in prostate cancer cells is to suppress cancer gene expres-
sion mainly by upregulating HAT activity [250]. Genistein treatment also results in
SIRT1 inhibition, a histone deacetylase (class III) [251]. Genistein when
administered in combinations with other compounds is found to be more effective.
For instance, the work of Pong et al. reports combinatory treatment effect of
genistein with inhibitor FK228 (of histone deacetylase). The obtained results also
report enhanced expression of CAR (coxsackie and adenovirus) receptor thus
leading to suppress the growth of tumor in cancer cells of the bladder [252]. Some
additional examples of histone modifications mediated by genistein are given in
Table 6.3.

6.10.5 Resveratrol

Resveratrol demonstrates antitumor activity by controlling expression pattern of
enzymes responsible for histone modifications. Resveratrol upregulates SIRT1
expression (silent information regulator 2 present in yeast, a mammalian ortholog),
a type of HDAC molecules (class III) in many cancers [116, 135, 253, 254]. The
resveratrol acts by inducing p53 (tumor-suppressing gene) mainly through acetyla-
tion thus suppressing MTA1 (represents protein 1 which is metastasis-associated) or
NuRD (nucleosome remodeling deacetylation) which is a corepressor (as complex)
found in prostate tumor cells [255]. Resveratrol, when administered in the mixture
with pterostilbene leads to induction of ERα expression (estrogen receptor-α)
through changes in DNA methylation and acetylation status of H3 and H4 (ER-
α-negative) thus aggressively multiplying cancer cells of the breast [256].

6.10.6 Apigenin

Apigenin downregulates the activity of HDAC in addition to suppressing DNMT
activity. The inhibition of HDAC1/3 followed by stimulation of histone (H3/H4)
further leads to p21waf1 protein apoptosis and favors BAX in cancer cells of the
prostate [257]. Recurrence of Nrf2 (erythroid 2p45 (NF-E2)-related factor 2) gene
through hypomethylation (transcription factor which regulates skin homeostasis and
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antioxidative defense mechanism) following administration with apigenin mainly in
epidermal cells of mouse skin [205].

6.10.7 Sulforaphane

Sulforaphane possesses inhibitory activity against HDAC and belongs to Isothiocy-
anate group [258]. Multiple reports stated HDAC inhibition is mediated by sulfo-
raphane along with an increase in acetylation of histone. In prostate cancer,
sulforaphane also induces caspase-dependent apoptosis [258]. While, sulforaphane
treatment downregulates HMT (histone methyltransferase) expression, which is
leading to induce apoptosis. For instance, treating prostate cancer with sulforaphane
leads to SUV39H1 (histone methyltransferase) expression through acetylation and
ubiquitination reduces global H3K9me3 (trimethyl-histone H3 lysine 9). By doing
this, sulforaphane-treated cells regulate positive signals responsible for
apoptosis [259].

6.11 Polyphenols and miRNA Expression

miRNAs represent a group of RNAs (noncoding) that are associated with regulation
(epigenetic) of tumor cells and thus are identified as epi-miRNAs [260]. These
RNAs are being controlled epigenetically by various dietary nutrients so they may
control carcinogenesis progression. The recent study shows an important role played
by dietary polyphenols in cancer progression mediated by miRNA. The polyphenols
(dietary) are believed to influence several tumor-suppressive or oncogenic miRNAs
thus controlling the carcinogenic progression.

6.11.1 EGCG

EGCG plays a critical alter cancer progression through modulation in miRNA
expression level, for example, by upregulating miRNA in hepatocellular carcinoma
[261]. It also induces miR-16-mediated apoptosis by decreasing BCL2 oncogene
expression [261]. In malignant neuroblastoma; EGCG treatment (50μM) mediates
apoptosis by inducing upregulated states of various tumor-suppressing miRNAs
such as miR-7-1, miR-34a, and miR-99a along with decreased oncogenic miRNAs
expression namely, miR-92, miR-93, as well as miR-106b, [262]. In the CL13 cell
line and preclinical lung adenocarcinoma, EGCG treatment reduced cell growth via
upregulation of miR-210 [263].
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6.11.2 Quercetin

Quercetin shows most likely cancer effects against various cancerous cells via
inhibition of cell cycle growth in G1/G2, apoptosis as well as repression of angio-
genesis through modulation in miRNAs level [238, 264, 265]. It exerts potent
antitumor effects by regulating miR-34a in hepatocellular carcinoma cells (HepG2
cell line), primarily via the p53 associated pathway [266]. In lung tissue, relationship
of dietary quercetin and lung carcinogenesis was also observed. Quercetin-rich diets
favor elevated levels of cancer-suppressor miRNAs (let-7 group) and decreased
miRNAs with cancerous growth and proliferation attributes [267]. Quercetin
treatment-induced miR-143 upregulation followed by subsequent inhibition of
autophagy in AGS and MKN28 cells (variants of human gastric cancer cell lines)
through targeting GABARAPL-1 or autophagy-associated protein 8 (ATG-8),
supporting autophagosome membrane formation [268]. The combinatorial effect
of quercetin with various polyphenols exhibited an increased anticancerous activity.
viability, as well as migration of breast cancer cell lines, is reduced with sulforaph-
ane treatment, in combination with both quercetins as well as catechins; owing to
trigger of miR-let-7 induction as well as kras inhibition [124]. Similarly, quercetin in
combination with resveratrol potently inhibits miR-27a oncogene in colon cancer
cells for anticancer activities [269].

6.11.3 Curcumin

Curcumin exerts a potential anticancer effect through modulating miRNA activity.
In cancer cells, several findings showed a direct correlation between curcumin and
miRNAs levels. Curcumin-treated pancreatic cancer cells downregulated at least
18 miRNAs while upregulation of around 11 miRNAs also reported. Curcumin-
induced decreases the expression of tumor suppressor miR-22 through targeting
genes SP1 transcription factor (SP1) as well as estrogen receptor 1 (ESR1) [270]. In
melanoma cell lines, numerous curcumin analogs play a significant role in
activating/inhibiting miRNA expression, followed by arresting cell cycles as well
as in apoptosis. In melanoma cells, Diphenyl difluoroketone (EF24), a curcumin
analog, decreases EMT, i.e., epithelial-to-mesenchymal-transition; through
upregulation of miR-33b. It also concurrently decreases the expression of high
mobility group AT-hook 2 (HMGA2) [271].

6.11.4 Genistein

Genistein as well as some other types of soy isoflavones have been revealed to
regulate miRNAs activities. Furthermore, genistein by modulating miRNAs also
regulates invasiveness, proliferation, as well as metastasis properties of various
cancerous cells [272]. Genistein modulates carcinogenesis via several mechanisms
in different cells. For instance, invasiveness property of colorectal cancers was
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reduced owing to genistein-mediated decrease in miR-95 level, accompanied by the
reduced expression of Akt as well as SGK1 [273]. Nonetheless, reduction in
proliferation of breast cancer cells was observed in genistein treatment, possibly
due to augmented miR-23b level [274]. Growth of human uveal melanoma cells,
also inhibited by the action of Genistein on oncogenic miR-27a as well as its target
gene zinc finger and BTB domain containing 10 (ZBTB10) [275].

6.11.5 Resveratrol

In colon cancer, Resveratrol regulates the functionalities of around 50 different
miRNAs [276]. While, in leukemia, Resveratrol treatment favor apoptosis by dose
and time-dependent rise in miR-16-1 and miR-15alevel [277]. Combinatorial effect
of resveratrol and pterostilbene (stilbenes) in prostate cancer reported higher apo-
ptosis through targeted action on oncomirs, reducing expression of miR-17 and
upregulation of TSG PTEN expression [278].

6.11.6 Apigenin

Apigenin-induced miRNA regulation in cancer cells is currently studied. The role of
apigenin and overexpression of TSG miR-138 exert a synergistic therapeutic effect
against malignant neuroblastoma. Thus, it is emerging in development of
nutraceuticals based synergistic anticancer therapeutics [279].

6.11.7 Sulforaphane

The effect of sulforaphane-induced epigenetic regulation is rarely found. Sulforaph-
ane induces EMT inhibition and miR-200c, to decrease the expression of metastatic
factor ZEB1 in tumors. Therefore, it works as a therapeutic agent in bladder cancer
owing to decreased metastatic growth, and synergistic anticancer properties
[280]. For instance, temozolomide in combination with sulforaphane exerts a supe-
rior anticancer property in glioblastoma. Here, combinational is believed to exert
therapeutic response via Wnt/β-catenin pathway-mediated miR-21 downstream
[281]. Table 6.4 discussed polyphenol’s roles with miRNA expression.

6.12 Polyphenols and lncRNA

The recent study shows an important role played by dietary polyphenols in cancer
progression mediated by miRNA. The polyphenols (dietary) are believed to influ-
ence several tumor-suppressive or oncogenic miRNAs thus controlling the carcino-
genic progression. The lncRNA regulation and expression by dietary
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phytochemicals are yet to be explored fully. However, still, some reports support this
notion and are explained in this section.

6.12.1 Curcumin

The functional variation of lncRNAs mediated through curcumin is studied recently.
Yoshida et al. showed an underlying mechanism of enhanced sensitivity of PDAC
cells (pancreatic ductal adenocarcinoma) mediated by curcumin in chemotherapy. In
chemoresistant PDAC cells, Zeste Homolog-2 Enhancer (EZH2) subunit of PRC2
(Polycomb Repressive Complex 2) is believed to serve backbone functions. How-
ever, Curcumin is believed to act on this histone methyltransferase followed by
exerting a controlling effect on lncRNA PVT1, a critical oncogene that modulates
EZH2 jobs. This fact establishes a correlation among the PDAC cells (for increased
sensitivity) against chemoresistance and concurrently downregulates the PRC2-
PVT1-c-Myc axis [289]. The curcumin also suppresses malignancy by HOTAIR
(HOX transcript antisense RNA) downregulation, a main oncogenic aspect in
metastasis of breast cancer [290].

6.12.2 Genistein

The treatment with genistein modulates the carcinogenesis process mediated by
lncRNA. Chiyomaru et al. verified the downregulation of oncogene HOTAIR
(HOX transcript antisense RNA) in tumor cells of the prostate when treated with
genistein. The same study also supports miR-34a (tumor suppressor) activation on
genistein treatment, wherein it also downregulates HOTAIR [122]. The
downregulation of HOTAIR and tumor suppression is studied mainly in different
tumors, including breast cancer [291].

6.12.3 Resveratrol

The inhibition of cell growth targeting different lncRNAs is reported by resveratrol.
For instance, the expression of AK001796 (lncRNA) is downregulated with resver-
atrol treatment, a crucial factor in lung cancer proliferation [292]. Resveratrol
treatment suppressed prolonging metastasis (noncoding) related to RNAMALAT1
(lung adenocarcinoma transcript 1). The targeted lncRNA is associated with the
oncogenic pathway (Wnt/β-catenin), serving an essential part in colorectal cancer
metastasis [293].
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6.12.4 Sulforaphane

The data availability related to lncRNA regulation mediated by sulforaphane is
scarce. At transcriptional level, sulforaphane mediated downregulation of
LINC01116. Thus, lncRNA performs the role of a promoting factor and favors
proliferating. The targeted lncRNA is associated with the oncogenic pathway cells
[294]. Hence, some more comprehensive analysis to understand sulforaphane effects
on different cancer-related lncRNA activity is a requirement of current time [107].

6.13 Summary and Conclusion

The use of dietary polyphenols is known to be traditional and widespread across the
world. Several pieces of evidence support the benefits of dietary polyphenols on
multiple health conditions, including cancer. This chapter discusses the perspective
of chemoprevention-regulated by dietary agents, with special consideration of epi-
genetic properties, histone modification, alteration in DNA methylation, and
changes in miRNAs expressions, etc. The epigenetic network regulation mediated
by polyphenols is reported in several in vitro models. However, there is an evident
lack of in vivo data supporting such findings. Due to insufficient clinical and
preclinical data on epigenetic changes by dietary polyphenols, the in vitro evidence
should be carefully extrapolated and interpreted. The next step should be to estimate
the optimum doses of these nutraceuticals (obtained from the diet) to manage cancer
related events.

Additionally, clinical testing is needed to further study the safety/toxicity
and molecular mechanism of different combinations of polyphenols, to find
out chemopreventive effect. The good news is that scientists have started to discover
the mechanisms (at a molecular level) supporting the “goodness” of diet-related
factors that existed for centuries. Presently, several polyphenols (of dietary sources)
are categorized from an “epigenomics” viewpoint. This echoes our trust and interest
in the notion of natural and safe mediators for tumor chemoprevention. We believe
that potential of polyphenolic compounds will become an integral part of cancer
chemoprevention soon.

The experimental evidence describes the importance of nutrients in treating
tumors and/or chemoprevention. These phytochemicals have also shown better
potential in fighting cancer progression (multistep) either alone or in combination.
A more comprehensive study is anticipated to assess the genome-wide consequence
of several such phytoconstituents. A safer dose for human use will undoubtedly
require further clinical studies.
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Abstract

Cancer stem cells (CSCs) are sub-populated cells in the tumor and responsible for
tumor growth, heterogeneity, relapse, and progression of cancer. They play a
dynamic role in developing resistance of chemotherapeutics and promoting
epithelial mesenchymal transition (EMT) and metastasis in tumors, which are
accountable for approximately 90% of mortality. Thus, agents targeting CSCs or
chemosensitizing CSCs have now gained significant importance in the regulation
and inhibition of various malignancies. Nowadays, numerous dietary polypheno-
lic compounds such as flavonoids are being explored as potential candidates to be
utilized in chemoprevention and treatment of various cancers by targeting CSCs.
In multiple studies, flavonoids have shown an inhibitory effect on the self-
renewal potential, stemness characteristics, EMT process, and survival of CSCs
in different tumors. Literature shows that few flavonoids like genistein, quercetin,
silibinin, and apigenin have been explored substantially for their role in inhibition
of CSCs. However, there is paucity of data for some of the flavonoids such as
broussoflavonol B, icaritin, morusin, casticin, wogonin, baicalein, luteolin,
ugonin J and K, naringine, and pomiferin though they have also shown inhibition
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of CSCs. This chapter illustrates a descriptive information about CSCs, their
characteristics, biomarkers, and pathways involved in their maintenance (Notch,
Hedgehog, Wnt/β-catenin, PI3K/Akt, and NF-κB). In addition, the literature
around several flavonoids and their effect in reduction or eradication of CSCs
via attenuation of different signaling pathways have been reviewed.

Keywords

Cancer stem cells (CSCs) · Epithelial Mesenchymal Transition (EMT) ·
Flavonoids · Hedgehog · Notch · Polyphenolic compounds · Wnt/β-catenin

7.1 Introduction

Cancer Stem Cells (CSCs), also known as cancer-initiating cells (CICs) or tumor-
initiating cells (TICs), are sub-populated cells (0.1–10%) of the tumor and are
mainly responsible for tumor heterogeneity, tumor growth, recurrence, self-renewal,
and progression of various types of cancer depicted in Fig. 7.1 [1, 2]. Unlike normal
stem cells, CSCs have indefinite potential of self-renewal that leads to
tumorigenesis. The alteration in the metabolic and phenotypic characteristics of
CSCs, mainly because of various genetic and epigenetic modifications, leads to
the emergence of tumor heterogeneity which increases tumor survival and invasion
into other tissues and further complicates the cancer treatment [1, 3]. CSCs were first
identified in acute myeloid leukemia (AML) by Bonnet and Dick in 1994 [4]. In
solid tumors, it was first derived from breast cancer cells in 2003 when a group of
researchers injected the CD44+, CD24�/low populated cells in immune-deficient
mice [5]. Thereafter, CSCs have also been found in brain, lung, prostate, colon,
multiple myeloma, pancreatic, liver, head and neck, ovarian, cervical, gastric, and
other cancers [1, 6–9].

The CSCs are accountable for the resistance development against
chemoradiotherapies, epithelial mesenchymal transitions (EMT), and metastasis
which are the main cause of approximately 90% of mortality [4, 10]. The resistance
against treatments and disease progression may occur partly due to the lower
proliferative rate of CSCs compared to non-CSCs [11]. They are nowadays targeted
for cancer treatment due to their capability to initiate and propagate tumor growth
and develop resistance [12].

In several in vitro and in vivo studies, dietary phytocompounds have been shown
to inhibit tumor formation and progression in various malignancies [8, 13, 14]. The
studies showing the potential role of phytocompounds against CSCs are limited.
However, in recent years, studies have been conducted and demonstrated the anti-
CSCs effect of some phytocompounds [8, 13–17]. Polyphenolic compounds, espe-
cially flavonoids have shown their role in inhibiting tumorigenesis due to their anti-
CSCs effect indicating that they can be an attractive chemopreventive and chemo-
therapeutic candidate for cancer treatment [18–20]. In this chapter, the effects of
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different flavonoids and their derivatives on CSCs derived from various types of
cancers have been illustrated.

7.2 Characteristics of Cancer Stem Cells (CSCs)

7.2.1 Salient Features

CSCs possess three unique characteristics that enable them for tumor initiation,
propagation, and spread [2, 14, 18, 21–24]:

1. The self-renewal capacity helps CSCs to preserve their pool.
2. CSCs are multipotent and give rise to the heterogeneous population of cells

through asymmetric division.
3. The uncontrolled proliferative potential of CSCs supports the sustained develop-

ment of tumors.

7.2.2 Promotion of Epithelial Mesenchymal Transition (EMT)

Epithelial mesenchymal transition is found as one of the significant characteristics of
CSCs. During EMT, the features of epithelial cells converts to mesenchymal cell-
like phenotypes (spindle-shaped appearance) which also enhances the invasive
potential and motility of the cells [4, 25, 26]. During EMT progression, E-cadherin
which is epithelial cell marker is downregulated whereas mesenchymal markers like
N-cadherin and vimentin are upregulated [26]. EMT is a reversible change as it can
induce intravasation to invade healthy group of cells followed by extravasation to
form new tumors (Fig. 7.2). In intravasation process, the epithelial cancer cells
change their phenotype to mesenchymal cells while entering into the bloodstream.
Mesenchymal-epithelial transition (MET) is the reverse form of EMT occurring
along with these changes after extravasation and can boost new tumors formation
[26, 27].

The molecular mechanism of EMT includes inducers, regulators, and effectors.
When the tumors start to grow due to signal the transition order by the inducers like
TGF- β, VEGF, IGF, Wnt, and Notch causes nutrient deficit and hypoxia in the cells
of the tumor at the center [28]. The regulators are transcription factors or drivers that
change the cell shape and make them more favorable to invade other healthy tissues
by regulating the cytoskeleton [29]. Master regulators of the EMT are Twist and
Snail1 which regulate repression of E-cadherin and enhances the tumor-initiating
capacity of cells, respectively. Other regulators of EMT are SMAD, BMP, Slug,
ZEB1, and ZEB2 which are found helpful in suppressing transcription by binding
directly to E-cadherin at the promoter region [26, 30]. Vimentin and keratin act as a
regulator to maintain overall cell shape towards mesenchymal cells which are more
motile [3]. Enzymes such as collagenases and matrix metalloproteinases (MMPs)
promote the escape of tumor cells from the primary tumor site and help them to enter
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the bloodstream [31]. Moreover, the transition of EMT to MET is an essential step in
tumor formation to escape the CSCs from programmed cell death, an apoptosis that
kills epithelial cells in the blood circulation [32].

7.2.3 Chemoradiotherapy Resistance

One of the significant characteristics of CSCs is the development of resistance
against chemoradiotherapy. Resistance attained by CSCs is generally regulated by
the high capacity for DNA repair mechanism and increased protection against
reactive oxygen species (ROS). CSCs stay dormant during chemoradiotherapy and
can regenerate cancer after therapy. Dormancy of CSCs is associated with multiple
genes (e.g., TGF-β2) [29, 33] which are responsible for therapy resistance and
contribute to cancer relapse [33, 34]. It has also been shown that conventional
therapies target the high proliferative stem cells instead of dormant CSCs of tumor
that can cause a recurrence of cancer [26]. Additionally, chemoradiotherapy resis-
tance also develops due to the upregulation of anti-apoptotic pathways.

Recent studies suggested that abnormal chromatin package density is correlated
with the survival rate of cancer cells which are resistant to chemotherapies
[35]. Moreover, studies have indicated that the growing number of EMT cell states
are regulated by epigenetic mechanisms [36].

Tumor heterogeneity is defined as a state when cancer cells possess distinct
genotypes and phenotypes within a single tumor (intra-tumor heterogeneity) and

Fig. 7.2 Epithelial mesenchymal transition (EMT)
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are also responsible for complication or resistance to chemotherapy. An epigenetic
mechanism is involved to cause the phenotypic differences between the CSCs and
non-CSCs. In studies, CSCs have shown to cause tumor heterogeneity and promote
new tumor development as compared to normal cancer cells [33, 37, 38]. In the
present scenario, intra-tumor heterogeneity is a big challenge in the development of
cancer therapy.

The overexpression of the telomerase enzyme, regulated by mutated hTERT
gene, may cause unstable chromosome length in CSCs. Telomere repeats are akin
to the self-renewal capacity of CSCs which is controlled by telomerase activity.
Moreover, it has been shown that mitochondrial telomerase activity in CSCs protects
nuclear DNA by reducing the level of ROS and causing therapy resistance [39, 40].

7.3 Biomarkers of CSCs

Biomarkers, proteins or glycoproteins, define the properties of CSCs and are
upregulated, downregulated, or mutated in malignancies. The enhanced activity of
these biomarkers is well correlated with CSCs biology and help in developing new
strategies to treat various malignancies and resistance cases [29, 33, 41]. Few of the
biomarkers of CSCs are cell surface antigens while others are located in the
cytoplasm such as Aldehyde dehydrogenase 1 (ALDH1). ALDH1 oxidizes aldehyde
into carboxylic acid to protect CSCs and increases their chemoresistance by detoxi-
fication of chemotherapeutics. It has three main isotypes such as ALDH1A1,
ALDH1A2, and ALDH1A3 which are involved in self-renewal, differentiation,
and self-protection of CSCs. CD44 is a hyaluronic acid receptor and is responsible
for invasiveness, metastatic potential, and development of drug resistance in CD44
expressing CSCs. It has several isoforms with different significant roles in CSCs.
CD44, CD24, and EpCAM have stemness properties and causing chemoresistance.
CD117 is the stem cell growth factor receptor, encoded by the c-KIT gene and
CD133 is a common marker of CSCs associated with a poor prognosis and
chemoresistance [42]. Table 7.1 refers to the list of some common surface
biomarkers of CSCs in various types of cancer [1, 32, 41, 43–51].

Specific biomarkers can be used to differentiate CSCs from normal cells and other
tumor cells [52]. It is further difficult to identify CSCs by a single biomarker and
understanding the role of specific biomarkers is pivotal to treat current issues of
cancer. Moreover, to date, no universal CSCs biomarker has been discovered. The
current methodologies to isolate and detect functional differences of CSCs from
non-CSCs population are image-based, sphere formation, cytological sorting using
flow cytometry, CRISPR-Cas9 3D sphere culture systems, magnetic-activated cell
sorting (MACS), and xenotransplantation. Among all, xenotransplantation is the
best method to confirm the existence of CSCs [53]. Thus, identifying and isolating
specific CSCs biomarkers in conjunction with new technologies is imperative for the
treatment of various malignancies [4]. This further promotes findings of the novel
therapeutics in eradicating highly tumorigenic and therapy-resistant CSCs.
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7.4 Possible Pathways Involved in Regulation of CSCs

The Wnt, Hedgehog, and Notch are the major evolutionarily conserved signaling
pathways responsible for stemness and differentiation of CSCs. Other signaling
pathways such as PI3K/AKT and NF-κB also play important role in the regulation
of CSCs characteristics. The aberrant activation of these signaling pathways
stimulates CSCs proliferation, restricts differentiation, and prevents apoptosis
[54]. Therapeutic approaches targeting these aberrant signaling pathways are
required to treat the various types of cancer [55]. Moreover, transcription factors
such as SOX2, NANOG, OCT-4, KLF-4, and c-MYC are important for the self-
renewal capacity of CSCs. These transcription factors also stands out as potential
targets for cancer therapy [33, 56].

Table 7.1 Common surface biomarkers of CSCs in various types of human cancers

Types of
cancer Biomarkers

Hematological CD34, CD38, CD19, CD26

Breast ABCG2, AC133, CD44+/ CD24-low, CD133, CD61, ALDH1, CD338+, α6/β3
integrin, EPCAM

Colon AC133, CD44, CD24, CD29, CD133, CD166, EpCAM

Brain CD90, CD133, CD15, AC133

Head and
Neck

ALDH1, CD44, CD271

Skin CD20, CD271

Liver CD133+/CD44+, EpCAM, CD45-, CD90+, ABCG2, CD44, CD90, CD13

Endometrial CD133, ALDH1

Intestine Lrg5

Prostate Integrin α2/β1, BMI-1, integrin α6, CD133+, CD44+, ABCG2/Hoechst 33342,
SCA-1, CD166+, CD151+, p63+CD133

Ovarian CD133+, CD44+, CD117+, CD24+, AC133

Lung ABCG2, CD44, CD133, CD166

Bladder CD44+, CD47+, CK5+

Glioblastoma CD133+ and CD15+

Renal CD133+

Pancreatic CD44+, CD24+

Osteosarcoma CD117+, CD133+, Stro-1+

Multiple
myeloma

CD38�, CD34+, CD138+

Colorectal
cancer

CD133+, CD44+, CD26+, ALDH
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7.4.1 The Notch Pathway

The Notch signaling pathway is complex and multifaceted, reflecting its roles in
diverse functional activities. The loss of Notch activity favors the EMT process
[1]. For the maintenance of stemness of CSCs, upregulation of Notch pathway is
responsible along with overexpression of Notch signaling genes (Notch1, Notch3,
Jag1, and Jag2) and Notch target gene (Hes1) [57]. Notch signaling via transmem-
brane ligands and receptors is primarily involved in the communication between
adjoining cells. Interaction between ligand on one cell and a transmembrane receptor
on a neighboring cell triggers a two-step proteolytic cleavage of the receptor
[58]. The first cleavage is mediated by a disintegrin and metalloproteinase enzymes
(ADAM 10 or 17) also known as tumor necrosis factor-α converting enzyme
(TACE) and the second cleavage is mediated by γ-secretase. This cleavage releases
an intracellular fragment which interacts with nuclear factors to regulate target gene
expression. The Notch pathway comprises of five canonical Notch ligands (Delta-
like ligand 1 [DLL1], DLL3, DLL4, Jagged1, and Jagged2) and four Notch receptor
paralogues (Notch1–4) [59]. Different tumors and tumor subtypes can express
different Notch receptors and ligands. Furthermore, posttranslational modifications
of Notch receptors can change their affinity for ligands and their intracellular half-
lives. The non-canonical Notch signaling pathway also has relevance in cancer.
Thus, targeting Notch signaling has the potential to simultaneously affect multiple
cell types within a tumor, from CSCs to immune cells, vascular endothelial cells, and
tumor cells. Additionally, the mechanistic understanding of the role of Notch
signaling in specific cancers is required for the successful development of agents
targeting the Notch pathway.

The Notch pathway is associated with CSCs in various cancers such as breast
cancer, medulloblastoma, and other gliomas. CSCs can be eliminated by Gamma-
secretase inhibitors (GSIs) which decrease the subpopulation and tumor sphere
formation frequency of CSCs. However, GSIs are relatively nonselective drugs
and sometimes also produce toxicity like secretory diarrhea. Highly specialized
monoclonal antibodies (mAbs) that specifically antagonize Notch ligands and
receptors provide single-target specificity. Knockdown of Hes1 of the CSCs
decreases tumor sphere formation, suggesting that Notch signaling activity is
required for stemness and promoting cell survival of CSCs.

Hence, it can be speculated that inhibition of Notch signaling pathway in CSCs
can play a great role in the treatment of various types of tumors via reducing the
population of CSCs. With anti-Delta-like 4 ligand antibodies, either alone or in
combination with the chemotherapeutic agents, we can reduce the frequency of
CSCs (EpCAM+/CD44+/CD166+). Si-RNA targeted to Notch4 is also found active
in suppressing breast cancer recurrence [60].

Flavonoids also target the Notch signaling pathway for eradication and reduction
of CSCs. This activity of flavonoids might be due to the regulation of Υ-secretase,
Notch ligands and receptors, knockdown of Hes1, si-RNA targeted to Notch4, or
inhibition of DLL-4 ligand.
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7.4.2 The Hedgehog Pathway

The Hedgehog pathway is considered to modulate tumorigenesis through tissue
patterning, propagation, differentiation, and EMT [61, 62]. Atypical activation of
this pathway is responsible for maintenance and tumorigenesis of CSCs as seen in
various cancers like myeloid leukemia, myeloma, glioma, colorectal, and gastric
cancer [63, 64].

The major troupes in the Hedgehog pathway are the three secreted ligands
including Sonic, Desert, and Indian. Smoothened (transmembrane protein) and
3 Gli transcription factors (Gli1-3) along with ligands regulate the suppression or
activation of Hedgehog pathway. Islam and team have demonstrated the indispens-
able role of Sonic hedgehog pathway in the promotion of the EMT, tumorigenicity,
and stemness in both in vitro and in vivo studies [65].

When Patched receptor is unoccupied, it acts as a constitutive inhibitor of
Smoothened. At this state, Gli3 and Gli2-R repress the target gene transcription.
However, when the ligand binds to Patched receptor, the suppression on Smooth-
ened is released allowing transcription of target genes [66]. Overexpression of
Smoothened, Gli1, Sonic hedgehog, and Patched1 gene with decreased expression
of the stemness genes (SOX-2, NANOG, and OCT-4) are found to be responsible for
survival, stemness, proliferation, self-renewal, and clonogenicity of CSCs both
in vivo and in vitro [67].

Cyclopamine and IPI269609, which are antagonist of Smoothened, have been
shown to reduce the populations or eradicate CSCs and induce tumor suppression in
pancreatic and brain cancer [68–70]. The combined chemotherapeutics targeting
Hedgehog pathway to eradicate CSCs have attracted general attention [71, 72]. In
studies, flavonoids alone or in combination with chemotherapeutic agents have
shown to target CSCs or sensitize CSCs possibly via hedgehog signaling pathway
by regulating their receptors, ligands, smoothened, or transcriptional factors. This
has been further described in section 5.

7.4.3 The Wnt/b-catenin Pathway

It is an enormously evolutionarily conserved signaling pathway which plays a
dynamic role in modulating cell propagation and differentiation. In carcinogenesis,
the aberrant signaling of this pathway facilitates the clonal expansion or tumor
heterogeneity which ultimately causes self-renewal, metastasis, multidrug resis-
tance, and invasiveness of CSCs [54, 73, 74].

This is a highly complex pathway comprising of 19 different Wnt ligands and
more than 15 receptors. Conventionally, this pathway comprises of 2 signaling
pathways: canonical (mediated through β-catenin, a transcriptional regulator) and
non-canonical (independent to β-catenin) [74]. The canonical pathway gets triggered
when one cell secretedWnt ligands binds to Frizzled receptors or LRP 5 (low-density
lipoprotein-related protein) and LRP 6 co-receptors of the adjacent cell [75]. Signal-
ing through these two Wnt pathways is necessary for embryonic development and
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homeostasis of various tissues [74, 76]. In general, the canonical Wnt pathway is
involved in regulation of proliferation, survival, and cell fate decisions while the
non-canonical pathway is involved in regulation of asymmetrical divisions in cells,
cell polarity, and migration. It is observed that stem cells of various postnatal tissues
are controlled through the canonical signaling pathway [75].

Along with tumorigenesis, Wnt signaling has been associated with CSCs-
mediated metastasis and maintenance of its stemness. A significantly higher level
of Wnt signaling proteins such as LEF-1, cyclin D1, β-catenin, and TCF-4 along
with Wnt-responsive gene transcription are found in breast CSCs compared with
normal cancer cells. Moreover, the knockdown of canonical Wnt pathway in CSCs
diminishes the expression of genes involved in stemness (CD44, ALDH1, and
Sca-1), CSCs subpopulation, and inhibits tumor sphere formation. This indicates
that Wnt signaling is essential for CSCs stemness maintenance [77]. Furthermore, a
higher expression of Wnt genes (TCF-4 and Disheveled) is present in metastatic
CSCs [78].

Non-canonical pathway may also be responsible for tumor instigation through
Wnt5a actions, a non-canonical Wnt ligand. An in vivo study (ErbB2-driven mam-
mary tumorigenesis on mouse model) showed that Wnt5a ligand limited the expan-
sion of basally located CSCs in tumor [79].

The canonical Wnt signaling cascade is involved in self-renewal of stem cells and
production or differentiation of ancestor cells [80–82] whereas non-canonical Wnt
signaling pathway is involved in the conservation of stem cells, guidance of cell
movement, or inhibition of the canonical signaling cascade [9, 83–85]. Both Wnt
signaling cascades play crucial roles in the growth and progression of CSCs [86].

Deviant activation of this pathway in CSCs was severely linked with
tumorigenesis in various tissues. Chemotherapeutic agents that can be specific to a
Wnt receptor frizzled7, essential co-receptor binder for LRP6, and Wnt signaling
antagonist are responsible for depletion of clonal expansion and tumorigenicity of
CSCs in various kinds of tumors [87]. Knocking down miR-142, which is a potent
effector for activating this signaling is also helpful in diminishing tumor-initiating
ability and sphere formation of CSCs [88]. Moreover, suppressors of Wnt/β-catenin
pathway significantly lessen the population, stemness, and self-renewal capacity of
CSCs [89]. Additionally, inhibiting Wnt/β-catenin makes CSCs more
chemosensitive to conventional drugs along with reduction of self-renewal and
tumorigenic ability [90]. Thus, targeting Wnt/β-catenin signaling would be a
promising approach to conquer CSCs.

7.4.4 Role of PI3K/Akt and NF-kB Pathways in CSCs

The aberrant PI3K/Akt signaling pathway boosts up the cellular proliferation and
survival of the CSCs [91, 92]. PI3K is a heterodimer consisting of a regulatory
subunit—p85 and a catalytic subunit—p110 and Akt, a protein kinase. Both can
regulate the EMT process by modulating a series of relevant transcription factors
such as Twist, Snail, and Slug; inducing integrin-linked kinase activities and
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stimulating MMPs. Moreover, PI3K/Akt might induce the EMT in CSCs in cooper-
ation with TGF-β, NF-κB, RAS, and Wnt/β-catenin [93].

Studies reported that microRNAs (miR-126, miR-10b) are helpful in the mainte-
nance of CSCs state via PI3K signaling through inhibition of PTEN. They promote
maintenance of CSCs by increasing tumor sphere formation along with
overexpression of stemness genes OCT-4 and Snail1 [94, 95]. These findings
show that PTEN signaling plays a suppressive role in the maintenance of CSCs
stemness [95].

Aberrant activation and overexpression of the proinflammatory transcription
factor (NF-κB) protect CSCs from the programmed cell death (apoptosis) by direct
upregulation of anti-apoptotic genes or antagonistic effect on p53 pathway and
promote self-renewal characteristics of CSCs [58]. Transcription factors consist of
five different proteins that function as dimers which are normally inactivated in the
cytoplasm through binding to IκB proteins. Activation of this pathway occurs due to
binding of tumor necrosis factor alpha (TNF-α), IL-1β, and bacterial cell wall
components to their respective receptors (TNF receptor, IL-1 receptor, and toll-
like receptors also known as TLRs), respectively [96]. In case of canonical NF-κB
pathway, adapter proteins are recruited, facilitating the phosphorylation and activa-
tion of IκB kinase (IKKβ) proteins which subsequently initiate the phosphorylation
of IκB proteins, marking them for ubiquitination and degradation [96]. Degradation
of IκB releases NF-κB which translocates to the nucleus and activates transcription
of target genes [58]. In case of non-canonical NF-κB pathway, activation occurs
through different receptors, such as receptor activator of NF-κB (RANK) and CD40,
signaling through NF-κB-inducing kinase and IKKα. Then p100/RelB dimers are
processed into p52/RelB dimers which translocate to the nucleus and activates
transcription. The NF-kB pathway is a highly complex and critical signaling path-
way and has role in cellular proliferation, survival, and differentiation of CSCs
[96]. Hence, we can conclude that NF-κB signaling constitutes an important path-
way controlling the self-renewal and tumorigenesis of CSCs [97, 98]. NF-κB
signaling has also been implicated in enabling CSCs to facilitate metastasis by
downregulation of IKKβ. Genetic silencing or chemical inhibition of IKKβ reduced
the expression of the stemness proteins LIN-28, OCT-4, SOX-2, and NANOG. The
NF-κB signaling pathway may support CSCs stemness and promote tumor metasta-
sis in cancers [99].

7.5 Flavonoids Targeting CSCs

In recent years, several dietary compounds derived from natural sources have been
found effective in chemoprevention and treatment of various types of cancers.
Flavonoids are a class of polyphenolic secondary metabolites consisting of a
C6-C3-C6 skeleton (15-carbon structure that consists of two phenyl rings and a
heterocyclic ring) that are found abundantly in dietary plants and some medicinal
herbs. On the basis of their chemical structures, they are categorized as flavones,
flavanones, flavonols, and isoflavones which are commonly present in the human
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diet [1, 100–102]. They possess anticancer activity both in preclinical and cellular
model systems (Fig. 7.3). They have also shown an inhibitory effect on the self-
renewal potential and survival of CSCs in various tumors [1, 54]. Moreover, several
recent studies have suggested that flavonoids can also play important role in
targeting the CSCs and may sensitize them towards conventional anticancer
therapies [58, 103–105]. We have reviewed the available literature of flavonoids
targeting CSCs responsible for progression of disease along with their attenuating
signaling pathways.

Mostly flavonoids regulate or eradicate CSCs of tumors by targeting various
pathways which might be associated with maintenance of CSCs such as
Wnt/β-catenin, Hedgehog, Notch, PI3K/Akt, and NF-κB signaling pathways. Few
of the flavonoids such as genistein, quercetin, silibinin, and apigenin have been
explored substantially in the literature for their role in inhibition of CSCs. However,
there is paucity of data for some of the flavonoids such as broussoflavonol B, icaritin,
morusin, casticin, wogonin, baicalein, luteolin, ugonin J and K, naringine, and
pomiferin though they have also shown inhibition of CSCs. These flavonoids have
been shown to directly or indirectly modulate these signaling pathways and contrib-
ute to the reduction of CSCs growth and maintenance.

Fig. 7.3 Flavonoids targeting CSCs

250 N. Siddiqui et al.



7.5.1 Genistein

Genistein or Prunetol (4’,5,7-Trihydroxyisoflavone) is an isoflavone type of flavo-
noid. Perkin and Newbury were the first to isolate genistein in 1899 from Genista
tinctoria (Leguminosae) [106–109]. Genistein is a highly active anticancer
phytocompound used in the treatment of various types of malignancies [110–112].

Genistein is known to act via attenuating some signaling pathways like Notch,
Hedgehog, and Wnt/β-catenin of CSCs. Moreover, there are other cellular targets of
genistein through which it can inhibit stemness of CSCs. In recent years, the
inhibitory action of genistein against CSCs was established in colon, breast, prostate,
and pancreatic cancer [16, 113–115]. Downregulation of expression of cyclin B1,
Bcl-2, and Bcl-xL via Notch pathway in breast cancer was also exemplified [114]. In
one in vitro study, Chen and colleagues demonstrated that genistein can cause
overexpression of ARHI tumor suppressor gene thereby inhibiting cell proliferation
and inducing apoptosis in CSCs in prostate cancer [15]. It has also exhibited an
antagonistic role against prostate CSCs through inhibition of Hedgehog-Gli1 path-
way [16]. Sekar and coworkers conducted in vivo experiment in 1, 2-dimethyl
hydrazine (DMH) induced colon cancer model in mice. They observed that genistein
had reduced Argyrophilic nuclear organizer region (AgNOR) and proliferating cell
nucleolar antigen (PCNA) along with suppression of colonic stem cell markers
[113]. Xia and colleagues showed that genistein was capable to upregulate
miR-34a along with downregulation of Notch-1 in pancreatic cancer [115].

The inhibitory role of genistein on Wnt/β-catenin signaling pathway in CSCs has
also been well-established in various studies. In an ex vivo study, genistein was
found to have an inhibitory effect on Wnt/β-catenin pathway by regulating
miR-1260b expression in renal cancer cells [116]. In a study, genistein prevented
self-renewal of breast CSCs via attenuation of Wnt/β-catenin pathway [117].

Furthermore, genistein has the potential to inhibit ovarian CSCs via suppression
of FOXO3a and FOXM1 along with downregulation of expression of stem cell
markers (CD133, CD44, and ALDH1) responsible for self-renewal [14]. This
finding was further supported by another study in which ovarian tumor suppression
was due to decreased expression of CD163 and p-STAT3 [118]. Genistein also
inhibited the self-renewal capacity and reduced the resistance of therapy in gastric
cancer by suppression of CSCs markers [119]. It has the ability to reverse EMT
process in colon cancer by inhibiting cell migration via downregulation of EMT
markers (ZEB1, ZEB2, FOXC1, FOXC2, Snail2/slug, and TWIST1) along with
suppression of Notch-1, p-NF-κB, and NF-κB signaling in in vitro study [120]. The
inhibitory role of genistein in CSCs was tested in renal and nasopharyngeal cancer
and was found to suppress of Hedgehog signaling pathway [121, 122].

Recently, genistein has also shown an inhibitory effect in lung cancer by decreas-
ing cell viability, migration, and invasion of lung CSCs through suppression of
protein expression levels of CD133, CD44, Bmi1, and Nanog [123]. The role of
genistein in head and neck cancer was too studied and was found to downregulate
EMT. It also synergized the effect of doxorubicin, cisplatin, and 5-flourouracil to
cause cell death in CSCs [124] (Table 7.2). Genistein has also produced a synergistic
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effect with other chemotherapeutic drugs and is helpful in chemosensitizing the
CSCs to treat resistance cases. Sanaei et al. studied the combined effect of genistein
and Tamoxifen in hepatocellular cancer cell line (HepG2). It showed that the
combination synergistically inhibited proliferation and induced apoptosis
[125]. Genistein has a synergistic effect when used in combination with oxaliplatin
since the combination exhibited suppression of the expression of CSCs marker
(CD44) and inhibited cell proliferation in oral squamous cell carcinoma [126]. Genis-
tein has also shown a synergistic effect when given in combination with doxorubicin
and 5-FU. They targeted CSCs and chemosensitize them [127, 128]. The role of
genistein to retard CSCs has been explored in various studies which are presented in
Table 7.2 with their cellular pathways.

7.5.2 Quercetin

Quercetin (C15H10O7), a flavonol from the class of flavonoids, is dietary polypheno-
lic compound found in many dietary plants and also found in medicinal botanicals
[Ginkgo biloba (Ginkgoaceae) and Hypericum perforatum (Hypericaceae)] displays
excellent antitumor activity [129]. It induces apoptosis and downregulates protein
expression of EMT, angiogenesis, and stemness of CSCs population in many cancer
[130, 131]. In studies, quercetin has been shown to inhibit breast cancer via targeting
CSCs. Recently, upregulation of small heat shock proteins 27 (Hsp27) was found to
be beneficial in maintaining CSCs along with their stemness [131–133]. Quercetin
could act as an inhibitor of Hsp27 which causes a decrease in self-renewal capacity
of CSCs which eventually reduces the population of ALDH+ breast CSCs. Quercetin
further displayed the synergistic effect with geldanamycin (Hsp90 inhibitor) and
reduced the migration, tumorigenesis, and population of ALDH+ breast CSCs via the
suppression of Hsp90 and Hsp27 [134]. In another study, quercetin suppressed
vascularization of tumors by targeting epidermal growth factor (EGF)/Hsp27 signal-
ing [135]. In addition to target Hsp27, quercetin has shown an inhibitory effect on
PI3K/Akt/mTOR signaling pathway which is responsible for self-renewal and
stemness of CSCs in breast cancer [136]. Quercetin has also demonstrated an
improvement in chemosensitivity of resistance cases and inhibited population of
breast CSCs by blocking nuclear translocation of Y-box binding protein 1 and hence
downregulating P-glycoprotein. This is one of the reasons for its effect in reducing
the multidrug resistance and stemness of CSCs [136, 137]. The use of anticancer
agents in combination with quercetin has resulted in reduced target toxicity, induc-
tion of apoptosis, lowering the cancer recurrence, and inhibition of EMT in CSCs.

Quercetin has also shown promising result in head and neck cancer by showing
inhibitory effect on stemness signature, self-renewal capacity, migration ability, and
EMT along with reduction in CSCs number which were derived from SAS and
OECM1 cell lines (Table 7.3) [138]. It has also shown anticancer effect against
teratocarcinoma via antagonizing the Wnt/β-catenin signaling pathway in CSCs of
NT2/D1 human cell line [139]. When quercetin was used with other flavonoid, such
as luteolin, the combination reversed the EMT process by downregulating the EMT
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markers in epidermal carcinoma [140]. These combinations are also shown to inhibit
the JNK signaling pathway, which further explain their effects on stemness,
vasculogenic mimicry properties, and metastatic potential in Du145-III cells
(CSCs) derived from Du144-Parental cell line of prostate cancer [141].

Quercetin and EGCG (Epigallocatechin gallate) found in tea, act synergistically
and inhibited self-renewal potential along with migration and invasion properties of
CSCs of prostate carcinoma by inhibiting TCF/LEF and Gli activities. Quercetin
with EGCG lowers the viability of prostate tumor spheroids and lessens the migra-
tory, invasiveness, and colony-forming potential of CD44+/CD133+ prostate CSCs
[18]. The anti-CSCs activity of sulforaphane in combination with quercetin has been
found more effective in treatment of pancreatic cancer in the MIA-aCa2 CSCs via
inhibiting tumor growth [130]. Quercetin has further drawn attention as a potential
CSCs targeting therapeutic agent in colon cancer by inhibiting the proliferation of
CD133+ colon CSCs and also increasing the chemosensitivity to doxorubicin in
in vitro study [142].

Furthermore, the combined effect of cisplatin and quercetin in head and neck
cancer was found promising in drug-resistant cases of cisplatin therapy. SCC25 oral
squamous cisplatin-resistant CSCs were implanted into nude mice. They signifi-
cantly inhibited the tumor growth compared with cisplatin or control alone and
chemosensitized the CSCs [143] (Table 7.3).

7.5.3 Silibinin

Silibinin is a flavonolignan obtained from the seeds and fruits of milk thistle plant
Silybum marianum (Asteraceae) and has been used for the treatment of various types
of liver ailment [144]. Previous investigations have shown its strong
chemopreventive abilities in various types of cancers [6, 145–149] (Table 7.4).
Silibinin has exemplified its action to inhibit colon CSCs in in vitro and ex vivo
models and prevent the self-renewal and sphere formation of CSCs by suppressing
the PP2Ac/AKT Ser473/mTOR pathway [150]. This is further supported by another
study in which silibinin decreased the number and colon sphere formation of CSCs
in colorectal cancer by interfering with kinetics and shifted the cell division process
towards asymmetric type (generating one CSCs and one first-generation progenitor
cell) [151]. Silibinin was found to be effective in colon cancer cell line via blockage
of β-catenin Wnt signaling pathway. It downregulates β-catenin gene and protein
expression in CSCs. Silibinin also significantly suppressed the proliferation of CSCs
by inducing apoptosis by increasing the Bax/Bcl-2 ratio. It has further shown
downregulation of stemness markers of CSCs like CD133, CD44, BMI1, ALDH1,
and doublecortin-like kinase 1. Additionally, it has the ability to inhibit migration by
attenuation of EMT through decreased expression of N-cadherin and vimentin along
with increased expression of E-cadherin [152].

The nanoformulation of silibinin has inhibited proliferation and migration of
CSCs by induction of apoptosis using MIA-PaCa pancreatic cell line through
suppression of some onco-miRs (miR-155, miR-222, and miR-21) and upregulation
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of some tumor suppressive miRs (miR-34a, miR-126, and miR-let7b) [153]. More-
over, silibinin also has a synergistic effect with other therapeutics. Silibinin in
combination with sorafenib has shown a synergistic effect through inhibition of
phosphorylation of STAT3/ERK/AKT pathway. This leads to inhibited sphere
formation and self-renewal of CSCs in hepatic carcinoma [144] (Table 7.4). The
combination of silibinin and 5-FU has demonstrated inhibition of CD44v6 (isoform
of CD44) which resulted in weakened stemness characteristic of colon CSCs.
CD44v6 is a functional biomarker responsible for cancer progression, initiation of
metastatic process, resistance to conventional therapeutics, relapse, and associated
with poor survival in patients with colon cancer [154].

7.5.4 Apigenin

Apigenin, a common polyphenolic dietary flavone, is abundantly present in many
fruits, vegetables, and Chinese medicinal herbs. Evidence from in vitro and in vivo
studies has shown its anticancer potential in multiple types of malignancies such as
brain tumor, ovarian cancer, lung carcinoma, prostate cancer, breast cancer, and
other tumors [104, 105, 155–157]. Recently, the anticancer effect of apigenin has
been widely investigated via targeting sub-populated CSCs. Also, it reduced the
toxicity of chemotherapeutic agents. Apigenin has been reported to suppress various
human cancers in in vitro and in vivo models by targeting multiple biological
processes such as triggering cell apoptosis and autophagy, inducing cell cycle arrest,
and suppressing cell migration and invasion. This chapter also includes the most
recent advancement of apigenin and its synergistic effect with other chemotherapeu-
tic agents by targeting CSCs along with attenuation of involved signaling pathways
(Table 7.5). The use of apigenin with chemotherapeutics has overcome the cancer
drug resistance or may reduce the toxicities [158]. The glycosidal form of apigenin,
Isovitexin (apigenin-6-C-glucoside), has also exhibited its anticancer potential
against CSCs in hepatic carcinoma. It decreases the progression of carcinogenicity
and stemness by downregulating FoxM1 via inhibition of manganese superoxide
dismutase [159]. Isovitexin also suppressed sphere, colony formation, and decreased
CD44+ cell population along with suppressed the level of ABCG2, ALDH1, and
NANOG mRNA in SK-Hep-1 spheroids of hepatocellular carcinoma by
upregulating miR-34a expression [160]. It has the ability to inhibit osteosarcoma
by decreasing CSCs population in in vivo model. It has shown to repressed sphere
formation, induced apoptotic cell death, and reduced mRNA levels in CSCs derived
from U2OS-SC and MG63-SC cells [161]. Studies of apigenin in CSCs are
presented in Table 7.5.

7.5.5 Miscellaneous Flavonoids Targeting CSCs

There is limited evidence exists on other flavonoids which have shown their
preventive effect against CSCs via modulating signaling pathways involved in the
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maintenance of CSCs. These flavanoids are broussoflavonol B, icaritin, casticin,
pomiferin, morusin, baicalein, ugonin, wogonin, luteolin, and kaempferol.

Broussoflavonol B (5,7,30,40- Tetrahydroxy-3-methoxy-6,8-diprenylflavone) is
chemically prenylflavone isolated from Broussonetia papyrifera (Moraceae) com-
monly known as Paper mulberry. It inhibits the growth of ER-positive (estrogen
positive) breast cancer in MCF7 cells probably through downregulation of ER-α36
expression. [64, 103, 162]. The knockdown of expression of ER-α36 by
broussoflavonol B inhibits tumor sphere formation and reduced the count of
HER2-CSCs which help in treating the therapy-resistant cases [103]. Jeong and
Ryu reported its anticancer potential in pancreatic cancer via suppression of the
FoxM1 and its target genes to induce G0/G1 phase arrest in p53 mutant PANC-1
cells. It also inhibited cell migration and invasion by reducing ERK activity and
MMP-2 expression [163] Table 7.6.

Icaritin is a mono-prenylflavonoid derivative (flavonoid skeleton with a lipophilic
prenyl side chain) obtained from Chinese herb Epimedium Genus having estrogen
receptor modulator effect and hence called phytoestrogen. Icaritin and its analogs
regulate cell growth of various types of cancers such as breast cancer, esophageal
cancer, chronic myeloid leukemia (CML), and lung carcinoma [103, 164–167]
Table 7.6.

Morusin, a prenylated flavonoids obtained from root bark of Morus australis
(Moraceae) possess anticancer effect on various type of malignancies [168–170]. It
showed inhibition of the growth and migration of human cervical CSCs from HeLa
cell line through attenuation of NF-kBp65 activity mediated apoptotic induction
[168]. Further, it showed promising anticancer potential in aggressive type of brain
cancer, i.e., glioblastoma. Morusin inhibits glioblastoma CSCs by induction of
apoptosis by upregulating the protein expressions of PPARΥ, Bax, and caspase-3.
Additionally, it downregulates the expressions of Bcl-2 and stemness markers such
as CD133, nestin, Oct4, and Sox2 and attenuates adipocyte trans-differentiation
[171]. Recently, morusin was found to be a potential anticancer agent in laryngeal
cancer by inhibiting the stemness and proliferation of CSCs [172] (Table 7.6).

Casticin (30,5-dihydroxy-3,40,6,7-tetramethoxyflavone) is a natural poly-
methoxy-flavone also called as vitexicarpin, isolated from the fruits of Vitex trifolia
(Lamiaceae) [173]. Casticin has exemplified its anticancer potential via targeting
CSCs and modulating their stemness related proteins, AMPK/FoxO3 signaling
pathway activation, blocking Wnt/catenin signaling pathways and inhibiting EMT
process by regulating expressions of E-cadherin, MMPs and N-cadherin in various
types of cancers like liver cancer, lung cancer, and nasopharyngeal cancer [173–175]
Table 7.6.

Other flavonoids having anti-CSCs effect are pomiferin which is isolated from the
fruit of the Maclura pomifera (Moraceae) effective in glioblastoma [176]. Ugonin J
and K (two cyclohexylmethyl flavonoids) isolated from the rhizomes of
Helminthostachys zeylanica (Ophioglossaceae) are effective in breast cancer
[177]. Naringenin which is obtained from tomato and citrus fruits acts as a phytoes-
trogen and is effective in inhibition of ER+ breast cancer CSCs [178]. Its seminatural
derivative, named 6-C-(E-phenylethenyl) naringenin was found effective in the
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treatment of hepatocellular carcinoma by suppressing Wnt/β-catenin signaling
[179]. Baicalein is 5,6,7-trihydroxyflavone, originally isolated from the roots of
Scutellaria baicalensis (Lamiaceae) possessing anticancer effect by targeting
CSCs of pancreatic, liver, multiple myeloma, and breast cancer [180–183]
Table 7.6. Luteolin is 3,4,5,7-tetrahydroxyflavone obtained from many dietary
plants such as chamomile tea, celery, perilla leaf, and green peppers. The in vitro
and in vivo studies showed that it inhibits cancer initiation and progression by
interfering with transcription factors and kinases, regulating cell cycle, apoptosis,
and inhibiting cell transformation, migration, invasion, and angiogenesis [184–
189]. It also has the potential to target CSCs via attenuation of different pathways
[167] and also produce a synergistic effect to enhance the anticancer potential of the
other chemotherapeutic drugs [190]. Moreover, it is sensitizing the CSCs and
treating therapy resistance cases of cancer [141, 191] (Tables 7.3 and 7.6).

Wogonin is an O-methylated flavone found in the roots of Scutellaria baicalensis
(Lamiaceae). Wogonin has been also used to target CSCs in various malignancies
such as osteosarcoma, multiple myeloma, and breast cancer [183, 192–194] by
attenuation of EMT markers (MMP-9), regulation of ROS signaling. Wogonoside
which is a glycoside of wogonin has shown anticancer potential against cutaneous
squamous carcinoma via suppression of PI3K/AKT and Wnt/β-catenin pathway of
CSCs [195].

Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is
a phytoestrogen, obtained abundantly from tea, broccoli, apples, strawberries, and
beans. It showed an anti-CSCs effect by decreasing breast CSCs derived from
MCF-7 cell line and downregulated the markers such as Oct4, Nanog, ABCB1,
and ALDH1A1 [196].

The details of studies regarding the inhibitory action of miscellaneous flavonoids
in CSCs have been described in Table 7.6.

7.6 Future Prospects of Flavonoids Targeting CSCs
in Malignancies

In recent years, there has been much attention towards the inhibition of CSCs to
reduce the severeness and resistant cases of cancer. Hence, polyphenolic flavonoids
are used to prevent cancer progression via targeting CSCs. Flavonoids are regarded
as multifacet phytocompounds possessing plethora of therapeutic effects [181, 197,
198]. There is substantial data available which have shown their potential to
eradicate CSCs. However, no evaluation has been conducted in the clinical setting
targeted CSCs. Furthermore, the major issue to target the CSCs is the identification
of specific markers for a particular type of tumor. The specific markers would
provide novel strategies to target the CSCs and inhibit the progression of cancer.
Flavonoids also act as epigenetic modifiers by inhibiting early epigenetic alterations
and inhibit cancer cell proliferation in in vitro models using cell lines. In various
in vitro studies, flavonoids activate the expression of different tumor suppressor
genes by epigenetic modifications [199, 200]. However, there is a lack of studies of
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flavonoids as epigenetic modifiers targeting CSCs maintenance. Hence, there is a
need for studies on flavonoids as natural epigenetic modulators for the treatment of
cancers targeting CSCs which could represent a promising and valid strategy to
inhibit chemoresistance and carcinogenesis. Flavonoids are able to eradicate and
chemosensitize the CSCs of various tumors via attenuating many pathways but they
suffer from certain limitations such as poor solubility, poor permeability, bitter taste,
extensive intestinal metabolism, and instability which diminish their bioavailability.
Due to these issues, relatively high dose of flavonoids is required to produce a
significant biological response. Strategies are needed to overcome these issues of
solubility and thereby improving its oral bioavailability. Chemical modification in
the structure of flavonoids may enhance the stability of flavonoids [109, 111, 201–
203]. This will help to conduct their clinical trials and enhance their clinical usage.
This chapter also described that the combination of flavonoids with conventional
therapies could enhance the therapeutic effects and chemoradiosensitize the CSCs in
various malignancies [182]. Hence, they may enhance the anticancer potential along
with a reduction in resistance.
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Non-flavonoids Targeting Cancer Stem
Cells: A Promising Therapeutic Avenue
for Cancer Treatment

8

Faizan Uddin and Mehboob Hoque

Abstract

Despite the concerted efforts in pursuit of developing effective therapy, the
human race has merely succeeded in its fight against cancer. The limited success
in this battle against cancer may be attributed to the development of resistance to
the available therapeutic regimens, frequent recurrence, metastasis, tumor hetero-
geneity, and immune evasion. The sub-populated cancer stem cells (CSCs) are
often held responsible for cancer relapse, therapy resistance, and metastasis. The
stemness and tumorigenicity of CSCs are regulated by various pathways such as
Wnt/β-catenin, hedgehog, PI3K-AKT, JAK-STAT, TGF-β, and notch signaling.
Various therapeutic agents targeting CSCs are now being considered for the
treatment of various malignancies. However, conventional therapies are
associated with various side effects. Therefore, current therapeutic approaches
are witnessing a paradigm shift towards natural compounds. To this end, dietary
polyphenols are considered promising drug candidates for their both preventive
as well as therapeutic properties. In this chapter, the non-flavonoid polyphenols
are discussed in the context of their ability to target CSCs and their role in
attenuation of fundamental pathways involved in the maintenance of CSCs
such as Wnt/β-catenin, hedgehog, notch, and induction of programmed cell
death pathways has been explored. The overview of this chapter will help the
oncologist to devise more efficacious combinatorial therapies, utilizing naturally
occurring non-flavonoid polyphenols and their derivatives along with
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chemotherapeutic drugs, which will offer the advantage of eliminating both the
CSCs and other malignant cells in the heterogeneous tumor mass as a multi-
pronged approach. The traditional knowledge of phytomedicines along with the
current advancements of molecular and precision medicine and suitable delivery
system hold a great promise to combat cancer and exterminate it from the root.

Keywords

Cancer stem cells · Cancer therapeutics · Dedifferentiation · Metastasis · Non-
flavonoid polyphenols · Phytomedicine · Stemness

Abbreviations

ABCG2 ATP binding cassette transporters
ALDH1 Aldehyde dehydrogenase 1
AML Acute myeloid leukemia
APC Adenomatous polyposis coli
BCSCs Breast cancer stem cells
cAMP-PKA Cyclic-AMP dependent protein kinase A
CAPE Caffeic acid phenethyl ester
CK-1α Casein Kinase 1α
CSCs Cancer stem cells
ECM Extracellular matrix
EMT Epithelial to mesenchymal transition
EpCAM Epithelial cell adhesion molecule
FAK Focal adhesion kinase
GLI Glioma-associated oncogenic TF
GSCs Glioblastoma stem cells
GSK-3β Glycogen synthase kinase 3β
Hes1 Hairy enhancer of split
Hh Hedgehog
HIF-1α Hypoxia inducible factor 1α
IKK Inhibitor of κB kinase
IκBs Inhibitor of κB proteins
JAK Janus-activated kinase
LRP 5/6 Low density lipoprotein 5/6
M3OMG Methyl-3-O-methyl gallate
MMPs Matrix metalloproteases
mTOR Mammalian target of rapamycin
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NICD Notch intracellular domain
NIK NF-κB-inducing kinase
NSCCs Non-stem cancer cells
PI3K/AKT Phosphoinositide-3-kinase-AKT
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Ptch Patched transmembrane receptor
PTEN Phosphatase and tensin homolog
ROS Reactive oxygen species
SMO Smoothened TF
STAT Signal transducer and activator of transcription
SUFU Suppressor of Fused
TCF T-cell factor
TFs Transcription factors
TGF-β Transformation growth factor β
VEGF Vascular endothelial growth factor

8.1 Introduction

The human body has an inherent ability to overcome physiological insults and
initiate homeostasis. However, when the balance between the repair and regulatory
mechanisms is disturbed, it can culminate into genetic aberrations leading to the
malignant transformation of healthy cells, commonly termed cancer. Collective
evidence suggests that cancer is a chronic disease that is manifested across several
stages of dysregulation of genes involved in the development and cell turnover
[1, 2]. Several factors such as genetic variations, epigenetic modifications, stress,
unhealthy diet, sedentary lifestyles, prolonged inflammation due to reactive oxygen
species (ROS), and metabolic disorders have been identified to increase the risk
associated with the oncogenesis [3]. Among the many factors that lead to cancer
malignancies, environmental cues play a significant role in the progression of cancer.

Despite remarkable advances in understanding the molecular basis of cancer and
the development of new regimens for diagnosis and treatment, only limited success
has been achieved in terms of the long-term survival rate of patients. Such
compromised success in the battle against cancer is due to the development of
resistance to chemo-radiotherapies, frequent recurrence, metastasis, heterogeneity,
and avoidance of immune surveillance. Recent evidence suggests that cancer stem
cells (CSCs) possess inherent characteristics that can cause cancer relapse, therapy
resistance, metastasis, and the ability to generate new tumors [4, 5].

Most conventional therapies for cancer treatment can target only differentiated
tumor cells without impacting the CSCs. The widely practiced cancer
chemotherapeutics are largely associated with various adverse effects on healthy
cells and reemergence of cancer after a period of latency, especially in children
[6, 7].

Moreover, during treatment, some of the cancer cells undergo selective pressure
and become highly resistant to chemo or radiation therapy [8, 9]. Also, non-stem
cancer cells (NSCCs) have been demonstrated to dedifferentiate into CSCs by
activating the expression of pluripotency-related transcription factors (TFs) such as
Oct4 and Sox2 [10]. In this context, the incomplete elimination of CSCs by various
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traditional therapies jeopardizes the efficacy of treatment. Currently, available
chemotherapies including monoclonal antibodies, kinase inhibitors, and other
targeted therapies are reported to elevate other medical conditions in patients such
as cardiomyopathy, congestive heart failure, and coronary artery disease. Surgery
has also been explored as a radical approach in the removal of cancerous tissues but
is limited to tackle solid tumors where the disease burden is low. But it is not a viable
option in the case of small cell carcinomas, non-solid malignancies such as myeloma
or leukemia, and when cancer has metastasized to several distal sites that can not be
surgically removed.

Since cancer progression is characterized by the aberrant activation of embryonic
developmental pathways in CSCs, their selective inhibition has been proposed as a
promising strategy for effective treatment [11, 12]. Therefore, there is a pressing
need to identify chemical compounds that can specifically target the CSCs with little
or no effect on the healthy tissues. Pertinently, researchers have shifted back their
focus on naturally available compounds as alternative therapies with negligible or no
side effects and high effectiveness against various forms of cancer. Biocompatibility,
lower or no adverse effects and universal availability make natural compounds a
better choice for next-generation therapeutics for cancer treatment and prevention.
Epidemiological studies reveal that consumption of fruits and vegetables lowers the
risk of cancer suggesting the chemopreventive role of dietary compounds. This
chapter highlights the current development in non-flavonoid dietary polyphenols
as potential drug candidates for targeting CSCs. The first section of this chapter
describes the various pathways involved in the maintenance of the stemness of
CSCs. The later section emphasizes the non-flavonoid dietary polyphenols having
the potential to target key signaling pathways in CSCs.

8.2 Cancer Stem Cells

Within the tumor mass, there is vast heterogeneity among the cancer cells and a
small proportion of undifferentiated cells feature an aggressive phenotype with
enhanced self-renewal capacity and invasive potential [13]. This rare population
has been termed as CSCs and represents the most resilient malignant cell type that is
often implicated in cancer relapse [4, 14]. The CSCs were first identified in 1994 in
human acute myeloid leukemia (AML) and since then have been reported in a wide
variety of solid tumors [15, 16]. By undergoing asymmetric division each CSC can
generate a single differentiated malignant cell and a CSC [17]. This helps the tumors
to retain infinite stemness as well as propagate and multiply. However, in certain
tumors, NSCCs can undergo dedifferentiation to acquire CSCs-like phenotype,
associated with high tumorigenic potential [18]. This emerging evidence has
challenged the notion of a unidirectional hierarchy of CSCs generation and differen-
tiation and thus has offered novel insights into the complex origin of CSCs. The
classical and the updated views on the CSC hierarchy are depicted in Fig. 8.1.
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8.2.1 Characteristics of CSCs

CSCs can arise from the malignant transformation of stem cells harboring the
increased burden of mutation or differentiated tumor cells that have transitioned
into pluripotent type via abrupt expression of TFs that are active during embryonic
development [19, 20]. The expression of Nanog is upregulated in CSCs across
multiple cancer types and has been reported to regulate the expression of various
embryonic signature genes such as KLF4, Oct4, and Sox2 [21]. This peculiar

Fig. 8.1 CSC hierarchy showing the classical and updated views. (a) The classical view represents
a canonical hardwired cellular hierarchy where rare and quiescent CSCs are mainly defined by
intrinsic properties. The CSCs undergo an asymmetric cell division giving rise to one stem cell
ensuring its self-renewal and one transient amplifying (TA) cell which further divides rapidly and
undergoes differentiation. (b) According to the updated view, the CSCs are not necessarily rare or
quiescent and are regulated by niche signals. The TA cells, as well as the differentiated cells, can be
reprogrammed back into stem cells by the niche signals
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transcriptional profile enables CSCs to acquire characteristic features of embryonic
stem cells such as self-renewability and multipotency. The upregulation of stemness
genes enables the CSCs to readily proliferate and resist the toxic effects of radiation
and drugs commonly used in the treatment of cancer [21, 22]. CSCs reside in a
hypoxic and nutrient deficient environment and are thus hard to be eliminated
[23]. As the CSCs multiply and differentiate, they generate spheroid clumps of
aggregated cells and some of which enter into the circulation to invade the distant
sites [24].

CSCs adopt several strategies to sustain themselves, such as differential expres-
sion of drug efflux pumps, activation of DNA repair machinery to overcome
damaging effects of radiation, inhibition of apoptosis, slow doubling rate, and
upregulation of embryonic transcriptional programs to proliferate [12, 25,
26]. Owing to their ability to maintain a quiescent state for long periods, CSCs can
overcome the DNA damage induced in various therapies and avoid apoptotic cell
death. Apart from this, inactivating mutations in p53 disable the DNA damage
sensing machinery in the malignant cells and allow them to proliferate. Another
strategy deployed by CSCs to propagate tumors is to evade apoptosis. The ratio
between pro-apoptotic protein Bax and anti-apoptotic Bcl-2 determines the cell fate
and it is altered in CSCs to promote their survival [27]. In several studies elevated
levels of basal autophagy have been correlated to enhance the survival of CSCs [28–
30]. Emerging studies have indicated the involvement of key signaling pathways in
maintaining the stemness of CSCs and the associated metastasis [31]. Some of the
major pathways in CSCs biology include Wnt/β-catenin, Hedgehog, PI3K/AKT, and
Notch signaling pathways [16, 32–34]. The various pathways involved in regulating
the stemness and differentiation of CSCs are depicted in Fig. 8.2.

8.2.2 CSCs Biomarkers

Over the years, the expression of numerous cell surface proteins has been specifi-
cally associated with a stem cell-like population in the vastly heterogeneous tumor
mass in different cancer types [35]. Therefore, the presence of cell surface markers
has been utilized as the first-hand approach to identify the multipotent CSCs among
the malignant cells, wherein the leukemic stem cells were first characterized as
CD34+/CD38- in AML [15, 16, 36]. CSCs feature distinct profiles of cell surface
receptors and exhibit dynamic changes in their expression that can represent various
stages of cancer progression [13, 37]. The expression of various biomarkers of
CSCs, such as aldehyde dehydrogenase 1 (ALDH1) in colorectal cancer and epithe-
lial cell adhesion molecule (EpCAM) in hepatic CSCs, has been reported to posi-
tively correlate with mTOR signaling [38]. Breast cancer stem cells (BCSCs) are
characterized by CD44+/CD24-/ALDH1+ cells [33, 39]. Expression of CD44 and
ALDH1 on the surface of CSCs has been correlated to their stemness and confers
upon them a distinctive ability of invasive expansion [33, 40, 41]. Also, CSCs
exhibiting multidrug resistance have been found to express CD133 that facilitates
epithelial to mesenchymal transition (EMT) of cancer cells via activation of PI3K-
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AKT and ERK signaling pathway [12, 42, 43]. Likewise, CD133+ CSCs in sarcomas
are highly resilient towards chemo-radiotherapy [21].

8.2.3 Pathways Regulating CSCs

8.2.3.1 Wnt/b-catenin Signaling Pathway
In normal cells, the free cytoplasmic level of β-catenin is kept in check by ubiquitin-
mediated proteasomal degradation. In this process, β-catenin is associated with
factors such as Axin and adenomatous polyposis coli (APC) and gets phosphorylated
by the activity of glycogen synthase kinase 3β (GSK-3β) and Casein Kinase 1α
(CK-1α). The phosphorylated form of β-catenin is then ubiquitinylated and targeted
by E3 ligase β-TrCP for subsequent degradation [44]. However, in cancer cells, the
Wnt/β-catenin pathway is abruptly activated in the presence of extracellular Wnt
ligands which can bind Frizzled and low-density lipoprotein (LRP5/6) receptors and
enables the organization of Frizzled-Dishevelled and LRP-Axin-FRAT complex
[31]. The de novo generated complex facilitates the inactivation of the destructive

Fig. 8.2 Pathways regulating CSC development. The Wnt/β-catenin, hedgehog, notch, PI3K/
AKT, NK-κB, TGF-β, and JAK/STAT signaling pathways are associated with the development
of stemness features of CSCs including EMT, cell proliferation, migration, invasion, and
tumorigenesis. The target genes of these pathways play important roles in the maintenance,
survival, proliferation, and differentiation of CSCs
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complex comprising GSK-3β by promoting its phosphorylation. As a result,
β-catenin is stabilized and eventually accumulates in the nuclei, wherein it gets
associated with the T-cell factor (TCF) and activates the expression of several Wnt
inducible genes including Myc which promotes cancer cell self-renewal and EMT
[33, 45, 46]. Wnt/β-catenin signaling has been reported to mediate epigenetic
silencing of surface adhesion molecules such as E-cadherin in breast cancer tissues
[47]. Mechanistically, E-cadherin inhibits cancer metastasis by sequestering
membrane-bound β-catenin and its downregulation has been recognized as a char-
acteristic feature of EMT [33]. Therefore, the Wnt/β-catenin signaling pathway has
long been touted as a potential target in the treatment of cancer.

8.2.3.2 Hedgehog Signaling Pathway
Hedgehog (Hh) signaling induces the expression of key developmental genes during
morphogenesis and relies on the paracrine signaling by Hh ligands for its activation
[48]. The activity of these genes is strictly regulated by their temporal expression and
helps to maintain pluripotency in stem and progenitor cells, whereas dysregulation
of Hh signaling has been reported to constitute 25% of human malignant
transformations [49, 50]. The major components of the Hh signaling pathway consist
of tumor-suppressive Patched transmembrane receptors (Ptch 1 and 2), a Frizzled
class G-protein coupled receptor termed as Smoothened (SMO), and glioma-
associated oncogenic (GLI) TF. In the absence of Hh ligands, Ptch receptors are
localized on the cilia and inhibit the translocation of SMO at the cilia to suppress Hh
signaling by a mechanism yet to be fully understood [51]. However, emerging data
suggest that Ptch regulates the activity of SMO by lowering the concentration of
small molecules such as sterol and cholesterol in the cytoplasm. At the same time,
GLI is suppressed by the binding of a transcriptional co-repressor, Suppressor of
Fused (SUFU) to the full-length GLI, subsequently phosphorylated by cyclic-AMP
dependent protein kinase A (cAMP-PKA), and undergoes proteolytic cleavage by
β-TrCP. The resultant truncated form of GLI (GLI-R) acts as a transcriptional
repressor and is translocated into the nuclei to suppress the promoters of target
genes. Apart from this, Ptch has been reported to arrest the cell cycle by sequestering
the cyclin B1-CDK1 complex.

However, the binding of Hh ligands at the outer domain of Ptch causes it to
oligomerize and undergo endosomal degradation. Ptch inhibition is followed by the
relocalization of SMO to the cilia and the phosphorylation of its C-terminal domain
by a variety of kinases. Activated SMO then mediates the rescue of GLI from the
repressive SUFU complex and its translocation into the nuclei. Consequently, the
expression of various GLI-regulated oncogenes such as N-myc, Foxm1, VEGFA,
Cyclin D1, anti-apoptotic gene Bcl-2, cell cycle regulators (CCND2, CCNE1), and
positive regulators of the Wnt signaling pathway is upregulated [51]. Expression of
GLI downstream target genes is crucial for promoting the survival and renewal of
CSCs [52]. Aberrant activation of many of these genes has been implicated in
several aspects of carcinogenesis such as EMT, angiogenesis, and metastasis. In
CSCs, Hh signaling has also been reported to enhance the expression of pluripotency
markers SOX2 and OCT4 [53]. Acquisition of the stemness factors has a key role in
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facilitating EMT of cancer cells and enables them to regenerate and increase the
propensity of spheroid formation [54].

8.2.3.3 Notch Signaling Pathway
Though notch signaling has a fundamental role to play in stem cell renewal and
cellular differentiation, its hyperactivation has been observed in several cancer types
[55]. During notch signaling activation, notch transmembrane receptors (Notch 1-4)
on one cell are bound by the notch ligands from an adjacent cell [56]. As a result, the
proteolytic activity of γ-secretase is induced which mediates the cleavage of notch
intracellular domain (NICD). Subsequently, the NICD is translocated into the nuclei
to promote the transcription of its target genes cyclin D1 and hairy enhancer of split
(Hes1). Since notch signaling is also involved in the development of mammary
glands, its deregulation has been implicated in breast cancer and several other solid
tumors [57, 58]. Pertinently, CSCs in renal cell carcinoma and breast cancers have
been characterized by marked upregulation of notch receptors and their expression
has been correlated with enhanced chemoresistance and self-renewal capacity of
CSCs [57, 59].

8.2.3.4 PI3K/AKT/mTOR Signaling Pathway
Hyperactivation of phosphoinositide-3-kinase-AKT (PI3K/AKT) and mammalian
target of rapamycin (mTOR) signaling has been observed in a variety of solid tumors
and blood malignancies [38]. The heterodimeric class 1A PI3K complex consists of
a regulatory (p85α/β, p55α/γ, p50α) and a catalytic subunit (p110α/β/γ), which is
activated by the binding of the regulatory subunit to an activated receptor tyrosine
kinases. Alternatively, the catalytic subunits (p110α/γ) can also be activated by
direct interaction with RAS or GTPase-mediated activation of p110β. Activated
PI3K complex is recruited at the plasma membrane and the signaling is commenced
with the conversion of phosphoinositide PI(4,5)P2 into its phosphorylated second
messenger PI(3,4,5)P3 and its derivative dephosphorylated form PI(3,4)P2. The
secondary messenger serves as effector molecules that are recognized by the
phosphoinositide-binding domains of serine/threonine kinases such as AKT and
subsequently regulate the activity of downstream targets such as GSK-3β, forkhead
box O, and mTOR complexes (mTORC1 and 2) [60].

In the normal developmental context, PI3K mediated phosphoinositide signaling
regulates the proliferation of cells and its activity is modulated by negative feedback
loops comprising lipid phosphatases such as phosphatase and tensin homolog
(PTEN). By mediating dephosphorylation of both PI(3,4,5)P3 and PI(3,4)P2,
PTEN act as a tumor suppressor and downregulates PI3K/AKT signaling. Activation
of ribosomal S3 kinase by mTORC1 also serves to limit PI3K activity as a regulatory
mechanism. However, the activating mutations in the catalytic subunit of PI3Kα
render it to be active constitutively and have been observed in multiple cancer types.
PI3Kα variant H1047R has been found to induce the dedifferentiation of tumor cells
into CSCs and enhance their stemness properties [60]. In luminal breast cancer cells,
the repression of mTOR inhibitors serves as an intrinsic mechanism of the altered
mTOR signaling. Recently, comparative analysis of genome-wide methylation
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patterns between CSCs and NSCCs has revealed that genes related to PI3K signaling
are indeed hypomethylated in CSCs thus exhibiting a positive correlation with the
hyperactivation of PI3K/AKT signaling in CSCs [61]. Also, the activity of drug
efflux pumps such as ATP binding cassette transporters (ABCG2) in CSCs is
augmented by AKT-mediated regulation. In various sarcoma cell lines, the
upregulated PI3K/AKT signaling was found to be essential for the expression of
Nanog in CD133+ CSCs and resulted in high resistance to doxorubicin and radiation
therapy [21]. In gastric adenocarcinoma, inhibiting the activity of PI3K was found to
reduce the expression of CD44 in CSCs, along with significant downregulation of
mesenchymal trans-differentiation marker Slug. The data suggest that upregulation
of CSCs-markers is critical for the enhanced tumor initiation ability of CSCs.
Altogether, the activation of PI3K/AKT/mTOR signaling endows the CSCs to
proliferate while exhibiting resistance to chemotherapeutic drugs [22].

So far, multiple studies have demonstrated a complex network of cross-talk
between PI3K and other dysregulated signaling pathways in cancer cells [60]. As
GSK-3β can phosphorylate MYC and prime it for degradation, the activation of
oncogenic PI3K signaling has an opposing effect and tends to stabilize MYC by
promoting degradation of GSK-3β. AKT-mediated degradation of GSK-3β also
preserves the activity of β-catenin, leading to the upregulation of its downstream
effector NODAL, which further promotes TGF-β signaling in CSCs. Suppression of
GSK-3β activity also helps to stabilize Snai1 [44, 62]. The enhanced stabilization of
β-catenin and Snai1 is indispensable for upregulating the expression of CD44 and
maintenance of stem cell-like features of cancer cells [63, 64]. Furthermore, PI3K/
AKT signaling has been reported to promote the stemness of malignant cells via the
CXCR4-STAT3 pathway by upregulating the expression of the chemokine receptor
CXCR4. Therefore, PI3K/AKT signaling act in unison with several other pathways
that facilitate cancer metastasis and therapeutic relapse. The targeting of PI3K
signaling in CSCs has been suggested to synergize the cytotoxic effects of chemo-
therapeutic drugs and can help to improve their overall efficiency in curing
malignancies.

8.2.3.5 NF-kB Signaling Pathway
Enhanced inflammation is of paramount importance to modulate the tumor micro-
environment and involves the constitutive activation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) signaling. The upregulated NF-κB
pathway in cancer cells has been found to promote the expression of genes involved
in cell proliferation, inhibition of programmed cell death, and metastasis
[65, 66]. NF-κB family includes the TFs such as RelA (p65), RelB, and proto-
oncogene c-rel that are activated by canonical and non-canonical signaling by the
proteolytic cleavage of p105 and p100, respectively [67]. During a steady-state, the
inactive RelA/RelB complexes are bound by the inhibitor of κB proteins (IκBs) and
localized in the cytosol. Various stimuli such as developmental signal, LPS, and
pro-inflammatory cytokines (TNF-α, IL-1) are known to trigger the activation of the
NF-κB signaling pathway. The activation of NF-κB by canonical pathway requires
the phosphorylation and proteasomal degradation of IκBα by the activity of the
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inhibitor of κB kinase complex (IKK). Degradation of IκBα results in the nuclear
translocation of p65-p50 heterodimers and transcriptional activation of genes such as
IL-6, cyclin D1, and anti-apoptotic factors. In the non-canonical pathway, the
activation of the RelB-p100 complex is mediated by the activity of NF-κB-inducing
kinase (NIK). NIK-induced activation of IKKα dimers facilitates the phosphoryla-
tion and cleavage of p100 into p52, and the subsequent accumulation of RelB-p52
dimers into the nuclei to regulate transcription of downstream effector genes.

The activity of NF-κB is modulated by negative feedback mechanisms involving
regulators such as A20 and IκBα. However, its aberrant activation in solid tumors
and hematological malignancies has been linked with the amplification of positive
regulators such as IKKs and c-rel. Besides this, the loss of negative regulators has
also been observed in various cancer types. In B-cell lymphomas, the loss of
inhibitory factor p100 due to rearrangement and overproduction of p52 were
found to activate non-canonical signaling pathways, whereas mono-allelic deletions
of IκBα have been reported in glioblastomas to upregulate canonical signaling.
Various other mechanisms have also been found to mediate the oncogenic activation
of NF-κB signaling such as enhanced expression of receptor activator of NF-κB
ligand (RANKL) in BCSCs and upregulation of osteopontin in hepatocellular
carcinoma stem cells [65, 68].

In malignant tissues, the aberrant activation of the NF-κB pathway has been
demonstrated to promote cell survival and proliferation by upregulating the expres-
sion of anti-apoptotic proteins (cIAPs, XIAP, Bcl-2, and Bcl-xL) and positive
regulators of the cell cycle (cyclin D1, cyclin E, and c-Myc). Moreover, NF-κB
induced expression of pro-inflammatory cytokines (IL-1, IL-6. TNF-α, COX-2, and
iNOS) further aggravates the tumor microenvironment that supports the growth and
proliferation of CSCs [65, 69]. Overproduction of cytokines such as IL-6 by the
NF-κB pathway also tends to activate the oncogenic genes along the IL-6/STAT3
axis in hepatocellular carcinomas. In ovarian cancer, the oncogenic attributes of
NF-κB signaling have been further exhibited in maintaining the stemness of
CD133+/CD44+ CSCs by upregulating the expression of pluripotency factors such
as Nanog and Sox2 [70]. Likewise, NF-κB induced STAT3 activation has been
found to regulate the expression of KLF4 and NKX3.1 in CSCs of prostate cancers
[65]. Besides this, NF-κB also facilitates the stabilization of IL-6 mRNAs by
downregulating the expression of let-7, a miRNA targeting IL-6, in Lin-28 depen-
dent manner [69].

NF-κB signaling also contributes to EMT by facilitating the remodeling of
extracellular matrix (ECM) via the expression of vimentin, vascular endothelial
growth factor (VEGF), and matrix metalloproteases (MMPs) [67, 69]. ECM not
only serves in imparting structural stability but also helps to sequester growth
factors, angiogenic factors, and cytokines. During cancer invasion, ECM is degraded
by the activity of endopeptidases such as MMPs and subsequently alters the tissue
microenvironment that becomes permissible for EMT [71]. Additionally, MMPs
promote angiogenesis by facilitating the mobilization of endothelial cells and helps
the tumors to acquire an invasive phenotype. Both MMP2 and MMP9 have been
reported to be upregulated during angiogenesis and are highly expressed at the
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tumor-stromal interface. Apart from this, MMP9 has also been implicated in cleav-
ing the IL-2α receptor on the surface of T cells and thus inhibits their proliferation in
response to IL-2 signaling. Other biological roles of MMPs include degradation of
E-cadherin, modulation of signaling pathways by altering the availability of signal-
ing molecules and their surface receptors [71].

8.2.3.6 TGF-b Signaling Pathway
Transformation growth factor β (TGF-β) family cytokines are ubiquitously secreted
in the extracellular milieu by mammalian cells and have been found to possess both
tumor-suppressive and proliferative properties depending upon the cellular context
[72]. In normal epithelial and premalignant cells, TGF-β1 induces cell cycle arrest at
the G1/S checkpoint by upregulating the expression of p15, p21, and p27, which
then impair the interaction of various cyclins with cyclin-dependent kinases. Also,
the cytostatic functions of TGF-β1 are mediated by inhibiting the expression of
c-MYC. However, aberrant TGF-β signaling in several cancer types has been found
to promote EMT by activation of ERK, MAPK, and PI3K-AKT signaling pathways
[73]. Signaling cascade initiated with the binding of TGF-β at its receptor TGFβRII
results in its auto-phosphorylation and subsequent phosphorylation of TGFβRI at
Tyr residues. Consequently, ShcA is activated to mediate the assembly of the ShcA/
Grb2/Sos complex that is required for the induction of genes along the Ras-MEK-
Erk axis. ERK activation leads to the phosphorylation of SMAD1, 2, and 3 and
marks them for proteasomal degradation in the cytoplasm thereby abolishing the
tumor-suppressive function of SMAD complexes. Also, the TGF-β induced interac-
tion of TGFβRI with TGFβRII has been found to trigger the activation of AKT
regulatory subunit p85 and signal transduction via the PI3K-AKT pathway. The
altered gene expression due to SMAD- and non-SMAD-mediated pathways are
characterized by upregulation of TFs such as Zeb1 and 2, MMPs, Snai1, and Slug.
These TFs are known to negatively regulate the expression of E-cadherin in cancer
cells and confers enhanced invasive capacity upon the malignant cells to undergo
EMT. [74].

Apart from the induction of metastasis, TGF-β signaling has recently been
demonstrated to promote the dedifferentiation of NSCCs into a more primitive
CSC-like phenotype [75]. In colorectal cancer patients, the heterogeneous tumor
mass consists of CD44- NSCCs with very low tumorigenic potential and CD44+

CSCs with high reconstitution ability. Furthermore, CD44+ cells were characterized
by marked upregulation of TGF-β signaling genes along with high expression of
pluripotency TFs such as OCT4, SOX2, and NANOG. Interestingly, stimulation of
CD44- NSCCs with TGF-β enabled them to gain the expression of CSC-specific
marker CD44 and exhibited high tumorigenic potential upon subsequent transplan-
tation in immuno-deficient mice. These results were recapitulated by ectopic expres-
sion of TWIST1 in CD44� cells thereby suggesting that the dedifferentiation process
was mediated by TGF-β induced activation of TWIST1 in CD44� NSCCs. In the
tumor microenvironment, excessive local secretion of TGF-β by infiltrating
macrophages and fibroblasts, surrounding mesenchymal cells as well as autocrine
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production by cancer cells has been correlated with worse prognosis and facilitates
metastasis.

Similar observations have been made in basal breast cancer patients wherein
TGF-β signaling-driven dedifferentiation of CD44� NSCCs into CD44+ CSCs has a
profound role in cancer progression [76]. The CD44hi basal breast cancer cells have
been reported to have higher tumor-initiating capacity compared to luminal breast
cancer cells which are mostly CD44lo. The difference in tumorigenic potential
between the basal and luminal breast cancer cells is further reflected by the evidence
that CD44lo basal breast cancer cells are more efficient in generating CD44+ CSCs
than their luminal counterparts. The underlying differences were mediated by the
differential expression of ZEB1 and ZEB2 in TGF-β dependent manner. The
chromatin at Zeb1 promoter in CD44� luminal breast cancer cells was found in a
repressed state (enriched for H3K27-me3), whereas in basal breast cancer cells it was
characterized by bivalent histone modifications of H3K4-me3 and H3K27-me3,
indicative of its poised state. The stimulation of basal breast cancer cells with
TGF-β enabled the transition of the ZEB1 promoter from the poised to an active
state by the removal of H3K27-me3. Active Zeb1 transcription was found to be
essential for inhibiting the transcription of tumor-suppressive MIR200 family
miRNAs and the subsequent acquisition of stemness properties by the transformed
cells. Therefore, differential expression of Zeb1 in basal breast cancer cells was
found to be essential for modulating the plasticity between CD44lo/� NSCCs and
CD44hi CSCs.

8.2.3.7 JAK/STAT Signaling Pathway
The binding of the IL-6 family cytokines to IL-6 receptor-α is known to trigger the
activation of receptor-associated Janus-activated kinases (JAK) that are ubiquitously
expressed in mammalian cells. The kinase domain in JAK family proteins (JAK1,
JAK2, and TYK2) subsequently induces the phosphorylation of signal transducer
and activator of transcription (STAT) family TFs at tyrosine-705 to constitute the
JAK/STAT signaling pathway. The acetylation of active STAT3 at lysine-685 in the
SH2 domain enables its dimerization and subsequent translocation into the nucleus
through importin-β1, where it serves to activate the downstream effector genes.
However, the elevated expression of IL-6 has been demonstrated to facilitate the
aberrant activation of the JAK/STAT signaling pathway in several tumors such as
renal cell carcinoma, myxoid liposarcoma, breast, prostate, and gastrointestinal
cancers [77–79]. Dysregulated JAK/STAT signaling in malignant cells can be
attributed to factors such as non-receptor tyrosine kinase PYK2 mediated enhanced
phosphorylation of STAT3 in TNBC, constitutive activation of STAT3 due to the
loss of SMAD4 in pancreatic cancer, and the enrichment of SMYD3/RNAPII
complex at the JAK1 and JAK2 promoters in colon cancer. Also, the concerted
activity of non-canonical TGF-β1 signaling and activated STAT3 has been
implicated in the induction of EMT [78, 80]

The accumulating evidence suggests that IL-6/JAK2/STAT3 axis contributes to
the tumorigenesis by transcriptional activation of pluripotency genes such as Nanog
and Oct4 in CSCs, promoting EMT via upregulation of TFs such as SNAI1, ZEB1,
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TWIST-1, and JUNB, and enhancing the motility of malignant cells by activating
focal adhesion kinase (FAK) [78]. Also, active STAT3 signaling has been found to
enhance stemness by inducing the expression of c-Myc via upregulation of PIM-1.
Furthermore in breast cancer cells, the active STAT3 associates with estrogen
receptor and induces the expression of LIV1, which then inactivates GSK-3β to
stabilize Snai1. Apart from inducing the expression of EMT-related TFs, STAT3
also promotes cell proliferation of stromal fibroblasts by inhibiting the expression of
CDKIs (p16 and p21) in AUF1-dependent manner and thus boosting the secretion of
TGF-β1 from the fibroblast in the tumor microenvironment. In prostate cancer,
STAT3 has been reported to stabilize the hypoxia-inducible factor 1α (HIF-1α) by
indulging in direct physical interaction with HIF-1α and thus preventing its degra-
dation by the proteasomal machinery. The ensuing STAT3-HIF-1α complex is
subsequently recruited at the promoters of Twist-1 and VEGF to propagate cancer
metastasis. STAT3/HIF-1α signaling has also been implicated in the SOX2 mediated
expression of Slug.

The induction of JAK2/STAT3 signaling via oncostatin M is crucial for the
generation of CSCs [79]. CD44 is closely associated with STAT3 in breast and
colorectal cancer wherein the CD44-acetylated STAT3 complex is readily
translocated into the nuclei to promote the expression of stemness genes such as
c-Myc, Oct4, and Sox2. In basal-like breast cancer cell line MDA-MB-231, the
induction of JAK/STAT3 signaling via autocrine production of IL-6 by NSCCs was
found to facilitate their dedifferentiation into highly tumorigenic CSCs via
upregulation of stemness marker OCT-4 [81]. The production of OCT-4 enabled
NSCCs to acquire characteristic properties of CSCs with increased capacity of
mammosphere formation. The observations also suggest that there exists a state of
equilibrium between the number of CSCs and NSCCs within the tumor mass. In an
in vitro analysis of MCF-7-derived mammospheres, genes involved in JAK/STAT
signaling (JAK3, STAT5A, and CCND2) are hypomethylated corresponding to their
upregulation in CD44+ CSCs compared to NSCCs [82]. Therefore, modulation of
the epigenetic landscape can explain in part the dysregulation of the JAK-STAT
signaling pathway in CSCs. Moreover, aberrant activation of JAK/STAT signaling
in CSCs isolated from myxoid liposarcoma has been found to correlate with their
resistance to chemotherapy and ability to generate sarcospheres [77]. However,
impairment of JAK/STAT3 signaling led to a reduction in the size of sarcospheres
and overcome drug resistance. Interestingly, phosphorylated STAT3 was also found
to interact with a component of the SWI/SNF chromatin remodeling complex
thereby underscoring the notion that active STAT3-mediated epigenetic
reprogramming can be vital for the generation and maintenance of CSCs.

8.2.3.8 Hypoxia-Mediated Modulation of the Tumor Microenvironment
Tumor hypoxia helps the cancer cells to evade ROS-mediated cell death and thrive in
a low oxygen environment [83]. Under hypoxic conditions, HIF-1α is markedly
stabilized in the tumor cells by the activity of TGF-β1 and is crucial for promoting
angiogenesis by upregulating the expression of VEGF [84, 85]. Hypoxia-associated
angiogenesis is a characteristic feature of cancer metastasis and correlates with the
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higher degree of cell migration during hypoxia [86, 87, 88]. Furthermore, HIF-α has
been demonstrated to enhance the expression of pluripotency inducing TFs such as
OCT4, KLF4, and SOX2 [89] and helps to maintain CSCs population in the tumor
mass [90, 91]. The overall changes in the tumor microenvironment facilitate the
progression to an aggressive phenotype that becomes highly resistant to radiation or
chemotherapy and results in a poor outcome of treatment [92].

8.3 Therapeutic Targeting of CSCs

The CSCs function is regulated by various factors including transcription factors,
drug efflux pumps, cell surface CSCs specific biomarkers, and intracellular signaling
pathways as discussed in the previous sections. Besides, the CSCs microenviron-
ment also regulates the CSCs self-renewal, differentiation, angiogenesis and
promotes invasion and metastasis [16]. These regulating factors of CSCs are the
essential targets for the development of novel therapeutics based on small molecules,
vaccines, antibodies, and cellular therapy. Four major strategies have been devel-
oped to eradicate CSCs in recent years that include targeting CSCs specific surface
markers, intervening key signaling pathways, selectively inhibiting drug efflux
transporters (ABC transporters), and ameliorating the CSC microenvironment
[16, 93].

8.4 Non-flavonoids Targeting CSCs

In recent times, bioactive phytochemicals have emerged as vital resources in the
prevention and treatment of cancer by either delaying the cancer cell invasion or
their specific elimination ([94, 95]). Owing to the ready availability and safer
metabolic processing of bioactive compounds in the plant-based diet, several
phytochemicals have been hailed as a suitable alternative in cancer treatment since
these compounds exhibit no cytotoxicity to healthy primary cells [96]. Interestingly,
many phytochemicals have been recognized to exhibit anticancer properties by
targeting CSCs. Dietary polyphenols in particular have been demonstrated to reduce
the number of CSCs thereby inhibiting the underlying tumorigenesis [95, 97]. These
compounds have been demonstrated to mediate their salubrious effects by
modulating a broad spectrum of signaling pathways that are dysregulated in CSCs
and aid in the arrest of cancer progression. Many of these compounds have the
promising ability to alter the tumor microenvironment by modulating the expression
of inflammatory signals, growth factors, and drug transporters [94, 95, 98, 99].

The polyphenols comprise a large number of heterogeneous organic compounds
characterized by the presence of phenyl ring(s) and one/or more hydroxyl
substituents [100]. Among the dietary polyphenols, majority comprises the
flavonoids or non-flavonoids. The non-flavonoid polyphenols are further subdivided
into phenolic acids, stilbenes, lignans, tannins, and diferuloylmethane
[100, 101]. Several non-flavonoids have been reported to exhibit anticancer
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properties as well as inhibit the self-renewal and survival of CSCs in various forms
of cancer. Additionally, recent studies suggest that some non-flavonoids can also
enhance the anti-CSC therapy by sensitizing them to conventional therapies. The
non-flavonoids mostly regulate CSCs or eliminate them by targeting various signal-
ing pathways involved in maintaining the stemness of the CSCs. Though the exact
mechanisms by which non-flavonoids regulate CSCs remain elusive, they have been
shown to inhibit self-renewal, stemness, and EMT, induce cell cycle arrest, apopto-
sis, and autophagy, and target various CSCs pathways such as Wnt/β-catenin,
hedgehog, notch, PI3K/AKT, NF-κB, and JAK/STAT signaling pathways
(Table 8.1). Various non-flavonoids rendering the regulation of CSCs growth and
maintenance by targeting these signaling pathways are discussed in the following
sections.

8.4.1 Phenolic Acid

The phenolic acids, mainly the hydroxybenzoic and hydroxycinnamic acids repre-
sent most of the non-flavonoids that have shown potent anticancer activities in
several in vitro as well as in vivo studies [98, 101].

8.4.1.1 Hydroxybenzoic Acid
Various forms of hydroxybenzoic acid derivatives such as gallic acid, ellagic acid,
protocatechuic acid, syringic acid, and vanillic acid have been reported to display
anticancer properties [98, 99, 102, 148]. Among these gallic acid, methyl-3-O-
methyl gallate, and ellagic acids have also been reported to target and inhibit CSCs.

Gallic Acid
Gallic acid (3,4,5-trihydroxy benzoic acid), widely present in various plant-based
food sources such as Rubus, Fragaria (Rosaceae), and Vaccinium (Ericaceae)
genera, tea (Camellia sinensis L.), grapes (Vitis vinifera L.), and sumac (Rhus
coriaria L.) exhibit protective and therapeutic activities against various forms of
cancer [102, 149, 150]. Gallic acid has been demonstrated to inhibit the CSCs of the
prostatosphere in DU145 prostate cancer cells [102]. It showed inhibitory activity in
cancer cell proliferation, self-renewal, and prostatosphere formation by inhibiting
the NF-κB signaling pathway.

Methyl-3-O-methyl Gallate
The methyl-3-O-methyl gallate (M3OMG), is a non-flavonoid, the esterified deriva-
tive of gallic acid isolated from an evergreen shrub, the Chilean lantern tree
(Crinodendron hookerianum), and rhizomatous perennial herb Peltiphyllum
peltatum, used as food and in traditional medicine [102, 151]. The M3OMG has
shown greater potential inhibiting the CSC-enriched prostatosphere formation in
DU145 prostate cancer cells than gallic acids [102]. It effectively inhibits CSCs self-
renewal and proliferation by inhibiting the NF-κB signaling pathway.
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Ellagic Acid
Ellagic acid (2,3,7,8-tetrahydroxy-chromeno[5,4,3-cde]chromene-5,10-dione,
C14H6O8) is a polyphenol dietary non-flavonoid found in numerous fruits and
vegetables such as pomegranate (Punica granatum), persimmon (Diospyros),
berries (Rubus, Fragaria Rosaceae), and nuts (Juglans, Prunus) [99, 152]. Ellagic
acid shows anti-proliferative activity in vitro as well as in vivo cancer models of
various origins such as skin, breast, colon, and esophageal cancer by inducing cell
cycle arrest and apoptosis, inhibiting metastasis and angiogenesis [103, 152]. More-
over, it is a strong antioxidant, plays important role in DNA maintenance, prevents
genomic instability, and also prevents cancer initiation and progression
[152]. Owing to the strong anticancer activity, ellagic acid has been further
investigated for its anti-CSC potential. [103] have reported that ellagic acid treat-
ment reduced the number and size of CSCs-generated mammospheres derived from
breast cancer cell lines MDA-MB-23 and BT-549, as well as in the xenograft mice
model. It also effectively inhibited the CSCs metastasis. Ellagic acid controls CSCs
by downregulating both the nuclear and cytoplasmic β-catenin in the AKT/GSK-3β
signaling pathway. Moreover, the ellagic acid treatment also decreased the expres-
sion levels of Nanog, c-Myc, Oct-4, Survivin, Cyclin D1, Snail, ZEB1, and Slug in
breast CSCs. It directly targets the breast cancer cell motile apparatus ACTN4 that
promotes breast cancer tumorigenesis and inhibits CSCs metastasis [103]. In another
study, [105] demonstrated that walnut phenolic extract containing ellagic acid and
gallic had high inhibitory potential in CSCs derived from colon cancer cell line
HCT116 as well as CSCs isolated from primary tumors by promoting cell differen-
tiation and inhibiting the CSC markers, CD133, CD44, DLK1, Notch1, and
Wnt/β-catenin signaling pathways. This study also showed that the combination of
ellagic acid and gallic acid was more efficient than the individual compounds
[105]. Further studies on Caco-2 human colon cancer cell line and primary tumor-
derived CSCs revealed that a mixture of gut microbiota-derived metabolites
urolithins and ellagic acid inhibit the development and growth of colonospheres
by suppressing ALDH expressing cell population of CSCs [104].

8.4.1.2 Hydroxycinnamic Acid
The hydroxycinnamic acid derivatives—caffeic acid, chlorogenic acid, ferulic acid,
p-coumaric acid, and sinapic acid have been reported to exhibit inhibitory activities
against CSCs in various cancer types [98, 106, 108–110].

Caffeic Acid
Caffeic acid (3,4-dihydroxycinnamic acid), the main hydroxycinnamic acid deriva-
tive in the human diet, is commonly found in coffee (Coffea Arabica), wheat
(Triticum), quinoa (Chenopodium quinoa), barley (Hordeum vulgare), corn (Zea
mays), oat (Avena sativa), rye (Secale cereal), rice (Oryza sativa), thyme (Thymus
vulgaris), oregano (Origanum vulgare), Sorghum, some fruits, and vegetables
[153]. Caffeic acid has numerous pharmaceutical importance including antioxidants,
antiviral, anti-inflammatory, immunomodulatory, and anticancer activities. The
caffeic acid has shown potential as an important chemopreventive as well as a
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therapeutic agent against various forms of cancer [106, 107, 153]. Recent studies
showed the prospective role of caffeic acid in maintaining CSCs and their possible
mechanism of action. [106] demonstrated that caffeic acid attenuated various CSCs-
like properties of breast cancer and colon cancer in vitro and in vivo. Treatment with
caffeic acid reduced the expression level of CSCs surface markers CD44, EpCAM,
ALDH-1, Oct-4, BMI-1, and Lin-28B and also suppressed the formation of
mammospheres. As a mechanism, the caffeic acid inhibits the CSCs-like properties
via miRNA-148a-mediated inhibition of the TGFβ-SMAD2 signaling pathway. In
another recent study, caffeic acid has been demonstrated to effectively suppress the
self-renewal, stemness, and migration of CD44+ and CD133+ colorectal CSCs
in vitro and in vivo via inhibition of the PI3K/AKT signaling pathway [107].

Caffeic Acid Phenethyl Ester
Caffeic acid phenethyl ester (CAPE) is one of the major biologically active
constituents of propolis, a honeybee-derived product with numerous medicinal
values [108, 154]. CAPE has been reported to display a wide range of biological
activities, including antioxidant, antibacterial, antiviral, anti-inflammatory, and anti-
cancer activities. It exerts the anticancer effect by various mechanisms including
inhibition of DNA synthesis, induction of apoptosis, and interfering with various
signaling pathways [155]. CAPE has been shown to inhibit self-renewal and pro-
genitor formation in breast CSCs in vitro and in vivo [108]. CD44 levels were
decreased after treatment with CAPE.

Chlorogenic Acid
Chlorogenic acid, a dietary non-flavonoid, is formed by quinic acid and caffeic acid,
is commonly found in foods, cosmetics, and medicines, and is one of the active
constituents in many traditional Chinese medicines such as Eucommia ulmoides,
honeysuckle, and coffee (Coffea Arabica) [156]. Chlorogenic acid has shown a wide
range of biological activities including antioxidant, anti-inflammatory,
cardioprotective, and anticancer activities (Abd [157]). Moreover, it showed the
ability to effectively chemosensitize various cancer cells that cause suppression of
cancer growth via various signaling pathways. The chlorogenic acid has been
reported to regulate CSCs by downregulating the expression of stem cell markers
NANOG, POU5F1, and SOX2 in lung cancer A549 cells [109].

p-coumaric Acid
The p-coumaric acid, a type of hydroxycinnamic acid, is largely found in edible
plants like cereal bran, peanuts, tomatoes, carrots and is reported to exhibit anti-
mutagenic and anticancer activity [158]. Studies also demonstrated that p-coumaric
acid is an able inhibitor of CSCs growth. [110] showed that the leaf extract of Sasa
quelpaertensis and its two bioactive compounds p-coumaric acid and tricin exert an
anti-CSC effect in CD133+CD44+ cells isolated from colon cancer HT29 and
HCT116 cell lines. The p-coumaric acid was found to suppress self-renewal and
decreased the number and size of spheres by inhibiting the β-catenin signaling
pathway. However, the extract containing p-coumaric acid and tricin was found to
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be much more effective in controlling CSCs characteristics. Further, the extract also
enhanced cell differentiation by upregulating CK20 and inhibiting several stem cell
markers such as DLK1, Notch1, and Sox-2. Besides, the extract also inhibits tumor
growth in the xenograft model by downregulating stem cell markers via β-catenin
and HIF-1α signaling pathways.

8.4.2 Stilbenes

Stilbenes are the relatively small group of non-flavonoids containing
1,2-diphenylethylene backbone having classical C6–C2–C6 structures with two
hydroxyl groups on one ring and one on the other [159, 160]. They are found in
various edible plants such as grapevine, berries, and peanuts. They occur as
aglycones or glycosides and protect against bacterial, mold, or fungal invasion.
Besides, they also protect against many chronic diseases such as cancer, cardiovas-
cular, and neurodegenerative diseases. Resveratrol is the most extensively studied
stilbene due to its wide range of biological activities.

8.4.2.1 Resveratrol
Resveratrol (3,4,5-trihydroxystilbene) is the most well-known stilbene that exists in
both cis- and trans- isomeric forms, commonly found in fruits like grapes (Vitis
vinifera), peanuts (Arachis hypogaea), berries (Rubus, Fragaria Rosaceae), and red
wine [99, 161]. Several studies have revealed the anti-inflammatory, antioxidant,
anti-atherosclerotic, and anti-neoplastic properties of resveratrol owing to its ability
for modulating the gene regulatory mechanisms and signaling pathways in various
cell types [162–164]. Resveratrol is one non-flavonoid that has been extensively
studied for therapeutic potential against various forms of cancer as well as CSCs
[99, 165]. Accumulating literature suggests effective preventive as well as therapeu-
tic activities of resveratrol against CSCs of various types as described in Table 8.1.

Resveratrol was found to reduce the viability of SUM159 and MCF-7 breast
cancer cells as well as the number of ALDH1+ breast CSCs by inducing the
expression of autophagic genes LC3-II, Beclin-I, and Atg7 [118]. Consistently, a
higher number of autophagosomes were formed in the treated cells and the inhibitory
effects were also reproduced in the tumor xenograft model in SCID mice. Resvera-
trol administration was found effective to prevent the growth of secondary tumors
and significantly reduced the size of mammospheres. As the Wnt/β-catenin pathway
has a major role to play in maintaining CSCs, the expression of β-catenin and cyclin
D1 was downregulated in BCSCs upon resveratrol treatment. The data highlights the
antitumor potential of resveratrol in eliminating CSCs via a multipronged approach
constituting induction of autophagy and concordant inhibition of the Wnt/β-catenin
pathway.

In another study, [112] demonstrated that resveratrol treatment caused the reduc-
tion of cell viability and mammosphere formation and induction apoptosis in
CD24�/CD44+/ESA+ cancer stem-like cells isolated from both ER+ and ER� breast
cancer cell lines. This activity of resveratrol is accompanied by downregulation of
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fatty acid synthase (FAS) gene resulting in reduced lipid synthesis and upregulation
of DAPK2 and BNIP3 pro-apoptotic genes [112]. The intraperitoneal administration
of resveratrol and its methylated analog, pterostilbene, in SCID mice, was able to
suppress the tumor formation by inhibiting the invasion and proliferation of cancer
cells [115]. These effects were mediated by specific depletion of BCSCs in the
cancerous tissues, leading to a drastic reduction in the size and numbers of
mammospheres. As a mechanism, treatment of breast cancer cells with resveratrol
induced the expression of tumor-suppressive miRNAs such as miR-16, miR-141,
miR-143, and miR-200c, and RNAi activity was further supplemented by enhanced
expression of Argonaute2, a key component of miRNA machinery. Studies on
human pancreatic CSCs showed that resveratrol controls the growth and develop-
ment of pancreatic cancer and self-renewal of pancreatic CSCs in KrasG12D mice
[111]. As a mechanism, resveratrol treatment caused induction of apoptosis, inhibi-
tion of Nanog, Sox-2, c-Myc, and Oct-4 required for maintaining CSCs
pluripotency, inhibition of drug resistance gene ABCG2, inhibition of CSCs migra-
tion and invasion, and EMT. In AML, resveratrol was found to target IL-6 and
decrease sonic hedgehog signaling pathway and Gli-1 nuclear translocation, thus
reversing the proliferation and stemness of AML-derived CSCs [116]. In a more
recent study, [132] showed that resveratrol inhibited proliferation and sphere forma-
tion and induced apoptosis in renal CSCs by targeting the sonic hedgehog signaling
pathway [132].

Resveratrol inhibits the self-renewal as well as the tumor-initiating capacity of
glioblastoma stem cells (GSCs) by suppressing Nanog via proteasome degradation
and activating the p53/p21 pathway [117]. Another study showed that resveratrol
blocked GSC proliferation and induced necrosis at a higher dose by targeting SIRT2
[119]. Moreover, resveratrol inhibits the proliferation, sphere formation, and inva-
sion of U87 glioma and patient-derived GSCs via AKT deactivation and p53
induction [124]. Resveratrol shows a significant effect on the Wnt pathway as it is
evident from the modulation of c-Myc and β-catenin genes in patient-derived GSCs
[125]. It has also been shown to inhibit the EMT in GSCs by downregulating Snai1
and Twist1. A recent study showed that resveratrol suppresses EMT-induced self-
renewal of GSCs and stem cell markers Bmi1 and Sox2 by regulating SMAD-
dependent signaling [128].

Resveratrol was also shown to inhibit stemness by generating intracellular ROS
in CSCs derived from A2780 ovarian cancer cells [120]. Resveratrol also inhibits
JAK2/STAT3 signaling pathway to suppress osteosarcoma stem cell proliferation
and tumor-inducing capacity [127]. In a study with colon cancer-derived CSCs,
resveratrol was found to downregulate TNF-β/TNF-βR-induced EMT via suppres-
sion of NF-κB and FAK, and regulate CSCs growth and infiltration [129]. Recently,
a study with gastric cancer-derived mesenchymal stem cells, demonstrated that
resveratrol restricted the metastasis and reverses the EMT progression by
inactivating the Wnt/β-catenin signaling pathway [131].
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8.4.3 Lignan

Lignans are the non-flavonoids characterized by the presence of two propylbenzene
units (C6-C3) found in legumes, seeds, and vegetables. Flaxseed lignans have been
reported to exhibit preventive as well as therapeutic activity against cancer specifi-
cally breast cancer [166, 167].

8.4.3.1 Eucommicin A
Eucommicin A (3,4,3’,4’-tetrahydroxy-β-truxinic acid) is a type of lignan isolated
from a small tree Eucommia ulmoides native to China. The aqueous extract of
E. ulmoides is a popular drink in China and Japan and is commonly known as
Du-zhong tea [133]. Several chemical constituents of E. ulmoides have been
identified to possess important biological functions including anti-hypertensive,
anti-inflammatory, anti-bacterial, neuroprotective, and anticancer activity.
Eucommicin A was isolated from the leaves of E. ulmoides that shows anti-CSC
activity by inhibiting self-renewal and sphere formation [133].

8.4.4 Tannin

Tannins are the non-flavonoids representing a group of water-soluble polyphenols.
Hydrolyzable tannins are mostly found as a complex with alkaloids,
polysaccharides, or proteins and are categorized into two major groups—
gallotannins and ellagitannins [168]. The ellagitannins, tannic acids, and corilagin
have been reported to provide preventive as well as therapeutic activities against
cancer including CSCs [134, 135, 169–171].

8.4.4.1 Ellagitannins (Urolithin A)
Ellagitannins are polymeric ellagic acids, found in pomegranate (Punica granatum),
walnuts (Juglans), and berries. Similar to ellagic acid, the ellagitannins have shown
important biological effects including prevention against various diseases like can-
cer, diabetes, cardiovascular diseases, and neurodegenerative diseases [172]. How-
ever, the ellagic acid as well as ellagitannins have poor absorption and are
extensively metabolized into urolithins which represent a potent bioactive com-
pound. Urolithin A (3,8-dihydroxyurolithin) is the most representative compound
of all urolithins that have demonstrated a significant preventive and therapeutic role
in certain cancers including colorectal and prostate cancers [173]. However, there is
a dearth of evidence showing the preventive role of urolithin A on CSCs. A study on
human colon cancer cell line Caco-2 and primary tumor-derived CSCs showed that a
mixture of urolithin A (85%), Urolithin C (10%), and ellagic acid (5%) efficiently
inhibit the development and growth of colonospheres by suppressing ALDH
expressing cell population of CSCs [104].
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8.4.4.2 Tannic Acid
Tannic acid is a type of tannin that consists of numerous phenolic rings found in a
wide range of plants, including fruits, green and black teas, nuts, and grains. It is a
strong antioxidant that has shown potential in inducing apoptosis and restrict the
growth of various forms of cancers [169, 174]. Moreover, it has also shown an
inhibitory role in breast cancer angiogenesis. Anti-CSCs role of tannic acid has also
been evaluated in breast cancer MCF-7, T47D, MDA-MB-231 cells, and in vivo
xenograft Balb/c nude mice model. It has been found that tannic acid treatment
inhibits mammosphere formation and ALDH1 activity. Tannic acid inhibits the
NF-κB signaling and prevents EMT in CSCs, and thus it may be considered as a
promising therapy for eliminating CSCs.

8.4.4.3 Corilagin
Corilagin (β-1-O-galloyl-3,6-(R)-hexahydroxydiphenoyl-d-glucose) is a type of tan-
nin widely found in several medicinal plants including Longan, Lumnitzera race-
mose, Terminalia catappa L, and Phyllanthus species [175]. It possesses several
biological and pharmaceutical properties such as anti-microbial, anti-diabetic, anti-
inflammatory, hepato-protective, anti-hypertensive, and anticancer activities.
Corilagin selectively targets cancer cells by inducing apoptosis and autophagy while
leaving the healthy cells unaffected [176]. Inhibitory effect of corilagin has also been
reported in U251 GSCs proliferation by inducing cell cycle arrest and modulating
the NF-κB signaling pathway [135].

8.4.5 Diferuloylmethane

Another type of non-flavonoid polyphenols, the diferuloylmethane contain two
hydroxyl-substituted aromatic rings linked by an aliphatic chain containing carbonyl
groups. Curcumin, an important diferuloylmethane is a bright yellow compound
abundant in Curcuma longa (turmeric) with various medicinal activities [99]. It has
been reported to exhibit anticancer activity against various forms of cancers.

8.4.5.1 Curcumin
Curcumin is one of the most studied non-flavonoid compounds that shows antican-
cer activity by targeting various cell survival pathways. It has also been
demonstrated to exhibit antitumor properties by eliminating CSCs (Table 8.1). In
thyroid cancers, the constitutive activation of the JAK/STAT pathway has been
reported to drive the proliferation of cancer cells by upregulation of cyclin D1 and
anti-apoptotic genes along with concomitant downregulation of CDKIs. The pres-
ence of ALDH+/CD44+ CSCs in thyroid tumors allows them to sustain long-lasting
invasive potential. However, inhibition of JAK2 phosphorylation by curcumin has
been reported to impair the activation of the JAK2/STAT3 pathway in thyroid cancer
cells [144]. Furthermore, the treatment with curcumin decreased the expression of
Sox2 and c-Myc in CSCs, thereby reducing the size and frequency of thyrospheres.
As STAT3 phosphorylation can help the cancer cells to evade apoptosis by
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increasing the expression of anti-apoptotic factors, such as Bcl2, Bcl-xL, and XIAPs,
its inactivation by curcumin led to the induction of apoptosis in CSCs. Interestingly,
curcumin was found to enhance the sensitivity of malignant cells towards cisplatin-
induced apoptosis by elevating ROS-mediated oxidative stress. Besides the induc-
tion of apoptosis, curcumin treatment also led to the upregulation of CDKIs such as
p21 and p27 and thus induced cell cycle arrest at the G0/G1 phase of the cell cycle.

The antitumor properties of curcumin have also been demonstrated via
downregulation of pluripotency inducing genes such as Oct4, Nanog, and Sox2 in
BCSCs [177]. Decrease in expression of the stemness genes significantly inhibited
mammosphere formation in serum-free culture of MCF-7 and MDA-MB-231 cells
and a corresponding reduction in the number of CD44+/CD24- CSCs. The
observations suggest that curcumin treatment can prevent the proliferation and
differentiation of CSCs. The therapeutic effects of curcumin were further amplified
by its ability to decrease the expression of EMT network genes such as Vimentin,
Fibronectin, and β-catenin and increase in the mRNA levels of E-cadherin. The
resultant loss of the mesenchymal-like state of CSCs drastically impaired their
invasive capacity and metastatic potential.

Recently, CD44+/CD24� CSCs isolated from the MCF-7 breast cancer cell line
was found to be highly susceptible to early apoptosis and cell cycle arrest at the
G2/M phase upon curcumin treatment [143]. The effects were found to be more
pronounced in CSCs as compared to NSCCs under hypoxic conditions. The cyto-
toxic attributes of curcumin were mediated by the downregulation of HIF-2α and
aryl hydrocarbon receptor nuclear translocator (ARNT), wherein the latter is
required for activation of the HIF-1 complex. The accumulating evidence indicates
that curcumin can mediate its antitumor effects by simultaneous targeting of several
pathways that are dysregulated in CSCs.

8.4.6 Others

8.4.6.1 6-Shogaol
6-Shogaol, a dehydrated derivative of gingerol isolated from dried ginger (Zingiber
officinale), has also been demonstrated to arrest the growth of cancer cells and
initiate programmed cell death in a wide variety of tumors [145, 178, 179]. Another
interesting attribute of 6-shogaol is its anti-inflammatory action as it can
downregulate the expression of NF-κB in breast cancer cells [180]. In another
study, Bawadood et al. have reported the anti-proliferative activity of 6-shogaol
against breast cancer cells by downregulating the notch signaling pathway [181]. It
also causes cell cycle arrest at the G2/M phase and induces apoptosis. In another
study, 6-shagaol effectively inhibited the proliferation of breast cancer spheroids
containing CD44+CD24�/low CSCs via γ-secretase mediated downregulation of
notch signaling pathway [145].
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8.4.6.2 Rottlerin
Rottlerin is a non-flavonoid isolated from the Asian Kamala plant Mallotus
philippinensis that exhibits several pharmacological and medicinal properties
[182]. It has been used as an inhibitor of protein kinase C-δ (PKC-δ). The rottlerin
has been shown to possess antitumor activity inhibiting cell proliferation, metastasis,
and invasion. It also induces apoptosis through mitochondrial membrane depolari-
zation and induces starvation response leading to autophagy. In a study with human
pancreatic CSCs, rottlerin has been shown to induce autophagy followed by apopto-
sis via inhibition of PI3K/AKT/mTOR pathway [29]. Similarly, induction of
autophagy via activation of AMPK pathway and apoptosis via inhibition PI3K/
AKT/mTOR pathway were found to be induced by rottlerin treatment in human
breast as well as prostate CSCs [146, 147]

8.5 Conclusion and Prospects

CSCs are responsible for the development of resistance against conventional cancer
therapy, including radiotherapy as well as chemotherapy, and cause metastasis and
relapses. Elimination of CSCs by targeting them is now being considered as a
potential remedy for anticancer therapy. However, therapies targeting CSCs suffer
from many hurdles, importantly the lack of well-characterized CSC markers for
specific types of tumor and the presence of some common signaling pathways as in
the normal stem cell. This makes it difficult to use all the CSCs regulating factors as a
therapeutic target. Therefore, the identification of CSC-specific markers would offer
the development of novel strategies to target CSCs and restrict cancer progression.
Natural bioactive compounds provide many advantages in preventing cancer pro-
gression by targeting CSCs, such as low toxicity, availability in diet, and their
potential to directly or indirectly target self-renewal pathways of CSCs. Among
the natural compounds, numerous non-flavonoid polyphenols have been shown to
eradicate and sensitize CSCs of various cancer types by modulating several signaling
pathways. Though considerable efforts are being made to incorporate
non-flavonoids in supplementing the existing treatment therapies, their limited
bioavailability and lack of knowledge of the required dosage has emerged as a
major hurdle to utilize their full potential in targeting CSCs. Strategies need to be
developed to overcome these issues and improve their bioavailability at an optimal
dose. Chemical modification of the dietary non-flavonoids may enhance their stabil-
ity, and their strategic delivery could enhance their bioavailability and efficiency.
Moreover, several non-flavonoids have been found to increase the sensitivity of
drug-resistant CSCs to the available drugs/therapies thereby enhancing their efficacy
in cancer treatment. Surely, the combination of non-flavonoids with conventional
chemotherapeutics would increase their efficiency in a synergistic manner. Never-
theless, further studies are required to comprehend the mechanisms underlying the
anti-CSCs efficacy of non-flavonoids and develop strategies to evaluate their effec-
tiveness in clinical trials before translating them as drugs in clinics.
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Polyphenols and Nutrition:
Nanotherapeutic and Immunomodulatory
Implications in Cancer

9
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Abstract

Polyphenols are plant-based compounds and natural products which, increas-
ingly, have been gaining traction due to their diverse roles as therapeutics, food
supplements, and preservatives. Despite their occurrence only in plants,
polyphenols are increasingly finding their use in various foods—seafood,
meats, and plant products—to enhance their flavor, texture, shelf-life, and overall
quality. As therapeutics, polyphenols have been shown to possess antioxidant and
anti-inflammatory properties. As a result, they have been used as therapeutic
and/or treatment agents directly and/or in combination with other compounds for
the treatment of many cancers, metabolic diseases, neurodegenerative diseases,
and inflammation. Oxidation is a phenomenon characterized by the loss of
oxygen leading to oxidative stress which can compromise the detoxifying
capabilities of biological systems. Oxidative stress has been implicated in the
damage/disruption of DNA function including DNA-repair mechanism, cellular
structure, lipid membrane bilayer, and protein-folding. Maintaining an equilib-
rium between cell death and cell survival is necessary for an organism to remain
healthy—increased cell death can lead to tissue deterioration while increased cell
survival can lead to cancer. Polyphenols, the most abundant antioxidants and anti-
inflammatory agents in human diets, play important therapeutic roles in oxidative
stress by terminating the oxidation chain reactions to retain cell viability, func-
tion, and molecular signaling pathways. In this chapter, the author explores the
following three areas: (1) Polyphenols and their role in nutrition, (2) Nutrition
focusing on fish and other seafood-based diets enhanced with polyphenols, and
(3) Role of polyphenols as immune/chemotherapeutic agents in cancer treatment
and prevention.
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9.1 Introduction

Polyphenols occur naturally as organic compounds in almost all plants, their
products, and plant-based diets [1–3]. They possess a phenolic structure which
comprises of several hydroxyl groups (–OH) attached to aromatic benzenoid ring
representing the phenyl group (�C6H5). Being moderately water-soluble and with a
molecular weight of 500–8000 Da, polyphenols are small enough compounds which
can diffuse into the lipid bilayer of the cell membrane to establish themselves into
intercellular spaces and remain intact upon senescence or the death of cell, tissue,
organ, or organism. Because of this property, polyphenols have traditionally been
used as dyes, especially in the context of the Indian subcontinent [4]. The properties
of polyphenols were no secret in the non-nutritional industry—fabric dyeing—but
their importance in nutrition is becoming more evident only now. For example,
tannins, a type of polyphenol, have been used for centuries for processing leather—
tanning—a process that involves treating the raw hide to convert it into leather and,
in the process, possibly coloring it too [5]. Polyphenols have opened the door for
sustainable green chemistry and environmental chemistry as part of which the
chemical processes in various industries have become plant-based, resource-effi-
cient, less polluting, and more environment-friendly [6].

Polyphenols have been shown to possess antioxidant and anti-inflammatory
properties which can help to reduce the risks of various diseases especially obesity,
Type 2 diabetes, cardiovascular diseases (CVDs), neurodegenerative diseases,
cancers, and inflammation as illustrated in Fig. 9.1 [7–11]. Oxidation is a process
that results in the production of oxidants, free radicals, or reactive oxygen species
(ROS) which can be detrimental to the cell and cellular processes [10–
12]. Polyphenols primarily function as antioxidants which inhibit oxidation and
free radical formation. Antioxidants, such as polyphenols, can minimize or terminate
these chain reactions of ROS which can compromise vital cellular components and
functions, increasing the risk of various metabolic diseases [13]. Inflammation can
be at the root of many chronic illnesses. Depending upon the food, amount, ripeness,
farming practices, transportation, storage, and preparedness, polyphenols can be
present in specific amounts. Polyphenols, when consumed as part of a plant-based
diet provide the maximum health benefits; however, when overconsumed especially
as supplements and/or isolated compounds, have been shown to cause harmful
effects such as inhibition of iron absorption, especially nonheme iron, and interfer-
ence with thyroid hormone biosynthesis [14]. The lack of regulation across the world
has led to overhyped claims of the health benefits of polyphenols encouraging
overconsumption of these compounds which can be detrimental to human health
at increased and harmful doses especially in patients dealing with neurodegenerative
diseases and can compromise kidneys and thyroid hormone levels [14].
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Classification and characterization of polyphenols continue to be a matter of
confusion due to their variable origin, structure, and function. Due to the differences
in biochemical processes within cells, a consensus on the exact classification—
classes, subclasses, groups, subgroups, and types—of some polyphenols and
flavonoids has not been possible, at least not yet. Increasingly, polyphenols are
categorized into four main classes namely, (1) flavonoids, (2) phenolic acids,
(3) stilbenes, and (4) lignans as illustrated in Fig. 9.2 [15–17]. Together, phenolic
acids, stilbenes, and lignans are referred to as non-flavonoids. For detailed informa-
tion, please refer to Phenol-Explorer, “the first comprehensive database on phenol
content in foods [which] contains more than 35,000 content values for 500 different
polyphenols in over 400 foods” [18].

Flavonoids are the most common class of polyphenols, occurring abundantly and
naturally in plants. Despite the lack of consensus, depending upon their chemical
structure, especially the position of aromatic rings (C-ring), flavonoids are typically
classified into six subclasses namely, (1) flavones (olives, hot peppers, celery,
parsley, oregano), (2) flavanols (apples, apricot, grapes, chocolate, cocoa, tea),
(3) flavanones (citrus fruits, red peppers, mint, peppermint, parsley, chamomile),
(4) flavonols (apples, grapes, berries, plums, raisins, onions, tomatoes, tea),
(5) anthocyanins (berries, pomegranate, black currant), and (6) isoflavones (grapes,
legumes), as illustrated in Fig. 9.3 [19]. Phenolic acids occur abundantly in nature
and are divided into two subclasses namely, (1) hydroxycinnamic acid (apple, citrus
fruits, berries, pear, spinach, coffee, tea) and (2) hydroxybenzoic acid (grapes,
pomegranate, berries) [19–21]. A general classification of polyphenols is presented
in Fig. 9.4.
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9.2 Polyphenols and Nutrition

To understand nutrition and nutrients is to understand both human health and human
suffering—the cycle of life and death. A whole-person approach, focusing on a
healthy body and a healthy mind, can address the disease at the cellular level,
comprehend the reason(s) behind it, and help in curing the disease instead of just
treating the symptoms—a common approach in modern medicine. Understanding
disease etiology can help in identifying the cause of the disease and suffering.
Maintaining a healthy lifestyle by using a nutritious diet in combination with
physical activity can help in reducing morbidity and mortality. Many factors—
socioeconomic, political, and infrastructural—can create barriers for access to
healthy and nutritious foods, especially for vulnerable and marginalized individuals,
families, and communities.

Like all animals, humans require nutrition for sustenance. Food that humans
consume throughout their lifetimes undergoes various biochemical processes to
release energy captured in the form of adenosine triphosphate (ATP) which, in
turn, is utilized for various metabolic pathways [21]. The biochemical processes
that result due to nutritional interactions can determine how specific foods and diet
interact with the body to affect health and illness. Ill bodies are the most vulnerable
causing morbidity and mortality. Understanding nutrition and the interactions of
various foods during various biochemical pathways can lead to positive outcomes
and help to improve overall human health. Nutrition consists of nutrients which are
classified as (1) macronutrients, (2) micronutrients, and (3) non-nutrients
[22]. Macronutrients such as proteins, carbohydrates, and fats are consumed in
abundant amounts and used in maintaining bodily structure and functions.
Micronutrients, comprising of vitamins and minerals, occur naturally within the

Polyphenols

Flavonoids

Flavones

Flavanols

Flavanoes

Flavonols

Anthocyanins

Isoflavones Lignans

Stilbenes

Phenolic Acids

Non-Flavonoids

Hydroxycinnamic
Acid

Hydroxybenzoic
Acid

Fig. 9.4 General classification of polyphenols

9 Polyphenols and Nutrition: Nanotherapeutic and Immunomodulatory. . . 339



body while others must be supplemented or produced in the presence of sunlight
(e.g., vitamin D). Non-nutrients or bio-actives such as polyphenols originate from
plants and plant-based foods [22]. Polyphenols possess antioxidant and anti-
inflammatory properties which offer potential health benefits and therapeutic
capabilities against several diseases including cancers [7–13, 22].

Nutrition and diet play important roles in developing a healthy body with
capabilities for fighting diseases. Non-nutrients are neither stored in the body nor
do they contribute directly to the nutritional needs of the body; however, they help in
managing cellular stress and trauma. These non-nutrients are commonly identified
with such terms as polyphenols, bio-actives, antioxidants, phytonutrients, among
several others. Plant-sourced diets can be nutritionally healthier than animal-sourced
diets as they pack necessary all kinds of nutrients—macronutrients, micronutrients,
and non-nutrients [22]. In the last few decades, non-nutrients have continued to
generate increased interest among nutritionists, biochemists, physiologists,
oncologists, and individuals interested in living a healthier lifestyle. Polyphenols
are prevalent in plant-based foods in variable quantities, especially in fruits,
vegetables, teas, and coffee. Increasingly, polyphenols are being used in other
foods as additives, enhancers, preservatives, or consumed directly as supplements.
They are also being added to fish feed in aquaculture to improve flavor, texture,
smell, and overall quality. The antioxidant and anti-inflammatory properties of
polyphenols have implications in chronic diseases such as cancers, metabolic,
degenerative, and CVDs [7–13, 22].

Obesity is fast becoming a global epidemic, affecting both high-income (devel-
oped) and low-income (developing) countries with high impact rates in both rural
and urban settings [23]. It is especially challenging for those who have chronic
conditions and are disabled as a result thereof. Because of the sedentary lifestyle due
to industrialization, mechanization, processed foods, and high calorie diets, obesity
has become highly prevalent in all cultures [23]. The rural poor are the most
vulnerable as they lack access to nutritious food choices due to socioeconomic and
infrastructural barriers. Obese individuals have a higher risk of developing Type
2 diabetes. Despite being a largely preventable disease, some individuals and
populations are more prone to developing Type 2 diabetes than others due to genetic
susceptibility, lifestyle choices, ethnicity, culture, and environment [24]. Due to a
lack of infrastructure, the rural poor lack safe and regular access to healthcare
providers and healthcare facilities. The urban poor, on the other hand, do not have
safe, easy, and affordable access to exercise and other physical activity options.
Cultural barriers compromise the health of one gender (female) more than the other
(male), with transgender individuals facing unprecedented obstacles in seeking and
receiving healthcare [25]. For example, in certain cultures, girls, women, and
transgender individuals are either not allowed, or discouraged, or feel unsafe while
exercising or performing physical activity outside their homes, especially at certain
times of the day/night. Likewise, nutrition, calories, and choice of foods are also
barriers that contribute to lifestyle choices and affect different genders
differently [26].
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A sedentary lifestyle can be anathema to healthy living. Excess body fat specifi-
cally around the waistline, hypertension, elevated levels of blood glucose (insulin
resistance), cholesterol, and triglycerides among others are contributory risk factors
for metabolic syndrome [27]. Consuming an agrarian diet full of red meats and
carbohydrates when a vast majority of individuals are not even involved in the
agrarian practices is a recipe for disaster. Research shows that consuming red meats,
processed foods, refined grains, and concentrated sugars are detrimental to health
and healthy living [28]. Despite the advances in the understanding of health, disease,
nutrition, and biochemical pathways, individuals continue to consume an animal-
based diet with devastating health consequences for themselves, families, commu-
nity—putting an extra burden on the community and the system [29].

Metabolism is a 24/7 process where carbohydrates, proteins, and fats present in
foods are regularly broken down in the presence of enzymes and other specific
proteins to release energy for consumption within cells [28, 29]. Some of these
compounds are produced in one cell/tissue/organ and transported for use in another.
Sometimes, the metabolic process can become disrupted leading to compromised
pathways which, in turn, leads to metabolic disorders [28–30]. Metabolic disorders
can be classified into: (1) common metabolic disorders (CMD) or (2) inherited
metabolic disorders (IMD) [31]. Type 2 Diabetes is the most CMD, which can
also be inherited but it is more of a lifestyle-oriented (environmental) disease. The
IMDs, also known as inborn errors of metabolism (IEM), on the other hand, are
typically inherited from both parents [30]. Examples of IMDs include Hurler
syndrome, Tay-Sachs disease, Gaucher disease, Krabbe disease, galactosemia, gly-
cogen storage diseases, mitochondrial disorders, metal metabolism disorders, hemo-
chromatosis, organic acidemias, and urea cycle disorders, among others. Symptoms
associated with IMDs include poor appetite, lethargy, abdominal pain, vomiting,
stunted growth, seizures, and developmental delay—cognitive and physical
[32]. These symptoms may be a result of malnutrition, consuming certain types of
foods, beverages, medications, and dehydration. Most of the symptoms are present
at birth, especially if the mother is malnourished and the child is born with low birth
weight, while others appear after many years of living and, in both cases, can be
detected through routine biomarker screening [33].

Malnutrition can lead to metabolic syndrome which includes disorders like
obesity, Type 2 diabetes, organ failure, CVDs, and cancers [28–30, 34]. Malnutrition
can also be a consequence of cancer as the appetite of the patient becomes increas-
ingly compromised leading-up to cancer, during cancer treatments (radiotherapy,
chemotherapy, or immunotherapy), surgery (partial or complete removal of tumor/
cancer), and recovery [35]. Cancer patients struggle to consume enough calories
necessary to regain vital body functions and be healthy individuals again, if/when
they have access to healthy and nutritious foods [35]. On the other hand, those with
lack of access to healthy and nutritious foods, whether due to socioeconomic,
healthcare, or infrastructural vulnerabilities, often, become nutritionally
compromised and succumb to malnutrition, increased recovery challenges, and
death. Several risk factors for CVDs have been identified and prominent among
them are obesity, Type 2 diabetes, hypertension, hypercholesterolemia, and
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dyslipidemia. A plant-based diet has been shown to be more effective in mitigating
the risks and prevalence of obesity, Type 2 diabetes, hypertension, CVDs, and
cancers [36].

Exposure to, or lack of, specific foods and nutrition can indicate cancer risk in life
across gender, age, and culture. Despite the advances in the understanding of
metabolic disorders, IMDs, nutrition, exercise, and lifestyle choices, their relation-
ship with cancers remains a paradox. Even with the recent progress made in the
treatment and management of cancers, the mortality rate remains incredibly high.
Morbidity, quality of life (QOL), and mortality can be improved through lifestyle
choices and environmental changes for better outcomes [37]. For example, the risk
of lung cancer can be lowered significantly through smoking cessation and
decreased tobacco chewing consumption [37]. The relationship between nutrition,
diet, and cancer (prevention) needs to be extrapolated.

To understand the relationships between nutrition, diet, lifestyle choices, envi-
ronmental factors, and the risk for cancer and other chronic diseases, the Interna-
tional Agency for Research on Cancer (IARC) of the World Health Organization
(WHO) sponsored a prospective, longitudinal (15 years), and multinational
(10 countries) study—European Prospective Investigation into Cancer and Nutrition
(EPIC) study (http://epic.iarc.fr) [38]. As part of the EPIC study, researchers
investigated 521,000 participants for nutritional epidemiology, genetic analyses,
and lifestyle investigations. The EPIC study focused on the following six research
areas: (1) Mediterranean diet and health, (2) Genetic predisposition to lung cancer,
(3) Abdominal adiposity and mortality, (4) Alcohol and cancer incidence, (5) Vita-
min D and colorectal cancer, and (6) Biomarkers for early detection of HPV-driven
oropharyngeal cancer [38]. The findings showed a significant association between
diet and cancers. For example, a diet rich in red meats and processed meats showed
an increased risk of gastric cancers, while a diet rich in fish, dietary fiber, vitamin D,
and calcium showed a decreased risk of colorectal cancer [38, 39].

9.3 Polyphenols: Role in Aquaculture

Polyphenols, increasingly, are being used as natural food additives, preservatives,
and flavoring agents for enhancing food quality, taste, and safeguarding measures
against food spoilage [14, 40]. Such foods include seafood, especially fish, fish
products, and fish feed. Foods like seafood, meats, fresh fruits, and vegetables
undergo spoilage—microbiological, environmental, and chemical—during handling
(processing, packaging, and transportation) and storage [41]. Compromised food
quality (nutrition, rancidity, color, and texture) is a major problem that the food
industry must address as it can lead to spoilage, disease outbreaks, illnesses, recalls,
brand damage, and public relations nightmare. These issues can lead to low customer
satisfaction and confidence, reduced bottom line, and potential lawsuits. To over-
come these problems and increase the nutritional value of foods, naturally occurring
polyphenols, as opposed to synthetic additives and preservatives, are increasingly
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being preferred and used in various food items at all stages of culture, growth,
harvesting, processing, and preservation [40, 41].

Polyphenols are safe and commonly used as additives in enhancing fish feed
during aquaculture [41]. Fish farming, as part of aquaculture, utilizes strategic
approaches to enhance the quality and quantity of fish. Proximity within limited
spaces can cause increased oxidative stress among fish which can lead to immune-
suppressed behavior and increased mortality [42]. As compared to hormones,
vitamins, antibiotics, and probiotics, which have been used successfully in aquacul-
ture, the use of polyphenols is a recent phenomenon. Naturally occurring and plant-
based, polyphenols present negligible side effects while enhancing the antioxidant
and anti-inflammatory properties of fish and other organisms raised via aquacul-
ture—thus enhancing their quality and value [14, 43, 44]. In addition to enhancing
the quality of fish, the use of polyphenols instead of chemical compounds can
improve food quality, safety, and productivity [14, 43, 44].

9.3.1 Polyphenols and Oxidation

Oxidation is a chemical phenomenon during which atoms lose electrons and become
oxidized [45]. During reduction, atoms gain electrons and become reduced. Oxida-
tion occurs in tandem with reduction (redox reaction) during which one species
(reductant or reducing agent) loses electrons and becomes oxidized while the other
(oxidant or oxidizing agent) gains electrons and becomes reduced [45]. During the
breakdown of glucose in cellular respiration, redox reactions are the main source of
energy which is captured in the form of ATP when electrons move from higher
energy states to lower energy states. Oxidation can be triggered by reactive molecu-
lar species (RMS)—oxidants and free radicals (peroxides), heat, light, ionizing
radiation, and metals generated or consumed as part of food or food production [46].

Overproduction of RMS or free radicals, which typically occurs in the form of
reactive oxygen species (ROS) and reactive nitrogen species (RNS)—ROS/RNS—
along with reactive sulfur species (RSS) and reactive carbon species (RCS), can
cause cell senescence, aging, compromised immune functions, cancers, and death
[47, 48]. Quenching access ROS/RNS and other RMS are of the essence in
minimizing senescence. A higher-than-normal concentration of RMS can trigger
lipid oxidation, causing rancidity, degradation, compromised quality, texture, flavor,
and smell of food. In the nutrition sector, lipid oxidation and ensuing rancidity are
major concerns which can lead to losses in bottom line and brand equity. Many
natural supplements like polyphenols are increasingly being used as antioxidants and
anti-inflammatory supplements to enhance cell function, maintain oxidation equilib-
rium, and retain food quality [13, 14, 43, 44]. Polyphenols also help in minimizing
oxidative onslaught on regulatory mechanisms and signaling pathways within cells
helping in delaying senescence, aging, and death [43, 44].

Lipid oxidation is a complex phenomenon which can compromise the quality of
all foods, especially those rich in unsaturated fats and polyunsaturated fatty acids
(PUFA) [49]. Briefly defined, lipid oxidation is the degradation of PUFA mediated

9 Polyphenols and Nutrition: Nanotherapeutic and Immunomodulatory. . . 343



by free radicals. As regulators of lipid metabolism, PUFA have been shown to
possess anticancer and anti-inflammatory properties. Whether on land or sea,
animals can sense stress before capture, slaughter, or killing which can lead to a
cascade of metabolic pathways resulting in (over)production of RMS. Cells have an
endogenous ability to quench normal oxidant production, maintain physiologic
redox potential, while preserving the inherent ability to detoxify RMS [43, 44, 49].

Lipid oxidation in fish occurs at a higher rate because fish lipids are highly
unsaturated, and, hence, spoil faster than meats [49, 50]. Brain, being rich in lipid
content and consuming a higher level of oxygen is highly susceptible to lipid
oxidation [50, 51]. Cholesterol—a type of lipid (sterol)—is an important component
of all cell membranes in animal cells and is hydrophobic in nature. Oxidation, a
normal physiological process, can be detrimental to the health of cholesterol cells if
overproduction of oxidized cholesterol is triggered by the body creating ripe
conditions for a perfect lipid oxidation storm [10–12, 45]. Upon oxidation, when
cholesterol becomes oxidized and lines the inner arterial walls, it can cause many
health issues including CVDs such as atherosclerosis in humans and animals [52].

9.4 Polyphenols and Human Health: Implications in Cancer
Treatment and Prevention

Polyphenols have been found to be associated with many health benefits [13, 14, 21,
53]. Although, a lack of polyphenols in a diet has not been shown to result in any
specific disease, regular consumption of polyphenols, especially in their natural
state, has been shown to be linked with a reduced risk of several chronic or
non-communicable diseases (NCDs) [14]. Chronic diseases or NCDs are those
diseases which are not contracted from one person to the other (noninfectious and
non-transmissible) [14]. There is a long list of NCDs but commonly prevalent
among them are: (1) Cancers (lung, breast, prostate, colorectal, melanoma, endome-
trial, leukemia, pancreas), (2) Autoimmune diseases or AID [HIV-AIDS, rheumatoid
arthritis, Type 1 diabetes, inflammatory bowel disease (IBD), psoriasis, and multiple
sclerosis (MS), Guillain-Barre syndrome], (3) Metabolic syndrome (obesity, diabe-
tes, liver cirrhosis), (4) CVDs, often considered a part of metabolic syndrome, they
typically have their own category (coronary artery disease or CAD, hypertension,
atherosclerosis, stroke, myocardial infection or heart attack, heart failure, cardiomy-
opathy), (5) Chronic respiratory diseases (COPD, asthma, cystic fibrosis, black
lung), and (6) Neurodegenerative diseases (Alzheimer’s, Parkinson’s, Huntington’s,
brain tumors) [12, 14].

Polyphenols have low absorption and low bioavailability in their natural state
which continue to be problematic for their stability and lipid oxidation prevention
[14, 21, 54, 55]. Polyphenols are absorbed poorly and breakdown rather easily in the
presence of common elements/signals like oxygen, light, and heat. The way
polyphenols are consumed determines their effectiveness. The effectiveness of
polyphenols is directly proportional to the method of consumption—raw, steamed,
boiled, cooked on open-flame, or fried [14, 54, 55]. Antioxidant and
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anti-inflammatory effects of polyphenols falls on the spectrum of the cooking
method with raw consumption of polyphenols offering the highest value while
fried ones offering the lowest. But all foods, plants, and plant products cannot be
consumed raw—they are usually consumed cooked, boiled, steamed, and increas-
ingly processed. Unfortunately, with food processing, polyphenols lose their effec-
tiveness significantly [14, 54, 55]. So, the concentration of polyphenols in foods and
supplements needs to be enhanced to make them effective and beneficial. Because
their natural taste is mostly bitter, other ingredients are often added to foods and
beverages during processing to reduce bitterness and improve taste which can
compromise their effectiveness.

9.4.1 Global Burden of Cancer

Cancer is a chronic disease. According to the National Cancer Institute [56], “cancer
is the name given to a collection of related diseases. In all types of cancer, some of
the body’s cells begin to divide without stopping and spread into surrounding
tissues.” Globally, cancer is the second biggest cause of death (9.56 million), right
behind CVDs (17.79 million), annually [57]. The incidence of cancer is directly
proportional to age. The annual number of deaths from cancer in children 5–14 years
old is at a staggering more than 62,000 [57]. In people aged 15–49 years old, the
deaths from cancers increase to 1.05 million annually [57]. In people belonging to
the 50–69 years old category, cancers are the cause of death at an annual rate of
3.96 million [57]. For people 70 years old and older, the annual number of deaths are
reported to be 4.53 million [57]. Among men, the top-5 occurring cancers are lung,
liver, stomach, colorectal, and prostate while, among women, they are breast, lung,
colorectal, cervical, and stomach [58].

Cancer causing cells and tumor cells have the capacity to undergo uncontrolled
division, increase their numbers rather quickly, damage healthy cells and tissue in
their vicinity or the microenvironment [59–61]. It is important to distinguish
between cancer and tumor even though the two terms are closely related and,
often, used interchangeably. Cancer is a disease in which the cells can divide
uncontrollably almost anywhere in the body. Tumor, on the other hand, is a growth
that occurs uncontrollably in organs, muscles, or bones [12, 14]. Cancers may be
localized, or they may metastasize throughout the host body. Cancers metastasize
throughout the body through the blood and lymphatic systems by avoiding detection
from the robust defense mechanisms of the immune system—“hiding” from the
immune system [62]. When localized, they affect the cells, tissues, and organ
(s) surrounding the cancerous cells. When metastasized, especially if they enter the
bone marrow (leukemia and lymphoma), cancers can compromise the immune
response by blocking or compromising the genesis of new blood cells [62].
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9.4.2 Immune Response in Cancer

The immune system has the innate ability to recognize healthy and unhealthy cells
[63]. The healthy cells are the normal cells which form, divide, and die regularly—
normal lifecycle. The unhealthy cells are comprised of dead and dying cells which
do not receive/follow the cell signal(s) correctly. As a result, these unhealthy cells
continue to live beyond when they should be dying/dead and, in the process,
becoming cancerous and causing cancers and tumors. The unhealthy cells may
also be those which have been attacked/infected by invading pathogens causing
disease, infection, or injury. The role of the immune system is to prevent or reduce
infection from invading pathogens [63, 64]. The immune system comprises of a
complex network of proteins, cells, tissues, and organs which detect and safeguard
against any insults or assaults on the body—disease, infection, and injury. The
function of the immune system is to help the body cope effectively by scavenging
invading pathogens with minimal damage to the host cells and tissues. This coordi-
nated task is accomplished via a complex regulatory system of cytokines, protein–
protein interactions, and enzymatic reactions which function efficiently as the cells
work toward maintaining a state of cellular equilibrium (homeostasis) with least
damage [64]. Sometimes, cancer cells, tumor cells, and even healthy cells as part of
the tumor microenvironment can escape detection by the immune system by pro-
ducing different immune suppressive cytokines and manipulating certain regulatory
pathways [64, 65].

9.4.2.1 Leukocytes: Role and Function in Immune Response
White blood cells or leukocytes are the first line of defense of the body. Leukocytes
constantly look for pathogens and, upon finding them, multiply in numbers and alert
other cells to perform accordingly to build a robust defense mechanism leading to the
destruction or neutralization of the pathogen [65]. There are two main types of
leukocytes namely, (1) phagocytes and (2) lymphocytes. The function of phagocytes
is to surround a pathogen by their plasma membrane, break it down, and engulf it—
phagocytosis. Phagocytes also help the system by consuming/removing dead or
dying cells. Based upon their functions, different types of phagocytes have been
identified which include macrophages, monocytes, neutrophils, and mast cells
[65]. Macrophages defend against invading pathogens and digest dead and dying
cells. Acting as antigen presenting cells (APCs), macrophages play an important role
in immune response by presenting some portions of the pathogen (antigens) and
triggering antibody formation/stimulation following pathogen disintegration and/or
digestion [65].

Lymphocytes are the memory cells of the body responsible for generating
protective immune responses against pathogens. Their function is to memorize the
previous pathogens and remember them if they return or the same infection happens
again to provide an appropriate response [65]. Lymphocytes are created in the bone
marrow. Those that remain in the bone marrow are designated as bone marrow
lymphocytes or B lymphocytes (B cells), while others that migrate to the thymus are
referred to as thymus lymphocytes or T lymphocytes (T cells) [66, 67]. The role of B
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cells is to detect the antigens, produce antibodies, and alert the T cells of any
imminent danger from invading pathogens or infections—protecting against disease.
Whereas the role of T cells is to disintegrate and destroy the body’s dead and dying
cells and remove cell debris and alert other lymphocytes. The “memory” character-
istic of lymphocytes (both B cells and T cells) is utilized in developing vaccines
which trigger immunity by mimicking the pathogen when it presents itself again
[66, 67].

9.4.3 Polyphenols and Inflammation

Cytokines are low molecular weight signaling molecules which help in intercellular
communication. During the immune response, cytokines are produced by leukocytes
(interleukins) and lymphocytes (lymphokines) on demand depending upon the need
of the cell to ward off infection. Cytokines play important immunoregulatory and
immunomodulatory roles in cell signaling during normal, developmental, and path-
ological situations [68]. Immunoregulatory role of cytokines can be characterized by
the general and natural regulation of immune response(s) such as production of
antibodies (humoral regulators). Immunomodulatory, on the other hand, involves
modifying or changing the body’s immune system (response) by using certain
compounds (drugs, stimulants) by upregulating or downregulating certain proteins.
Immunosuppressive drugs, commonly used in solid organ transplants, utilize the
immunomodulating principle. Immunomodulating drugs are increasingly being used
as part of therapeutic and treatment options in various cancers. Natural products like
polyphenols are strong modulators of inflammatory response that reduce inflamma-
tion and relieve pain [68].

Proinflammatory biomarkers play a negative role in cell function causing inflam-
mation, worsening disease condition, and compromising healing. Anti-inflammatory
biomarkers, on the other hand, help in reducing inflammation and stimulating
healing. If the equilibrium between proinflammatory and anti-inflammatory
cytokines is disturbed, inflammation and diseases including cancers can occur
[68]. Interleukins are a group of cytokines which play an important role in inflam-
matory response and immunity. Proinflammatory biomarkers commonly associated
with pain and trauma include interleukin 1 beta (IL-1β), IL-6, IL-12, IL-18, tumor
necrosis factor alpha (TNF-α), interferon gamma (IFNγ), and granulocyte-
macrophage colony-stimulating factor (GM-CSF) [68]. Many nonsteroidal anti-
inflammatory drugs (NSAIDs) are available in the market both over the counter
(OTC) and via prescription. Polyphenols, on the other hand, are a group of naturally
occurring plant-based compounds that possess potent anti-inflammatory and antiox-
idant properties and have shown promise in regulating metabolism and cellular
functions and combatting inflammation and disease.

Inflammation and the resulting inflammatory response can cause oxidative stress
which, in turn, can compromise the antioxidant capability of cells and tissues leading
to overaccumulation of free radicals [68]. Free radicals such as ROS can interact
with various entities such as proteins, fatty acids, and free fatty acids (FFAs) in the
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membrane lipid bilayer causing loss of cellular integrity, function(s), and ultimately
death [68]. Oxidative stress is defined as the imbalance between the production of
RMS (oxidants and free radicals, such as ROS) and the body’s ability to quench or
detoxify their excess within cells and tissues [13, 14, 47, 48, 68]. The oxygen-
containing free radicals (ROS) possess odd number of electrons which makes them
highly reactive with other molecules. The abnormal production and accumulation of
ROS can be detrimental to the cellular structure and function and lead to chronic
inflammation [10, 47, 48, 68]. Hence, these reactive byproducts must be scavenged
regularly to detoxify the cell environment, repair cell damage, and maintain cellular
integrity. During disease, infection, and injury, the body’s immune response is
triggered, and the immune cells called macrophages patrol and defend the body
against such pathogenic onslaughts. The free radicals, produced by macrophages
while fighting disease, infection, and injury, can cause damage to healthy cells while
triggering inflammation [40, 68, 69]. Oxidative stress can be a trigger or result of
inflammation—a cause of many NCDs including cancers.

Polyphenols play an important role in controlling oxidation and inflammation.
Given their antioxidant and anti-inflammatory capabilities, polyphenols can react
with free radicals like ROS, RNS, RSS, and RCS (mostly ROS and RNS) to
terminate chain reaction(s) to preserve cell structure and function while maintaining
cell viability [40, 47, 48, 68, 69]. Abnormal production and nonoptimal removal
(quenching or detoxification) of free radicals during oxidation can trigger inflamma-
tion or inflammatory response within cells or tissues due to disease, infection, or
injury. The inflammatory response can also be triggered by heat, ionizing radiation,
metal toxicity, and trauma. The inflammatory response leads to a cascading effect
during which (injured) cells synthesize and secrete biochemicals such as
proinflammatory cytokines which cause cellular insults including inflammation,
pain, and chronic diseases including cancers [40, 64, 65, 68].

9.5 Discussion

Polyphenols are all the rage in nutrition and cancer biology these days because of
their nutritional and therapeutic benefits. Evidence exists that polyphenols can lower
the risk of many chronic diseases including certain cancers and can be used as
therapeutic and treatment agents [64, 65, 68–70]. Many studies have shown that a
plant-based diet consisting of fruits and vegetables with high polyphenolic content
can be effective in reducing the risk of various types of cancers [7–14, 22, 36]. The
anticancer efficacy of polyphenols is associated with their antioxidant, anti-
inflammatory, and anticarcinogenic properties. Tumor cells and cancers spread by
evading the body’s immune response, reprograming metabolic pathways, and
avoiding programmed cell death (apoptosis) [62]. For cancer to grow and metasta-
size, cancerous cells must undergo repeated angiogenesis and develop and retain cell
signaling capabilities within a robust and self-sustaining microenvironment [59–61,
64, 65]. Polyphenols, acting as antioxidant, anti-inflammatory, and carcinogenic
agents, influence regulatory pathways leading to blocking cancer initiation and
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progression [43, 44, 64, 68]. Cancer cells contribute to, and thrive upon, the
imbalance between cell division and cell death. When certain cells do not receive
or cannot process the death signal, they remain intact and continue to live beyond
their span thus becoming cancerous. Polyphenols have been found to enhance
apoptosis of cancer cells [43, 44, 47, 48, 62, 68].

Significant data are accumulating in favor of polyphenols as being the golden
molecule(s) which could be the panacea for all ills [17, 22]. The move toward
pharmaceutical formulation has been slow even though there has been significant
growth in other industries, especially nutraceuticals. Polyphenols have established a
strong foothold in nutrition (additives, enhancers, food supplements, preservatives),
natural products, and cosmetic industries [7, 13, 22]. Given the tremendous promise
that polyphenols present in preventing and treating cancer, it is important that we
move toward consuming mostly a plant-based diet enriched with fruits, vegetables,
whole grains, legumes, pulses, seeds, and nuts [34–39, 61, 64].

Lung cancer is the most common cancer worldwide and different polyphenols
have shown promising results in anticancer activities [69–71]. Breast cancer is the
most common among women worldwide. Polyphenols have been shown to have
antimetabolic effects on breast cancer cells (highly dependent upon glucose) and
inhibit breast cancer metastasis [72–74]. Polyphenols may also act by blocking the
hormonal biomarkers of breast cancer such as the estrogen receptor (ER) and
progesterone receptor (PR) [74]. Many studies are underway but more short-term
and longitudinal studies are needed for studying the health effects and benefits of
polyphenols in patients with breast cancer and their healthy controls. Polyphenols,
extracted from green tea, have been shown to possess anticancer properties and help
in the treatment and prevention of prostate cancer (globally, the most common
cancer among men) through the cell signaling pathway [75, 76].

Evidence about the health benefits of polyphenols has been derived mostly from
laboratory-based (in vitro or in vivo) and observational studies and limited clinical
studies [77–79]. Most clinical results from these studies are significant and
promising but there has not been much consensus on the optimum concentration
of polyphenols that individuals can consume. The bioavailability of polyphenols
continues to be problematic in determining compounding concentrations. It does not
help much that polyphenols are not properly regulated, with manufacturers making
tall and deceptive claims and selling supplements with high overages. Polyphenols at
higher concentrations can be injurious to the health of the consumer [40]. Several
studies of different polyphenolic compounds in varying concentrations in both
cancer and tumor cell lines, as well as animal models of cancers (lung, breast,
prostate, colon, gastric, cervical), have revealed significant, promising, and repro-
ducible results [54, 69, 70, 73–76].

Polyphenols can be consumed as part of a natural plant-based diet, additives in
non-plant-based diets such as seafood, especially fish, or natural food supplements.
Polyphenols play important roles as protective, preventive, and therapeutic agents
while utilizing their antioxidant, anti-inflammatory, and anticarcinogenic properties
in combatting cancer and other chronic diseases. Due to their low absorption and low
bioavailability, their formulation as drugs continues to be a limiting factor in the
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pharmaceutical industry. Several polyphenols have shown slow, steady, and signifi-
cant progress in the pharmaceutical industry. Polyphenols like epigallocatechin
gallate (EGCG), lycopene, resveratrol, curcumin, and oleuropein have been shown
to help in lowering the risk of breast cancer [80]. These polyphenols possess
antitumor activities and play important roles in signaling pathways associated with
cell survival during breast cancer. Lycopene, curcumin, resveratrol, and EGCG have
been shown to exert an antitumor effect in prostate cancer by modulating the
inflammatory pathways, inducing apoptosis and cell cycle arrest [80]. Resveratrol,
EGCG, and ginkgetin have been effective in lowering the risk of colon cancer and
lung cancer treatment has shown promising results with the use of resveratrol,
curcumin, and ECGC [80]. Systematic delivery of drugs continues to be problematic
due to the low bioavailability of polyphenols. Researchers, nutraceutical
formulators, and pharmaceutical manufacturers continue to make progress in devel-
oping different matrices for better bioavailability and increased absorption of
polyphenols.

9.6 Conclusion

Polyphenols are sought after by consumers for their health benefits and the willing
food manufacturers are happy to provide what the market demands. Industries
representing nutrition, nutraceuticals, cosmetics, and natural supplements continue
to make nutrition and health claims which may or may not be accurate, at least not
100%. False or over-exaggerated claims along with selling supplements with
increased concentrations of polyphenols can be detrimental to the health of the
consumer—a total opposite of the initial goal—health benefits of polyphenols.
Overconsumption can lead to overaccumulation of high levels of polyphenols within
the cells, tissues, organs, and organisms. Polyphenols continue to garner the atten-
tion of researchers and study results have consistently shown great potential for
cancer therapy but more research, followed by clinical trials, is needed to determine
their efficiency, efficacy, and safety.

9.7 Limitations and Future Perspectives

Given their immense potential and promise, why have polyphenols not made deeper
inroads into the pharmaceutical industry? The answer(s) may lie in a myriad of
factors and may offer insights into the limitations. To reap the health benefits, the
main goal is to deliver a bioactive form of polyphenols which can induce the desired
response systematically. Unfortunately, in vivo and clinical studies have consistently
shown that polyphenols have low absorption and low bioavailability which makes
them challenging pharmaceutical moieties or compounds for drug development.
Regulation of polyphenols continues to lag the progress in research and consumption
and is not as tightly regulated as the pharmaceuticals. The United States Food and
Drug Administration (FDA), the European Food Safety Authority (EFSA), and the
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Food and Agriculture Organization (FAO) of theWorld Health Organization (WHO)
have loose regulations on natural products and food supplements such as
polyphenols which is a major safety concern, especially for patients dealing with
cancers, tumors, and other chronic diseases. So, researchers and consumers must
tread with caution.

The current research and knowledge discussed in this chapter present the
possibilities of future research in several areas of polyphenol and have implications
in their development as therapeutic agents for cancer treatment and prevention.
Despite the promising role of polyphenols in the treatment and prevention of cancer
and tumors, their bioavailability and bioabsorption remain major obstacles in their
use as mainstream pharmaceuticals. Future research involves investigating the
possibility of delivering these therapeutic compounds, potentially via targeted
drug-delivery systems, or slow release using nanotechnology or other engineering
technologies. Following Hippocrates’s proclamation, “let your food be your medi-
cine,” it is important to explore further the interactions between polyphenols, food,
and cancer. There is a potential for enhancing and supplementing other foods, such
as fish, meats, dairy, which are not rich in polyphenols, for effective cancer fighting
properties. Clinical studies focusing on the role of polyphenols in cancer treatment
and prevention are limited and continue to lag the developments in animal model
research and in vitro studies. It is important to conduct more clinical studies to
understand the efficacy of polyphenols leading to their use as potential therapeutic
agents in the treatment and prevention of cancer.
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Nanoparticulate Systems for Encapsulation
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Abstract

Researchers are continuously searching for various sources that could provide
new promising molecules for therapeutic purposes. Nature, is one source
that abundantly provides a basis for the exploration of these beneficial molecules.
A class of compounds that has attracted the attention of biomedical and pharma-
ceutical scientists are polyphenols. Polyphenols are specifically preferred for their
unique medicinal and therapeutic properties. They are generally categorised as
secondary metabolites, and are predominantly employed for their antioxidant,
anti-inflammatory, anticancer, cardioprotective, and antibacterial properties. Var-
ious forms of polyphenolic compounds are present in nature, and based on
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chemical structure and origin; they are categorized into different classes and
subclasses. Although polyphenols have abundant medicinal properties but
their use is greatly limited mainly due to low aqueous solubility and they are
prone to environmental degradation, upon exposure to heat, moisture, and atmo-
spheric stress. Polymeric and lipid nanoparticles are increasingly used for the
encapsulation of polyphenols as they prove to be an exceptional source for drug
delivery, which not only enhances their aqueous solubility and bioavailability but
also protects them from various types of environmental degradation. In this
chapter, the classification of polyphenols is discussed briefly along with their
encapsulation in different nanoparticulate systems.

Keywords

Bioavailability · Nanoparticles · Natural and synthetic polymers · Polyphenols ·
Solubility

10.1 Introduction

Among the various groups of phytochemicals present in nature, polyphenols are one
class that are abundantly present in the plant kingdom with not less than 10,000,
unlike compounds. Polyphenols, as secondary metabolites, play various essential
roles in plants, such as fortification against ultraviolet radiation, protection from
exorbitant growth of reactive oxygen species, prevention from the development of
pathogens and stresses due to various environmental factors. Apart from these,
involvement in the physiological functions for good growth of the plants, lignifica-
tion, and pigmentation are a few of the other functions of polyphenols [1]. The
biological properties of these compounds primarily include anticancer, antibacterial,
antioxidant, anti-inflammatory, and cardioprotective. Polyphenols such as resvera-
trol, grape seed proanthocyanidins, green tea polyphenols, curcumin, silymarin
quercetin, genistein, and luteolin have been found to have potential anticancer
properties [2]. However, the probable use of the polyphenolic compounds in humans
is particularly restricted by several factors, the most common being its insoluble
nature, i.e., insolubility, impermeability, fast release, low bioavailability, and ability
to be influenced by various environmental factors (heat, temperature, moisture, etc.).

10.2 Classification of Polyphenols

Classification of polyphenols can be attained specifically based on their varied
chemical structures. The extent of oxidation, hydroxylation, glycosylation, and
methylation in the chemical compositions of polyphenols are commonly diversified.
A simplified form of classification of polyphenols is shown in Fig. 10.1. Flavonoids,
phenolic acids, and non-flavonoids are the main classes of polyphenols, while
subclasses of non-flavonoids include lignans, tannins, stilbenoids, and
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diarylheptanoids. Contrary to these, anthraquinones and polyphenolic amides are the
other subclasses of non-flavonoids that are less common [3].

Flavonoids are estimated to be two-thirds of all the polyphenolics in our diet.
Their chemical structure fundamentally comprises of two aromatic rings bonded
with three carbons that are generally present in an oxygenated heterocyclic ring.
Depending on the types of variations in the heterocyclic rings, they are further
classified into flavonols, flavanones, flavanols, flavones, isoflavonoids, and
anthocyanidins. In plant-based food, the two most common phenolics present are
flavones and flavonols [4].

Phenolic acids and their hydroxybenzoic acid and hydrocinnamic acid classes
comprise one-third of the nutritional polyphenols. In plants, these polyphenols are
present in both free and bound forms. Compounds like ellagic acid, protocatechuic
acid, p- hydroxybenzoic acid, gallic acid, and vanillic acid are the derivatives of
hydroxybenzoic acid, whereas p-coumaric acid, ferulic acid, caffeic acid, and sinapic
acid are the derivatives of hydrocinnamic acid [3, 5, 6].

Characterization of non-flavonoids is as discussed earlier. Tannins, a subclass
of non-flavonoids, are considered to be high molecular weight polyphenols. A
unique feature of tannins is their ability to form cross-linked bonds within molecules
like carbohydrates and proteins, which distinguishes them from other subclasses of
non-flavonoid polyphenols [7]. They are composed of both hydrolyzable and
non-hydrolyzable or condensed tannins. Hydrolyzable tannins are esters of
gallotannins, gallic acids, ellagitannins, and ellagic acid. In contrast,
non-hydrolyzable or condensed tannins are also known as proanthocyanidins, are
basically formed by the condensation of flavans, and do not possess a sugar
moiety [3].

Polyphenols

Phenolic acids Flavonoids Non-flavonoids

Hydroxycinnamicacids

Hydroxybenzoic acids

Others
(eg. Dairylheptanoids)

Lignans

FlavonolIsoflavoneAnthocyanidineFlavoneFalvanolFlavanone

Stilbenes

Fig. 10.1 Diagrammatic representation of the classification of polyphenols
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Another subclass of non-flavonoid polyphenols are natural stilbenes, which have
1,2-diphenylethylene nucleus in their chemical skeleton. Not less than 400 natural
stilbenes are known. Still, due to less expression of stilbene synthase, a key enzyme
engaged in the biosynthesis of stilbene, they are present in a very limited group of
heterogeneous plant families. Resveratrol, a stilbene, is a potent anticancer agent and
has shown chemopreventive actions [2]. Wang et al. [8] formulated and
characterized resveratrol-cyclodextrin complex encapsulated within biodegradable
poly lactic glutamic acid (PLGA) nanoparticles. The inhalable nanoparticles were
developed for the treatment of non-small cell lung cancer. The formulation was
found to possess enhanced cytotoxicity and apoptosis due to increased cellular
uptake and was able to retain its antioxidant action.

Lignan is the type of non-flavonoid polyphenols which are obtained from phe-
nylalanine. Some of the common forms of lignans include enterodiol, matairesinol
enterolignans, secoisolariciresinol, lariciresinol, and enterolactone [3, 9]. Another
class of non-flavonoid polyphenols is diarylheptanoids which, as the name suggests,
consists of two aromatic rings (aryl groups) linked with a seven carbon chain.
Broadly, they can be categorized into two types, i.e., linear cyclic diarylheptanoids
(curcuminoids), for example, curcumin and cyclic diarylheptanoids like
myricanone [3].

10.3 Nanoparticulate Systems for Encapsulation and Delivery
of Polyphenolic Compounds

Low solubility leads to low bioavailability; therefore, to enhance the bioavailability
of the polyphenolic compounds, they are frequently formulated using carrier
systems. The different forms of carrier systems provide various advantages to
polyphenols, such as prevention from its degradation caused by different environ-
mental factors, increased biocompatibility, and the ability to avert the possible
interactions with other bodily components. Among the various forms of carrier
systems used in the fabrication and encapsulation of polyphenols, nanoparticulate
systems are the most demonstrated ones. They are an excellent source for the
development and encapsulation of polyphenolic compounds with improved solubil-
ity and bioavailability.

10.3.1 Polymeric Nanoparticles (Nanocapsules and Nanospheres)

Though polyphenols are broadly researched for their numerous medical benefits,
their use is often limited due to insolubility, leading to low bioavailability and
impermeability, as discussed earlier. Over recent years, polymeric nanoparticles
have gained significant interest owing to their small (nano) size and excellent
entrapment and encapsulation efficiencies.
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Nanocarrier systems or nanomaterials are basically defined as particle sizes
having a diameter in the range of 1–1000 nm as a minimum in one dimension
[10]. Encapsulation in nanomaterials or nanoencapsulation is chiefly termed as a
packaging technology of active pharmaceutical ingredient (API) in solid, liquid, or
gaseous form (active or core) encapsulated within a secondary matter (matrix) for the
formation of nanocapsules [11]. Other than nanocapsules, nanospheres can also be
produced but with a slightly different approach, where the API is uniformly dis-
persed within the matrix system. The release process of the API from the matrix
system generally occurs due to diffusion of the core or by trigger responses like pH,
osmotic pressure, enzymatic activity, etc., leading to a controlled and targeted
delivery at the required site [3]. Some of the basic advantages of encapsulation of
drugs in polymeric nanoparticles are their ability to encapsulate or entrap hydro-
philic and lipophilic drugs, ability to release the drug in a sustained or controlled
manner upon administration, targeted delivery of drugs, protection of the active
moieties against degradation due to several environmental factors, and last but
not the least enhancing the bioavailability and the therapeutic index of the active
moiety.

A number of natural as well as synthetic polymers are increasingly used for the
development of polyphenol loaded nanoparticles, natural polymeric materials like
chitosan, collagen, gelatin, albumin, sodium alginate are employed for the develop-
ment of nanoparticles [12]. Palacio et al. [13] formulated succinyl-chitosan
nanoparticles of three polyphenols, viz., propyl gallate, epigallocatechin-3-gallate,
and gallic acid; each with different hydroxyl groups and molecular weights, and
studied the possible interactions between them. The nanoparticles were developed
using the ionic cross-linking technique, and from the results, it was observed that
gallic acid showed the highest encapsulation efficiency among the three polypheno-
lic compounds. Quiroz-Reyes et al. [14] developed and characterized cocoa-derived
polyphenolic extract gelatin nanoparticles. The study was performed using cocoa,
because it is a major and good source of antioxidants. The aim of the study was to
preserve the bioactive compound’s antiradical activity. The polyphenolic extract
loaded nanoparticles were developed by employing the nanoprecipitation technique,
and average size nanoparticles ranging from 120 to 250 nm sizes were achieved.

A number of advantages are presented by the use of these polymers, which are
that the properties of these polymers allow them to biodegrade (reabsorbed or
eliminated) from the human system once the active constituent(s) are released and
absorbed in the biological fluids. They are biocompatible with reduced toxicity and
readily adhere to the targeted area, which leads to enhanced penetration and resi-
dence time of API. However, some disadvantages linked with the use of natural
polymers are that they are sometimes complicated; requiring expensive processes for
extraction, complex in nature, and variability can be seen to a great extent when
produced from animal sources [15]. Synthetic polymers often used are polylactic
acid, polyglycolic acid, PLGA, and polyvinyl alcohol.

Ahmad et al. [16] developed PLGA nanoparticles encapsulated with polypheno-
lic extracts from Callistemon Citrinus and berberine for the treatment of three breast
cancer cell lines namely MCF-7 (less invasive), MCF 10A (moderately invasive),
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and MDA-MB 231 (extremely invasive). The polyphenolic loaded nanoparticles
were prepared using the nanoprecipitation technique with polyvinyl alcohol as a
stabilizer. Polyphenolic extracts of Callistemon Citrinus and berberine were
encapsulated within nanoparticles individually and in combination, and the results
showed that in both cases, a two-fold increase in anticancer activity. Singh et al. [17]
fabricated catechin loaded polylactic acid-polyethylene glycol nanoparticles for their
controlled delivery and studied their stability and antioxidant potential. With the use
of the double emulsion solvent evaporation method, the formulation was developed,
and 95% encapsulation efficiency of catechin within nanoparticles was observed.
The polyethylene glycol coating on the surface of catechin nanoparticles not only
protected it from gastrointestinal enzymatic activity but also improved the free
radical inhibition potential. With the use of synthetic polymers for the fabrication
of nanoparticles, following advantages are provided, a high degree of mechanical
and chemical stability, alleviate modifications, lesser protein binding, reduced vari-
ation between the batches, which ultimately leads to enhanced reproducibility, good
biodegradability, and enhanced biocompatibility. On the other hand, a few
disadvantages include their capacity to aggregate toxic monomers, the association
of residual material to them, and degradation processes that are toxic in nature
[3, 18].

10.3.2 Lipid Nanoparticles

Phenolic compounds other than polymeric nanoparticles are also frequently
encapsulated in lipid nanoparticles like solid lipid nanoparticles (SLNs),
nanostructured lipid carriers (NLCs), nanoemulsions, liposomes, lipid-polymer
hybrid nanoparticles, and ethosomes. In this chapter, we have discussed SLN and
NLC in detail.

10.3.2.1 Solid Lipid Nanoparticles (SLNs)
SLNs are generally used for the development of controlled release systems for the
compound where the mobility needs to be low and that is possible especially when it
is encapsulated in one or more solid state. SLNs are generally the lipid-based carrier
systems where the ratio of lipid usually varies between 0.1% (w/w) and 30% w/w
and remains in a solid state at the room and body temperatures. The process by which
SLNs are prepared basically employs dispersion of the lipid in a suitable aqueous
medium and stabilized with the use of an appropriate surfactant (0.5% w/w–5%
w/w) which basically performs the function of covering up the solid core of lipidic
nanoparticles. Ionic, nonionic, and neutral types of surfactants, i.e., all the three
forms can be used in the SLNs development process, and selection should be made
depending upon the properties of the API, targeted areas, and their possible
interactions with the lipid, API, and other components to be used in the formulation
development process. A variety of physiological lipids can be employed in the
fabrication of SLNs like sterols, glycerides, partial glycerides, waxes, and fatty
acids [19].

362 N. Khan et al.



A number of techniques are available for the development of SLNs, namely
solvent emulsification method, high-pressure homogenization, solvent injection
method, micro-emulsion technique, double emulsion method, and ultrasonication
method. The probable reasons or, in other words, the advantages for encapsulation of
polyphenolic compounds in SLNs are their ability to release the drug in a controlled/
sustained manner, targeting of the drugs, hydrophilic and lipophilic compounds can
be incorporated, undergo sterilization processes without affecting their stability,
labile compounds are least affected from chemical degradation, biocompatible and
biodegradable in nature and scaling-up of the process is possible. Conversely, some
disadvantages or rather problems that can be encountered while formulating SLNs
are difficulty in drug incorporation in the final product due to high water content,
which is typically between 70% and 99.9%, loading of the drug is relatively low due
to their crystalline configuration and expulsion of the drug may occur during storage
due to changes in the crystallization process [19, 20]. While encapsulating
phytophenols, one issue that needs to be sincerely addressed is the molecule’s
solubility in the lipid matrices. For instance, Quercetin, a plant-based flavonoid,
has good solubility when solubilized in oil phases; however, during the formulation
process, it exhibited amphiphilic behavior since it distributed itself at the
oil/tensioactive interface. Wang et al. [21] developed and delivered solid lipid
nanoparticles of curcumin for the treatment of non-small cell lung cancer. The
formulated SLN-curcumin was delivered in a targeting manner to lung and
xenografts. The encapsulation of curcumin in SLN overcame its major drawbacks
like low bioavailability, in vivo fast metabolism, and low dispersity. On A459 cells,
the SLN-curcumin displayed about five folds enhanced anticancer activity and was
found to have inhibition effects on tumors leading to its application medically on a
lung cancer cure.

10.3.2.2 Nanostructured Lipid Carriers (NLCs)
NLCs are sometimes referred to second-generation SLN because they somewhat
overcome the latter’s disadvantages. They can be basically described as lipid
nanoparticles that are formed by blending spatially dissimilar lipids collectively.
As compared to other lipid nanoparticles, drugs can be firmly immobilized when
encapsulated within NLCs and also coalescing of particles can be prevented due to
their solid matrix. With SLN, the expulsion of the drug may sometimes occur due to
β modification; however, this may not be seen with NLCs, where chances of drug
expulsion are very less due to strong immobilization. NLCs are better formulated
where organic solvents need not be incorporated during the formulation process
[22]. NLCs loaded with polyphenolic active caffeic acid (hydrophilic) were devel-
oped by Coc et al. [23]. The aim of the authors was to formulate the NLC, which can
effectively encapsulate hydrophilic polyphenolic compounds. Different ratios of
surfactants and lipids were mixed together, formulated, and studied for the encapsu-
lation of caffeic acid using high-pressure homogenization technique. Physical
characteristics of the developed formulation were evaluated, and from the results,
it was concluded that caffeic acid can be effectively encapsulated within NLC and
can be utilized in different food and cosmetic sectors. Pimentel-Moral et al. [24]

10 Nanoparticulate Systems for Encapsulation of Polyphenols 363



developed NLC of polyphenol enriched extracts (quercetin and anthocyanins.) of
Hibiscus sabdariffa and performed optimization using the multi-response surface
methodology. The nanostructured lipid nanoparticles were developed using a
pressurized liquid extraction process and were characterized for various physico-
chemical parameters.

10.4 Conclusion

Polyphenols are the phytoconstituents, abundantly present in the plant kingdom.
Classification of polyphenols is a complex phenomenon and based on their chemical
structures, they can be invariably classified. Flavonoids, phenolic acids, and
non-flavonoids are the major classes of polyphenols with their respective subclasses.
Polyphenols are insoluble in nature with low permeability and bioavailability. To
overcome their major drawbacks, they are frequently incorporated in polymeric and
lipid nanoparticles. The incorporation of polyphenols in the nanoparticulate system
allows them to offer increased solubility, permeability, and bioavailability.
Nanoparticles containing polyphenols are relatively less toxic and more easily
tolerated in the human system.
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Polyphenols-Enhanced Functionality Via
Nanotechnology Approaches 11
Mulham Alfatama, Kifayat Ullah Shah, and Asif Nawaz

Abstract

Nanotechnology is an emerging technique, implementing widely in various fields
of sciences, including pharmaceutical design, delivery, and targeting of drugs.
The small size and flexibility to tune their physicochemical properties render
them high biocompatibility and diverse functionality. Polyphenols have been
extensively researched and demonstrated essential characteristics such as antimi-
crobial, antidiabetic, antioxidant, and anticancer activities. However, mere use of
these molecules is encountered with several challenges including poor stability,
solubility, and bioavailability that limited their applications and usefulness. To
circumvent these limitations and to enhance polyphenols’ applications as thera-
peutics, drug delivery system-based nanotechnology is envisaged to pose a
promising strategy. The main objective of this chapter is to highlight the recent
advancement in polyphenols-based nanotechnology for pharmaceutical
applications. The focus will be on the most studied molecules including querce-
tin, resveratrol, epigallocatechin-3-gallate, and curcumin.
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11.1 Introduction

Polyphenols exhibit one of the most widely and extensively distributed groups of
natural compounds in the vegetable kingdom. Until the present, more than 8000
diverse polyphenolic compounds have been identified. Phenolic molecules comprise
of single or multiple aromatic rings with at least one hydroxyl group and can be
classified into phenolic acids, flavonoids, stilbenes, and lignans (Fig. 11.1).

Polyphenol

Stilbenes
Resvertrol

Lignans
Secoisolariciresinol

Flavonoids

Flavanols
Catechins

Gallocetechin

Anthocyanidins
Pelargonidin

Cyanidin
Delphinidin

Petunidin
Malvidin

Flavanones
Naringenin
Eriodictyol
Hesperetin

Isoflavones
Diadzein
Genistein

Flavones
Apigenin
Luteolin

Flavonols
Kaempferol
Querectin
Myricetin

Hydroxycinnamic
acids

Coumaric acid

Caffeic acid
Ferulic acid
Curcumin

Hydrobenzoic
acids

Protocatechuic acid

Gallic acid

Fig. 11.1 Classifications of polyphenols
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Polyphenols refer to a group of secondary metabolites including various subgroups
of phenolic compounds with phenolic structural features [1]. These pervading
phytochemicals are envisaged to have a fundamental function in the reproduction
and growth, appearance, and the plant defense mechanism against parasites,
predators, and pathogens [2]. This class of molecules is widely available in
vegetables, fruits, olives, cereals, dry legumes, beverages (such as coffee, tea,
chocolate wine, and beer), and other natural products. These compounds are
demonstrated to improve the health and are estimated to be highly abundant in the
diet with the daily average intake of 1 g.

Numerous biological attributes have been reported for polyphenols such as
antidiabetic, anti-inflammatory, antioxidant, and antimicrobial effects [3, 4]. Despite
the unique advantages of dietary polyphenols that were reported in numerous
research studies, certain constraints like stability, bioavailability, and metabolic
transformation under physiological conditions limit the application of polyphenols
as a therapeutic agent [5]. These variabilities are mediated by various factors that
reduce the capability of the compounds to endow their effects in target sites due to
their poor bioavailability in humans [6]. While polyphenol’s bioavailability is highly
impacted by the intrinsic physicochemical characteristics such as solubility, stability
at low pH, and size of the molecule, some of the major limitations including intrinsic
variation like rate of elimination, gut microbiota, and formulation excipients of
polyphenols are of high concern [7, 8]. To circumvent these limitations, particular
approaches of prodrug and nanoencapsulation have been attempted. The synthesis of
polyphenol nanoparticles (NPs) to promote the bioavailability is an emerging area of
research. The small size of NPs allows penetration through cells and tissues to the
target site and releasing the payload in a sustained manner. Different types of NPs
have been suggested to encapsulate polyphenols such as dendrimers, lipid-based
NPs and polymeric nanomaterials. The compositions and preparation techniques of
these nanoparticulate enable modification of the physicochemical attributes of
polyphenols. The focus of this chapter is therefore to display the recent studies of
polyphenol nanosystems with emphasis on their characteristics and advantages.

11.2 Polyphenol-based Nanotechnology

The application of nanotechnology-based systems to encapsulate bioactive natural
products like polyphenols offers many advantages in the interaction with the
biological environment; protection against degradation; enhancement of absorption,
retention time, bioavailability; control delivery of these compounds and improve-
ment of intracellular penetration [9]. Liposomes, micelles, and NPs have been
synthesized as nanocarriers for polyphenol delivery, evidencing significant improve-
ment in the rate of dissolution and absorption as well as the bioavailability. More-
over, certain nanosystems confer resistance to the undesired liver metabolism,
maintaining therapeutic concentrations of polyphenols in the blood circulation for
an extended period of time compared to free ones [10]. Therefore, polyphenol NPs
are able to overcome the in vivo-associated limitations [11]. However,
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nanoencapsulation of polyphenols is correlated with some concerns regarding
the solubility, varying structures, and high oxidation in basic conditions
[12]. Thus, it is essential to consider these impairing alterations of polyphenol
compounds while designing the nanosystem. There are numerous materials used in
nanoformulations and many methods to synthesis different types of nanocarriers.
The following section will serve to explore the most widely used preparation
methods of polyphenol NPs.

11.3 Synthesis of Polyphenol Nanoparticles

Various methods are being developed for the synthesis and enhancement of the
activity of polyphenol NPs (Fig. 11.2).

11.3.1 Coacervation Technique

Coacervation is one of the simplest techniques for nanocarriers synthesis. Its funda-
mental principle is by the formation of coacervate phase of polyelectrolyte mixture
and deposition of active materials within the newly formed matrix. The number of
polymers involved determines the complexity of coacervation process. The nature of
biopolymers complex and strength of interactions are influenced by many factors
such as concentration, ionic strength, pH, and biopolymers types and ratio. The
electrostatic attraction between oppositely charged moieties is the main driving force

Fig. 11.2 Methods for the
synthesis of polyphenol
nanoparticles
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of coacervation. Moreover, hydrophobic interactions and hydrogen bonding affect
complex coacervation inversely. The functional efficiency of the formulated NPs
relies on the surface characteristics and chemical nature of the biopolymer shell,
where the nanoencapsulation capability is directly proportional to the surface charge
[13]. The size range obtained via coacervation method is between 100 to 600 nm,
where the technique of drying holds a great role. Chitosan and alginate are examples
of oppositely charged polymers commonly used in coacervation, in addition to
acacia gum and gelatin [14]. The tendency of chitosan to solubilize in an acid
medium is hindered by alginate that is insoluble in low pH. Deladino et al., have
employed these polyelectrolytes to successfully encapsulate polyphenolic extract
that is composed of flavonoids such as chlorogenic acid, caffeoyl derivatives,
quercetin, kaempferol, rutin, and dicaffeoylquinic acid [15].

11.3.2 Nanoprecipitation Method/Solvent Displacement

Solvent displacement includes polymer precipitation from an organic solution and
dispersing of a solvent in an aqueous phase with/without the help of stabilizer
(Fig. 11.3). Polymers, polyphenol, and/or hydrophilic surface-active agents are
dissolved in a semi-polar aqueous miscible solvent such as ethanol or acetone. The
solution is then passed into an aqueous solution enclosing surfactant under magnetic
stirring. NPs are formed spontaneously as a result of a rapid solvent diffusion. Then,
the solvent is evaporated under low pressure from the suspension. The size of the
formed particles is strongly influenced by the addition rate of the organic phase into
the aqueous medium. It was reported that particle size and encapsulation efficiency
could be reduced upon increasing the rate of mixing of the two phases [16]. More-
over, the yield and drug release were demonstrated to be effectively tuned by
controlling preparation parameters. In addition, appropriate polymer concentration
in the organic phase was essential to enable the production of reduced particle size

Fig. 11.3 Schematic illustration of the nanoprecipitation method
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via restriction of a specific range of polymer to drug ratio [17]. Nanoparticle
synthesis via precipitation is well-suited for most of the sparingly soluble
compounds.

11.3.3 Solvent Evaporation

Solvent evaporation was the first technique proposed to prepare polymeric NPs from
a preformed polymer. This method involves the preparation of an oil-in-water (o/w)
emulsion to produce nanospheres [18, 19]. Firstly, the organic phase of polymer
dissolved in polar organic solvent is prepared while the active ingredient (polyphe-
nol) is incorporated by dispersion or dissolution. Chloroform and dichloromethane
have been widely used in the past, but due to their toxicity, ethyl acetate has been
used instead, which exhibits a safer toxicological profile for biomedical applications
[20, 21].

An aqueous phase comprises of a surfactant, such as polyvinyl acetate (PVA),
which has been commonly prepared. The organic solution is emulsified in the
aqueous medium with the presence of surfactant, followed by processing via
ultrasonication or high-speed homogenization, leading to dispersion of nanodroplets
[22]. A suspension of NPs is formed upon polymer solvent evaporation. The
evaporation process takes place under either low pressure or continuous magnetic
stirring at room temperature. The solidified NPs after solvent removal can be washed
and centrifugally collected, followed by freeze-drying for long-term storage. This
method allows the formation of nanospheres [23].

11.3.4 Spray Drying Method

Spray drying method is a well-established technique that is widely utilized in the
pharmaceutical industry for converting drug suspension to powder. Pressure nozzle
and rotary atomizers mediate the production of fine droplets via vibrating mesh
technology. Briefly, polyphenol is suspended in the aqueous polymer solution with
the help of an emulsifier (Tween 80) and filtered through 0.45μm syringe filter before
spray drying to prevent nozzle blockage. The resultant suspension is then sprayed at
a range of outlet temperature ranging between 30 and 80 �C and specific flow rate
and pressure. Millions of homogenized droplets are formed as a result of air pressure
or vibration of mesh caused by the piezoelectric actuator that is mediated by
controllable ultrasonic frequency (i.e., 60 KHz). The droplets are then dried by the
hot air and directed to an electrostatic particle collector comprising of cylindrical
electrode (anode) and grounded star electrode (cathode) to be collected as a fine
powder [13].
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11.4 Nanoparticles of Selected Polyphenol Compounds

Polyphenols possess several hydroxyl groups in the aromatic rings and are the basic
components of tea leaves including flavanones, flavanols, catechins, glycosides,
phenolic acids, and the aglycones from vegetable pigments [24]. These compounds
are classified into different categories based on the number of phenolic rings they
have and the structural linkage that connect them together [25, 26]. The polyphenol’s
strong antioxidant property is mediated by free radicals elimination or metals
chelation with redox characteristics [27–29]. Nevertheless, the instabilities of
polyphenols caused by their poor bioavailability limit the biological activity
in vivo [30]. The abundance of hydroxyl groups of benzene rings renders them
react readily through autooxidation, epimerization, alkylation, and esterification,
resulting in reduced stability of these molecules. Thus, they may display low oral
efficiency and poor biological activity. The antioxidant activity of polyphenol is
reduced when they are placed in pH> 7, similar to the human intestine where the pH
is alkaline [31–33]. Hence, nanoencapsulation was proposed as an alternative
approach to overcome these limitations and endow protection and stability to
polyphenols. Many authors have attempted to formulate nanopolyphenols from
nontoxic materials such as Pluronic F127® [34] and biodegradable materials like
chitosan [35] and PLGA-PEG [36].

11.5 Quercetin (QT) Nanoparticles

Quercetin is a flavonoid found in various fruits and vegetables like lingonberry,
cranberry, and onion bulbs. It presents mostly in the leaves as glycosides or
aglycones (3-position or/and 4  -position) where the highest sugar group is glucose,
although rhamnose and lactose can be bound also with QT phenolic groups. QT is
among dietary flavonoids with huge health applications including anticancer, car-
diovascular guarding, antiviral, anti-allergy, anti-ulcer, anti-inflammatory, anti-
infective and immunomodulatory attributes [37, 38]. It has also been demonstrated
to induce epithelial cells and fibroblasts proliferation as well as angiogenesis
[39]. Moreover, QT can be a potential agent for wound healing if the water solubility
and skin penetration properties could be overcome [40–42]. QT-loaded NPs have
been evidenced to enhance topical delivery in vitro and in vitro, hence, it can be an
alternative approach for effective and safer topical delivery [43]. These NPs enable
better shelf-life and controlled drug release, a pivotal requirement for the prolonged
process of wound healing (Fig. 11.4) [44].

Incorporation of QT into hydrophilic food bases encounters major challenges
including poor aqueous solubility, low physicochemical stability, and relatively
short shelf-life [45]. On the other hand, the high rates of first pass metabolism of
these compounds lead to only 5.3% being unchanged thus the bioavailability and
biological activity are significantly reduced. Therefore, various delivery systems are
proposed to encapsulate QT to improve the physicochemical stability in food
products and bioavailability in the human body [46].
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Extracts-based plant or their derived substances such as flavonoids were widely
known for their anti-inflammatory properties mediated by controlling IL-1β, tran-
scription factors, cytokines, and role in migration of transendothelial [44]. Saha
et al., have demonstrated the ability of Dolichos biflorus L. (Fabaceae) seed extract
in hindering the CaOx crystal nephrolithiasis in rats [47]. In this setting, QT, a well-
recognized flavonoid derived from this seed extract, possesses health beneficial
properties such as antibacterial, antioxidant, anticarcinogenic, hepato-protective
and anti-inflammatory effects [48]. QT has been evidenced to suppress the synthesis
of proinflammatory cytokines and stimulate anti-inflammatory cytokines production
[49]. However, the reduced bioavailability and water solubility of crude extract
hinder QT to reach pharmacological threshold concentration after oral administra-
tion to display local anti-inflammatory activity, hence, limiting the therapeutic
effects and clinical applications.

The combined antioxidant and anti-inflammatory properties of QT can reduce cell
death and stimulate neurons viability in many neurodegenerative conditions,
slowing the disease progression [50]. In Alzheimer’s disease, in particularity, QT
demonstrated the ability to decrease protein oxidation, neuronal cell death, and lipid
peroxidation caused by the disease [51]. Furthermore, QT was manifested to hamper
the aggregation of amyloid-beta peptide Aβ, the highly neurotoxic species in
amyloid cascade, illustrating its substantial potential as antiaging and neuroprotector
agent [51].

Several nanoencapsulation strategies have been introduced with this regard
including halloysite nanotubes [52], silica NPs [53], chitin-glucan- aldehyde-QT
conjugate [54], albumin nano-assemblies [55], and PLGA NPs [56] (Fig. 11.5).
Nanosystems have received much interest for the delivery of drugs, genes, proteins,
and nucleic acids. Drug delivery-based nanocarriers enabled commercial and
ameliorated therapeutic application of highly bioactive compounds with poor solu-
bility to be transported selectively and release the payload at the site of action.
Accordingly, the nanocarrier should protect the encapsulant from being lost,
interacting with other molecules in the blood circulation, or premature release at
wrong site as well. Therefore, the nanomatrix must also comply with the properties
of the payload and the target site. Table 11.1 represents the recent nano-based QT
and their characterizations.

Nanono-o-based drug delivery system

Target delivery Aqueous solubility BioavailabilityStability

Nanono-o-q-qquercetin 

Improved therapeutic applications

Fig. 11.4 Applications of
nanotechnology-based
quercetin

374 M. Alfatama et al.



11.6 Epigallocatechin-3-gallate (EGCG) Nanoparticles

Polyphenols are found amply in food plants as naturally occurring compounds. They
are emerging high interest to be introduced in pharmaceutical products and func-
tional foods owing to their potential health benefits. EGCG is the most plentiful and
biologically active polyphenolic compound found in green tea. The estimated
amount of catechins in one brewed cup of green tea is about 200–300 mg or
50–80% of EGCG. It possesses a strong antioxidant property that could be used as
health-promoting and therapeutic approach as well as prevention of cancer and other
chronic diseases. Moreover, due to its potent anti-inflammatory, ability to reduce
cholesterol level and glucose metabolism homeostasis and T-cell immunity, EGCG
poses a potential therapeutic candidate for the management of various diseases such
as diabetes, cardiovascular diseases, neurodegenerative, arthritis, obesity and auto-
immune diseases [67]. Figure 11.6 demonstrates a summary of the properties and
limitations of EGCG.

Tea is the most popular and widely consumed around the globe. Lately,
polyphenols-based green tea has gained great attention due to its potent health
benefits such as anticancer, antidiabetic and anti-inflammatory [68]. The main
polyphenolic constituent of green tea is gallic acid ester of EGCG, has been broadly
investigated for its biological attributes including anti-HIV, DNA protective effects,

Fig. 11.5 Quercetin chemical structure (a) and the images of scanning electron microscope (SEM)
of resveratrol PLGA nanoparticles (b) [56]
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neuroprotective and anticancer effect against a vast range of human cancer cell lines
[69]. The potent anticancer activity is mediated by inducing apoptosis, regulating
several cell signaling proteins linked with tumor proliferation, angiogenesis, and
invasion. The bioactive catechin extracted from green tea demonstrated a strong
cytotoxic effect on breast cancer cells like MDA-MB-468 and MDA-MB-231
[70]. EGCG has also been found to restrain tumor proliferation via suppressing the
release of factor-alpha of tumor necrosis. Therefore, it is envisaged that EGCG could
endow cytotoxic effect against pre- and malignant cells while sparing healthy normal
tissue. The potential anticancer property of this compound has been examined
in vitro utilizing many cancer cell lines originated from breast, liver, colon, cervix
and ovary, whereas limited studies have been investigated in living models, owing to
its rapid decomposition, short half-life, poor lipo-solubility and bioavailability

EGCG

Anti-
bacterial

Anti-
inflamm
ation

Anti-
cancer

Anti-
oxidative

Anti-
fibrosis

Vascular
protecti-

on

Neuroge
nerative

Anti-
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High-temperature
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Poor oral
absorption
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Fig. 11.6 Summary of EGCG properties and limitations (a) and its chemical structure (b)
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[68]. Furthermore, introducing EGCG to neutral or alkaline medium renders it
unstable followed by decomposition in the human gastrointestinal tract (GIT). The
hydroxyl groups present on the catechin molecule phenol rings are readily
deprotonated leading to rapid degradation. This poor stability in addition to the
low membrane permeability and intestinal transporter-mediated efflux endow sub-
optimal systemic delivery and poor oral bioavailability of EGCG, disregarding its
high-water solubility. Attempts have been made to enhance the physiological stabil-
ity including peracetate methylation protection, sulfate protection of hydroxyl
functions and glucuronidation, nevertheless, the in vivo EGCG biological activity
was hindered [71]. Table 11.2 represents the recent nano-based EGCG and their
characterizations.

11.7 Curcumin Nanoparticles

Curcumin (1,7-bis-(4-hydroxy-3-methoxy-phenyl)-hepta-1, 6-diene-3,5-dione) is a
hydrophobic yellow plant-origin alkaloid obtained from the rhizome of Curcuma
longa and has been applied extensively in traditional medicine and food industry
since its discovery. Recent studies have demonstrated that curcumin is not only
functional in health reinforcement, anti-inflammation, antiaging and antioxidation
[80], it is also well-documented to possess a great anticancer activity against certain
types including breast cancer [81], gastric cancer [82] and rectal cancer [83, 84]. Nev-
ertheless, the low oral bioavailability, high hydrophobicity and inherent physico-
chemical instability have limited the applications of curcumin in food and
pharmaceutical industries, where mass production is hindered [85]. Curcumin
possesses a heavily double-bonded structure comprised of phenolic hydroxyl and
carbonyl groups that are readily reactive leading to destabilization of its structure.
Also, the presence of some metal ions can render curcumin structure destabilized.
Figure 11.7 demonstrates a summary of the properties and limitations of curcumin.

Lately, the application of natural substances such as curcumin suggested as an
effective and alternative strategy for neurological and neurodegenerative diseases.
Curcumin has been utilized for numerous nutritional benefits and it is widely used
for medicinal and dietary properties in India and China [86]. In addition to the
pleiotropic therapeutic effects, curcumin is also able to bypass the blood-brain
barrier (BBB), endowing it as a potential therapeutic agent for various nervous
system diseases [87]. Moreover, curcumin possesses massive benefits for the man-
agement of more diseases such as cystic fibrosis, hyperglycemia, hypertension and
malaria [88]. On account of pleiotropic effects of curcumin towards the nervous
system, it may exhibit a potential neuroprotective candidate to manage various
illnesses. The neuroinflammatory effects of turmeric in illnesses including
Alzheimer’s disease, multiple sclerosis and Parkinson’s disease have been reported
in many experimental researches and clinical studies [89].

In spite of the incredible pharmacological attributes of curcumin, poor body fluid
stability, high metabolism rate, quick clearance and insufficient absorption in the
GIT have hindered its clinical uses. Even though extensive clinical trials of curcumin
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has been conducted, curcumin-based drug for clinical application has yet to be
approved [90]. Nonetheless, many strategies including application of combination
molecules such as quercetin, piperine or silibinin, curcumin analogs, complexation
with phospholipids, proteins or polysaccharides and curcumin bio-conjugates with
alanine or curcumin oil have been experimented to improve the bioavailability and
solubility [91]. Despite the success of the abovementioned approaches to promote
stability to some extent, most of the curcumin formulations are unable to provide
complete protection and they eventually undergo high metabolism and rapid clear-
ance. Additionally, such tactics do not offer an efficient approach for curcumin
targeting specific site of action.

Nanoencapsulation of curcumin has been emerged as an effective approach
delivery system to overcome these obstacles. Specifically, protein NPs such as egg
white protein [92], kafirin [93], and wheat gliadin [94] have displayed a great
potential as carrier delivery owing to their high nutritional value, biocompatibility,
inherent biodegradability and nontoxicity. In recent decades, scientists have exam-
ined the important properties of many nanoformulations that can be employed in
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drug delivery and site-targeted possibilities. Impressively, NPs have been emerged
as a novel delivery system to confer improved aqueous solubility and enhanced
bioavailability of therapeutic compounds like curcumin. It has been evidenced that
loading curcumin into NPs substantially prevents enzymatic and pH degradation and
improves chemical stability as well as prolongs circulation in the body [95]. Conse-
quently, plentiful nanomaterial formulations have been proposed to improve
curcumin characteristics. Nanoformulation strategies may comprise stabilizers,
lipid/liposomes, conjugates/polymer conjugates, micelles, NPs and nano/micro/
hydrogels [96].

Aforementioned studies highlighted the importance of tumeric nanoformulations
in the enhancement of the bioavailability and efficacy in vitro and in vivo. Never-
theless, more research is required to study the efficacy and toxicity of curcumin
nanocarriers in a large sample of patients. Moreover, adjuvant therapy with
curcumin NPs enables dose reduction of the main drug and hence, reducing the
toxicity-associated while maintaining the therapeutic effects. Even though decorated
NPs exhibit efficient targeting, the large surface area and reduced size may lead to
aggregation of the particles and reduced drug loading [97]. Aggregation pattern and
mechanical attributes influence the toxicity of the NPs that related to the method of
synthesis and purification. Thus, additional studies are prerequisite to formulate
toxic-free tumeric NPs. Toxicity concerns of NPs in drug delivery systems include
excitotoxicity, neuroinflammation, allergic responses and DNA damage. Therefore,
biodegradability and biocompatibility of nanoformulation should be precisely
investigated. Table 11.3 summarizes the recent literature regarding the various
applications of curcumin NPs.

11.8 Resveratrol Nanoparticles

Resveratrol is a natural phytoalexin that belongs to polyphenols and made by plants
as a protection tool from external harmful entities [107]. This polyphenol has been
extracted from 12 families among 31 genus and 72 plant species such as blueberries,
grapes, berries, peanuts and chocolate [108]. With regard to the physicochemical
properties, the molecular weight of resveratrol is at 228.2 g/mol and melting point in
the range of 253 and 255 �C [109]. In addition, its partition coefficient (log Po/w) in
1-octanol/water is at 3.1, indicating the hydrophobicity nature and hence solubility
in apolar solvents. The resveratrol functional groups, especially the three hydroxyl
groups attached to the aromatic rings, render its ability for further modulations,
resulting in various derivatives, where pterostilbene is the most well-known. More-
over, resveratrol is confined, since two isomers are available for this compound,
namely, trans- (the identified active form of resveratrol) and cis-resveratrol that
confer it prone to auto-oxidation and light-prompt isomerization [110]. In addition,
resveratrol stability is mainly regarded to the pH value of the solution.
Pharmacokinetically, it rapidly metabolizes into sulfate and glucuronide conjugates
to end up with a short half-life (8–14 min) in blood circulation.
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Resveratrol-based nanotechnology can be formulated from polymers, with bio-
compatible, biodegradable, and nontoxic attributes. These nanocarriers are
categorized with regard to their origin into naturally occurring polymers like
polysaccharides (e.g., alginate, chitosan, Arabic gum) and proteins (e.g., albumin,
silk, zein, gelatin) and synthetic-based polymers such as poly (lactic acid) (PLA),
poly (lactic-co-glycolic acid) (PLGA), poly (acrylic acid)- poly (methacrylic acid),
and poly (ε-caprolactone) (PCL). Polymeric nanospheres can be formed when the
payload (resveratrol) is solubilized or dispersed in the polymeric matrix, while
nanocapsules are produced when the payload is located in an inner core confined
by a polymeric matrix [111]. Polymeric NPs can be synthesized by various methods
such as electrostatic interaction of polymers, coacervation, ionic gelation solvent
evaporation, self-assembly emulsion and desolvation [111, 112]. Polymers are
characterized by the ability to deliver the encapsulant to the target site through
modifying the nanoparticle compositions to control their behavior in biological
mediums in response to different stimuli conditions. Hence, polymeric NPs design
is synthesized based on therapeutic application, administration route, and target site.
Figure 11.8 represents the chemical structure, AFM and SEM images of resveratrol
NPs.

Food grade proteins have been widely used for resveratrol nanoencapsulation to
improve the aqueous solubility, chemical stability and bioavailability [113]. Various
proteins have been investigated in this regard including bovine serum albumin [113],
gelatin [114], zein [115], and gliadin [116]. Zein displays unique properties such as
low cost, high abundance and great solubility in concentrated aqueous ethanol
solutions. Moreover, it possesses low water solubility which enables a simple

Fig. 11.8 Resveratrol chemical structure (a) and the images of AFM and SEM of resveratrol
PLGA nanoparticles (b) [56]
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synthesis of resveratrol NPs via antisolvent precipitation method with high encapsu-
lation efficiency [117].

11.9 Conclusion

Polyphenols are therapeutic agents with potent characteristics synthesized by plants
and some marine organisms, and display elegant combination of biological, chemi-
cal, and physiological activities. Nonetheless, their limited solubility, stability and
poor bioavailability have to be addressed in order to fully exploit their vast
applications in human health. The development of polyphenol nanoparticles
displayed an effective means to overcome these limitations and endow stability of
the incorporated compounds. Most frequently encapsulated polyphenols are querce-
tin, epigallocatechin, curcumin and resveratrol. Nanocarriers synthesized from dif-
ferent materials such as alginate, chitosan, gelatin, protein, zein, or cyclodextrins are
typically used as nanovehicle. These nanosystems protect polyphenols from envi-
ronmental stimuli such as thermal and oxidation decomposition, while maintaining
the beneficial bioactivity thereby contributing to prolong the shelf-life of bioactive
ingredients. Moreover, nanocarriers are also able to modulate the physicochemical
characteristics of the original compound, control the release at the target site and
elevate the bioavailability of the polyphenolic substances. Further development must
be carried out to investigate the pharmacokinetics and pharmacodynamics of pheno-
lic compounds to be translated into clinical settings.
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Abstract

Every year, large populations of primary malignant brain tumors are reported, of
which approximately 70% are malignant gliomas. Over half of malignant glioma
patients are of glioblastoma multiforme (GBM) linked with high mortality rates.
The progression of GBM leads through several complicated pathways, which
have also been expressed in the recurring segment. Previous researches have
shown that various compounds found in edible plants, known colloquially as
phytochemicals, can simultaneously influence multiple genetic pathways and can
be used to treat GBM as a potential drug agent. Polysaccharides and flavonoids
are among the phytochemicals extensively analyzed for their antioxidant, anti-
neoplastic, and anti-inflammatory actions. Likewise, a broad detail of
phytochemicals that have significant effects on GBM had been provided. Green
nanoparticles have the ability to prevent or reverse carcinogenesis by halting or
redirecting the start process or stopping the progression phase. Centered on a deep
understanding of the intrinsic properties of GBM, such novel methods of drug
delivery have demonstrated promise to overcome certain barriers. The BBB
obstructs drug distribution to the brain and inhibits the efficacy of both old and
new medications at the specified location. Because current GBM treatments are
preventative instead of therapeutic, new delivery mechanisms are critical, and
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nanoparticles will be at the forefront of future initiatives. This chapter discusses
the role of natural phytochemicals in enhancing glioblastoma patient expectancy
and life expectancy by increasing treatment potential and reducing significant
side effects. Furthermore, many novel GBM treatments will use better delivery
systems and abandon the current approach of injecting medications and devices
directly into the tumor. Nano-biotechnology, especially nanoparticles,
contributes significantly to improving the delivery of drugs into carcinoma
cells, and many of these technologies can be used in GBM. Finally, this chapter
therefore emphasized the potential of natural products and novel drug delivery
systems in GBM treatment by regulating multiple cancer pathways, such as
toxicity reduction and side effects.

Keywords

Glioblastoma multiforme · Malignant gliomas · Green nanoparticles ·
Phytochemicals · Blood-brain barrier

Abbreviations

GBM Glioblastoma multiforme
WHO World health organization
PDGF Platelet-derived growth factor
MDM2 Mouse double minute 2
EGFR Epidermal growth factor receptor
PTEN Phosphatase and tensin homolog
Wnt Wingless-related integration site
PI3K Phosphatidylinositol 3-kinase
AKT/PKB Protein kinase B
LRP5 Low-density lipoprotein receptor-related protein 5
MMPs Matrix metalloproteinases
Fz Frizzled receptor
P56 Transcription factor
IKK IκB kinase
Nf-kB Nuclear factor kappa B
ICAM-1 Intercellular adhesion molecule-1
Bcl-2 B cell lymphoma
INK4 Cyclin-dependent kinase inhibitors
IL-8 Interleukin
VEGF Vascular endothelial growth factor
MAPK mitogen-activated protein kinase
RelA Rel Avian Reticuloendotheliosis Viral Oncogene Homolog A
TGF-α Transforming growth factor-α
Ser473 and Thr308 serine/threonine kinase sites
mTOR The mechanistic target of rapamycin
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TCS1/2 Tuberous sclerosis complex
PTCH Transmembrane receptor Patched
GLI1 Glioma-associated oncogene
PTCH1 Protein patched homolog 1
PDGF-R Platelet-derived growth factor receptors
QCT Quercetin
STAT3 Signal transducer and activator of transcription 3
RVT Resveratrol
BBB Blood-brain barrier
ROS Reactive oxygen species
AMPK Adenosine monophosphate-activated protein kinase
DMBA Dimethylbenz(a)anthracene
UPA/UPAR Urokinase receptor
TNF-α Tumor Necrosis Factor Alpha
CCM Curcumin
BAD BCL2 Associated Agonist of Cell Death
COX-2 Cyclooxygenase-2
CRS Chrysin
PPAR Peroxisome proliferator-activated receptor
ERK a type of serine/threonine protein kinase
TBK1 TANK-binding kinase 1
MCF-7 Michigan Cancer Foundation-7
NRF-2 Nuclear factor erythroid 2-related factor 2
NADPH Nicotinamide adenine dinucleotide phosphate
GST Genistein
BC-A Biochanin A
EGG Epigallocatechin gallate
HeLa Henrietta Lacks
LNCaP Lymph Node Carcinoma
PARP Poly (ADP-ribose) polymerase
CDK Cyclin-dependent kinase
CD Cluster of Differentiation
LTN Lentinan
Dectin-1 C-type lectin domain family 7 member A
CR3 Complement receptors 3
NK Natural killer cells
TH1/2 T helper
DLD D.L. Dexter
PD-L1 Programmed cell death ligand
RTN Retinoids
OPBA Ophiobolin A
ER stress Endoplasmic Reticulum Stress
ITC Isothiocyanates
TMZ Temozolomide
ECM Extracellular matrix
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SKN Shikonin
DRB Doxorubicin
NPs Nanoparticles
SPA Super-paramagnetic particle adducts
GW Gliadel Wafers
FDA Food and Drug Administration
BM Biomimetic
CLT Cyclic decapeptide
mAb Monoclonal antibody
PEBBLEs Probes encapsulated by biologically localized embedding

12.1 Introduction

The worst and most havoc form of glioma is Glioblastoma multiforme (GBM),
which is reported to have emerged from CNS. Cushing was first known when
surgery was being performed on a patient with this type of tumor in 1904
[1, 2]. GBM can also be described as a basic, it is a primary brain neoplasm, having
phenotypically and a genetically variant group of tumors [3, 4]. Although it is
categorized into four types, the most prominent and worst is GBM. According to
WHO, gliomas could be of astrocytomas/oligodendrogliomas of lower grade to the
astrocytomas/glioblastoma of high grade (GBM) [5, 6]. Elderly peoples and
Europeans have a high tendency to get acquired by GBM. Patients suffering from
Li-Fraumeni syndrome, neurofibromatosis, Turcot’s syndrome are more susceptible
to GBM [7, 8]. Likewise, certain environmental factors are related to the develop-
ment of these lesions.

The etiopathological factors comprise ionizing radiation, smoking, electromag-
netic induction, allergy, and viral infections [9, 10]. Maximum of the GBM emerge
from primary glioblastoma through multistep tumorigenesis. In contrast, the
remaining ones are the secondary neoplasm, which takes about 3–5 years and
tends to develop from low-grade tumors (Fig. 12.1). Over-expression of PDGF
and alteration in the p53 gene lead to the astrocytomas of lower grade. With the
decline of tumor-suppressor genes on chromosomes 9p, 13q, or 19q, these tumors
convert into anaplastic astrocytomas [11].

Furthermore, activation of MDM2 and EGFR genes and suppression of the PTEN
gene is directly linked with the progression of GBM. Moreover, several other
pathways, such as Wnt, PI3K/AKT beta-catenin degradation pathways, and hedge-
hog pathways, are also linked with the progression of GBM [12]. Surgical excision
of the tumor, accompanied by radiotherapy and chemotherapy, are the new thera-
peutic approaches in GBM [13, 14]. Current research states that different compounds
collectively called phytochemicals can effectively target several genetic pathways
and are beneficial in cancer extermination as a single drug source [15]. Their various
neuroprotective and biological roles, such as anticancer, antioxidant, and anti-
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inflammatory activities, polysaccharides, and flavonoids, have been widely
evaluated for their possible effects [16, 17]. After discovering the antitumor and
immunomodulatory and properties, the polysaccharides received a lot of interest in
immune pharmacology research [18, 19]. A broad range of bioactive substances has
been recognized and listed below for their antioxidant nature and cancer
chemopreventive ability.

Our main goal is to explain the importance of certain bioactive substances in
improving chemotherapeutic drugs’ effectiveness in GBM treatment [20, 21]. Addi-
tionally, we also tried to provide the consequences of innovative drug delivery
systems for the management of GBM with the molecular mechanism and pathways
involved [22, 23]. Nanoparticles are attractive delivery mechanisms for both drug
and gene delivery due to their ease of size, shape, and structure adjustment, as well as
their loading potential. Increased precision would be possible with these NPs, to
improve GBM clinical outcomes. Clinical studies have been conducted or are
currently being conducted on various delivery mechanisms, including liposomes,
proteins, and gold nanoparticles, demonstrating the promise of such technologies.
Nevertheless, the FDA has yet to approve any of the NP formulations for the
treatment of GBM. We also tried to emphasize current research progression and
provide future perspectives of nano-medicines and nanotechnology by exploring the
chemopreventive effects of green nanoparticles in GBM.

12.2 Pathways Involved in GBM

12.2.1 Wnt Nodding in GBM

In embryogenesis, tissue repair, and self-renewal of adult cells, there is an involve-
ment of wingsless/Int1 signaling pathways directly or indirectly [24] (Fig. 12.2).
They are affected by multiple cancers (breast, colon, glioblastoma, and leukemia)
[25]. Wnt ligands (Wnt1, Wnt2, Wnt3a, Wnt5a) are exaggerated in the gliomatic
field [26, 27]. The Wnt1 disruption causes the growth of noninvasive glial tumors,
while in Wnt3, disruption prevents the formation of tumors in experimental mice
[28, 29].MMP-2 and GBM invasion were blocked in vitro when Wnt5 was disrupted
[30]. Canonical Wnt/β-catenin-dependent, non-canonical planar cell polarity, and
the Wnt/Ca++ route are three Wnt routes that could be described further. We mainly
focused on the β-catenin pathway for exploring the GBM [31–33].

12.2.2 b-catenin Degradation in GBM

When Wnt complexes adhere to their receptor on the cell surface (Frizzled receptor),
the β-catenin cascade communicates with its protein 5/6 (LRP5/6), which is a
co-receptor [34]. Therefore, establishing a matrix that appears to trigger the scaf-
folding protein in the cytoplasm. On the other hand, the matrix gets to the nucleus,
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where it interacts with transcription factors, allowing it further to govern the expres-
sion of target genes such as MMPs, cyclin, c-Myc [35] (Fig. 12.2).

The C-Myc and cyclin D are liable for cell differentiation, whereas MMPs can
enhance glioma cells’ ability. The PCP cascade, on either hand, begins through Wnt
signaling, which appears to stimulate Fz and triggers mitogen-activated protein
kinase. Several Fz and Wnt homologs induce protein kinase-C and calmodulin/
calcium-dependent kinase II in the third pathway, the Wnt/Ca++ pathway. The
aforementioned signaling systems have been upregulated in GBM, followed by
activating a large number of Wnt analogs [36].

Glycogen synthase kinase-3β (GSK-β) attaches to the beta-catenin if Wnt signals
are not available. The mechanism persists with the phosphorylation of β-catenin,
leading to destruction by the proteasome with diverse factors that affect this pathway
[37]. EGFR is triggered by beta-catenin when its interaction with alpha-catenin is
interrupted. The blockade of GSK-β blocked the depletion of β-catenin by FRAT-1
thus further promoting the upregulation of GBM invasion and development. From
the other side, GBM development is driven by a transcription factor called
Lef-11 [38].

12.2.3 NF-kB Signaling in GBM

The primary dimmers found in GBM cells are p65 and P50 (formed from p105) that
are directly linked with NF-κB [39] (Fig. 12.2). Unless it is being dimerized with a
C-terminus transcription factor realm isoform such as p65 or connected with a trans-
activating co-regulator, p50 works as an inhibitory protein [40, 41]. Although p65 is
often sustained at rest in the cytoplasm, a massive concentration of cytokine and
oncogene stimulation arises in cancerous cells, resulting in increased IKK expres-
sion and nuclear p65 efflux [42, 43]. As stated, the target of signaling pathways
transductions entailed in influencing an enormous span of physiological processes,
such as angiogenesis, apoptosis, and cell proliferation, is NF-κB [44, 45].

A study revealed that many gene regulators or modifiers were kindred with cell
proliferation and apoptosis, such as intercellular adhesion molecule-1 (ICAM-1),
Bcl-xL, Bcl-2, Cyclin D1, and C-Myc [46]. Thus, NF-κB contributes to these genes’
expression, causing biological and anti-apoptotic effects [47]. Moreover, NF-κB is
progressively manifested in various malignant cancers, such as melanoma, GBM,
pancreatic cancer, and prostate cancer [48]. Over the last several years, a lot of
research has revealed that modifying associated genetic variables can mediate the
creation and propagation of GBM cells via the NF-κB signaling pathway
[49]. Neurofibromin-1 and p53 knockdown are two of the most common genetic
changes found in GBM, along with amplification of MDM2 and epidermal growth
factor receptor, INK4A loss, upregulation of PI3K/Akt, PTEN loss [50]. Several
findings have shown that tumorigenic EGFR channels significantly contribute to
tumor growth and GBM intrusion, suggesting a crucial role for NF-κB. A receptor-
combining protein-1, an ambitious oncogenic activator of NF-κB, tends to amplify
MDM2, a particular p53 inhibitor, suggesting a monotonous interaction between
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p53 and NF-κB [51]. It should be noted that both RIP1 and MDM2 are frequently
over-expressed in GBM. EGFR variant has been shown to induce GBM angiogene-
sis and growth via NF-κB signaling pathway and IL-8, a typical pro-angiogenic gene
in contrast. In addition, NF-κB governs the production of VEGF, an essential
angiogenesis catalyst [52].

GBM progression and angiogenesis are reliably declined by inhibiting the NF-κB
signaling. Several reports have shown that EGFR supports NF-κB via AKT, and this
signaling system promotes chemoresistance in GBM cells. In order to enable the
transcriptional activation capability of NF-κB, AKT utilizes at least three different
mechanisms (IKK α, MAPK, and RelA). This modulation seems to be incorporated
into the positive feedback mechanism. Activation of NF-κB further activates Akt as
a PI3K negative modulator through downregulation of the PTEN [53, 54]. The
protein tyrosine phosphatase (SHP-2) and Gab1 are the key components necessary
for the interaction of gene transcription of EGFR with NF-κB through the signaling
cascade of PI3K/Akt in GBM cells. The NF-κB/Akt signaling pathway regulates
apoptosis, cell proliferation, viability, and malignant (GBM) transformation [55, 56].

Various natural biomolecules and chemical compounds such as sulfasalazine,
niclosamide, MG132 (proteasome blocker), BAY117082, and arsenic trioxide have
lethal effects on GBM through inhibiting NF-κB [57–59]. These integrated findings
reinforce the function of the signaling pathway for NF-κB and provide a reliable
explanation for GBM pathogenesis.

12.2.4 PI3/Akt Signaling Pathway

Almost more than 60% of all brain tumors are linked with PI3/Akt signaling
pathway. It proceeds with the alteration in some genes that are directly linked with
this pathway. These are PIK3CA, EGFR, PIK3R1, and PTEN [60]. PI3/Akt/mTOR
pathway is initiated by two of the growth factors like transforming growth factor-α
(TGF-α) and epithelial growth factor (EGF) [61]. On cohering with the respective
receptors, such as EGFR [62], these get dimerized (hetero/homo), which in turn
phosphorylate its intracellular tyrosine kinase domain [63] (Fig. 12.2).

Class I PI3K is the most important pathway for tumorigenesis. It comprises two
units, a resistor subunit p85 and a catalytic subunit p110 (α, β, γ). When the process
is initiated, tyrosine gets phosphorylated. In turn, EFGR binds to p85. Thus, the p110
subunit gets released [64]. Phosphatidylinositol-3 and 4-bisphosphate (PIP2) gets
phosphorylated by the triggered p110 into secondary messenger 5-bisphosphate
(PIP3) and phosphatidylinositol-3 and 4 [65]. The PI3K antagonist PTEN reverses
the same reaction and vice versa [34]. Consequently, Akt is phosphorylated on its
serine/threonine kinase sites (Ser473 and Thr308) with the help of PIP3 that activates
the downstream Akt to inner membranes [66]. Many other proteins, such as GSK-3β,
are activated by Akt phosphorylation, which further stabilizes β-catenin [67].

PI3/Akt enhances the MMP-2 and MMP-3 activity inside the peripheral cells,
encouraging them to infiltrate regular brain tissue [68]. PTEN, on either end, inhibits
MMP-2, preventing GBM proliferation [69]. The PI3K/Akt/mTOR signaling

12 Green Nanoparticles: A Hope for Targeted Delivery of Natural. . . 405



pathway has been continuously activated by EGFR and PTEN mutations,
contributing to cancer [70].

mTOR is both an actuator and an appellate controller in the PI3/Akt pathway
[71]. The rapamycin-sensitive mTOR complex (mTORC1) and the rapamycin-
insensitive mTOR complex (mTORC2) both contain mTOR (mTORC2)
[72]. mTORC2 participates in cellular metabolism, longevity, replication, and cyto-
skeletal rearrangement by phosphorylating Akt at Ser-473. Tuberous sclerosis com-
plex (TCS1/2) is inhibited by stimulated Akt, which stimulates mTORC1, which
takes part in ribosomal biogenesis, protein translation, and cell growth [73, 74].

12.2.5 Hedgehog-GLI1 Pathway

Hedgehog pathways have an essential role in both tumor genesis and embryogene-
sis. Sonic (Shh), Indian (ihh), and Desert hedgehog (Dhh) are three types of ligands
that can initiate the hedgehog pathway perfectly [75]. PTCH is a transmembrane
receptor with 12 transmembrane domains. When the ligand binds to the receptor, it
disables Smoothened (SMO), a 7-transmembrane receptor protein [76]. GLI1, which
localizes to the nucleus and modulates multiple genes, including GLI1, PTCH1,
cyclin D, Bcl-2, and VEGF, is prevented from being degraded by SMO [77]. Addi-
tional routes, such as PI3/Akt and MEK, can also trigger GLI1. Tyrosine kinase
receptors such as EGFR and PDGF-R were found to regulate these above pathways
[78] (Fig. 12.2).

GLI1, GLI2, and GLI3 transcription factors are members of the GLI family.
These substances function as Shh network effectors. GLI1’s alternate isoform,
tGLI1, has also been linked to breast cancer and GBM [79]. The tGLI mutation
has not been found in normal brain cells, although it is found in the majority of GBM
instances [80, 81]. The activity of heparanase and VEGF-A is also being found to be
upregulated by tGLI [81]. When compared to standard GLI variations, this results in
enhanced vascularity in GBM [82]. Countless investigations have backed up these
claims, and thus GLI can be an excellent benchmark for restorative medicines due to
its lack of expression in cancerous cells [83].

12.3 Natural Products Useful in GBM

12.3.1 Quercetin

A God-gifted flavonoid and a unique plant-based phenolic compound, Quercetin
(QCT), are extensively present in different varieties of vegetables and fruits that have
many unique properties [84]. These may include antioxidant, anti-inflammatory,
antihypertensive, and anticancer properties. Additionally, it promotes cell death and
acts as a mighty apoptotic agent in brain, breast, and liver cancer cells [85]. The key
cytokine that induces the inflammatory environment of tumor is IL-6 [86]. Its
enhanced expression in patients with GBM and is also closely related to their
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survival. In addition, it has been shown that in several GBM cell lines, there was a
constant activation of STAT3 and signal transducer by IL-6. Increased apoptosis and
cell proliferation were marked by the suppression of IL-6 [87]. A recent report also
quotes that in U87 and T98G cell lines, QCT undoubtedly decreased the STAT3
activation [88].

Additionally, it abolished the heat shock protein 27 thus acting precisely on U87
and U251 cell lines of GBM and promoting drug resistance [89]. In several studies,
QCT has been reported to act as a promising agent in promoting apoptosis via
mitochondria [90]. Besides these enormous properties, QCT also regulates the
phospholipase D and PI3K signaling pathway, followed by activating MMP-2,
NF-κB, and Caspase-3 thus promoting cell death in GBM cells through protein
kinase A and C signaling pathways [91, 92]. Along with the antitumorigenic
potential of QCT, it also provides pro-tumorigenic effects in a rat glioma model
[93, 94].

12.3.2 Resveratrol

Resveratrol (RVT) is another promising polyphenolic phytoalexin agent in GBM.
Several studies reported its antioxidant, neuroprotective, antitumorigenic, and anti-
inflammatory properties in various diseases [95]. It also precisely penetrates the
BBB thus acting as a curative agent in several neurodegenerative diseases. In several
different forms of cancer, it worked as a chemopreventive and anti-oncogenic agent
[96]. In T98G and U251 cell lines, RVT showed its significant action via NF-ƘB-
dependent signaling. It also suppressed various anti-apoptotic proteins such as
X-linked inhibitors of apoptosis protein and survivin [97].

RVT tends to cause the death of cancerous cells via apoptosis, autophagy, and
senescence. Several other studies showed that RVT also enhanced the ROS genera-
tion in SHG44 cells of GBM thus accelerating toxicity by activating the AMPK
pathway [98]. It is also reported that RVT inhibited the TOR signaling pathway,
followed by a decline in the Bcl-2 gene assertion in GBM cells [99]. Moving
forward, some researchers also reported that RVT proved to be a potent hindrance
in the blooming of skin cancer in animals during several stages of carcinogenesis
[100]. Beyond that, RVT also repressed mammary carcinogenesis induced by
DMBA in several animal studies [101, 102].

Moving down to human studies, RVT also impeded tumor cells’ growth and
improved the level of Caspase-3 in cancerous liver cells [103]. A clinical dose of
RVT, 5 g/day for 29 days, significantly improved the IGF-1 and IGF-BP-3 levels in
healthy candidates thus providing its anti-proliferative effect [104]. With the activa-
tion of NF-kB and UPA/UPAR via TNF-α, RVT proved to be a promising molecule
in U373MG glioma cells [105]. It also showed chemoprotective and
anticarcinogenic properties in different phases of glioma [106, 107]. RVT also
showed its cytostatic and cytotoxic properties in glioma cells by altering several
phases (M/G2) of the cell cycle, independent of p53 in medulloblastoma cells
[108, 109]. Another study showed the effect of RVT on the stem cells of glioma
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obtained from several patients of GBM. The study concluded that RVT showed its
promising effects by acting upon the Wnt signaling pathways [110–114].

12.3.3 Curcumin

Another polyphenolic compound known as Curcumin (CCM) reported promising
growth inhibition, blocks angiogenesis, and causes apoptosis in many cancer models
[115]. The reduction in NF-kB and AP-1 activity also holds antioxidant and anti-
inflammatory properties [116]. CCM has been incorporated in several clinical trials
to treat high-risk cancers and GBM cells by inhibiting cell and angiogenesis devel-
opment [117]. CCM has been reported to prevent intracranial tumor U87 and
improve animals’ survival rates [118]. A derived product of CCM called Turmeric
Force (curcuminoids: 11%, turmerones: 45%, and several other compounds),
showed an enhanced cytotoxic effect against the cancerous cells [119].

CCM also retards the activity of human rhabdomyosarcoma and embryonal cells
[120]. It is also reported that CCM also alters the AKT signaling thus acting upon the
genes of U87 cells and downregulating them precisely [121]. As known before,
AKT signaling is linked with angiogenesis, cell proliferation, chemotherapeutic
resistance, and apoptosis inhibition [122]. When AKT signaling is activated, it
preferably inhibits apoptosis by reducing cytochrome-C liberation from
mitochondria [123]. Thus, it abolishes pro-caspase-9 and BAD via phosphorylation
[124, 125]. Moving further, the potency of CCM was also evaluated on U87MG,
T98G, and T67 in humans and on C6 in rat cell lines [126].

It was noticed that CCM was doing a fabulous job by reducing the cell survival in
p53 and caspase in an independent way [127, 128]. CCM also boosts the antitumor
activity of nimustine in contrast to GBM by blocking the NF-κB/COX-2, PI3K/Akt
signaling [129]. One study also reported that de-methoxycurcumin inhibited the Akt
and NF-κB pathway in U87 cell lines and proved its anti-proliferative activity
against the GBM cells [130].

12.3.4 Chrysin

Another class of phenolic compound that belongs to certain flavonoid-containing
plants such as Passiflora incarnate, Passiflora caerula, and Oroxylum Indicum is
Chrysin (CRS) (5,7-dihydroxyflavone) [131]. The pharmacological effect of
flavones in CRS is also due to the presence of other flavonoids such as Baicalein
and Wogonin [132]. Cellular and molecular pathways such as p38/MAPK/NF-kB,
TBK1, Wnt, PPAR/AMPK/ERK/AKT are directly involved in its antitumor activity
[133]. Some studies also reported that CRS retards the development of thyroid
carcinoma via Notch 1 signaling cascade [134].

CRF was found to be a promising molecule in the depletion of free radicals thus
maintaining the level of several oxidative stress parameters [135]. Also, in MCF-7
cancerous cell lines, CRS was noticed to induce apoptosis significantly [136]. With
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the initiation of MAPK/p38, CRS was retarding the cell cycle of C6 glioma cell lines
[137]. Several studies also showed CRS’s possible potential in inhibiting the tumor
cells through ErK/Nrf2 signaling cascade [138]. It also significantly reduced the
assertion of NADPH quinine oxidoreductase-1 and hemeoxygenase-1 [139]. Further-
more, CRS was used in several cell lines such as A172, U87MG, GBM 8901, GL15,
and U87 GBM [140–145]. The concluding results showed that CRS had a potential
role as an antitumor agent in GBM, followed by deterioration of mitochondria and
ER and cell metabolism thus causing mortality in GBM cells [146–148]. CRS was
also beneficial in downregulating the assertion of various proteins, such as laminin,
MMP9, MMP2, and fibronectin, which were directly involved in eradicating the
GBM cells [149–152].

12.3.5 Genistein

Another phyto-estrogenic isoflavone called Genistein (GST), reported to be
extracted from Pueraria lobata, Glycine max, and Psoralea corylifolia, possess
many miraculous properties (antineoplastic) in the treatment of prostate, breast,
non-hormonal, and colonal carcinomas [153, 154]. GST tends to give its apoptotic
and neuroprotective effect through the AKT/NF-kB pathways [155]. It also acted
perfectly upon A549 cell lines and prostate cancer through MMP-9 and MMP-2 thus
reducing cancerous cells’ invasion [156, 157]. Further, it showed its effect in
prostate cancer through apyrimidinic (AP) endonuclease 1 (APE1) [158]. It also
altered the expression of several apoptotic markers such as Bcl-2, Bax, Caspase-3,
and Caspase-9 [159]. GST was reported in some studies to give its therapeutic
effects in U87 and TP53 GBM cell lines through the mTOR/AKT pathway and
block the cell cycle phases, respectively [160].

GST was also reported for its chemoprotective property in A172, ONS76,
KNS60, and U251MG GBM cell lines. Correspondingly, the combination of GST
with carmustine showed its blocking effects in C6 and U87 GBM cell lines
[161, 162]. In combination with other flavones, GST improved the efficacy of the
primary molecules [163]. Furthermore, GST also gave its potent action by inducing
cytotoxicity in many other neuroblastomas and GBM cell lines by blocking the
topoisomerase II and telomerase thus enhancing CDK inhibitors’ expression
[164]. Further studies also said GST acted well upon tyrosine kinase EGFR and
urokinase plasminogen activator by inhibiting cancer cells’ growth [165]. In a
survey on prostate cancer patients, who were administered GST at its pure, it was
noticed that there was no change in any of the micronuclei or having any genotoxic
effects [166, 167]. On the other hand, GST is also very safe even if used at its highest
dose [168, 169]. However, the findings of several cancer studies on isoflavones are
promising and have the potential for more research.
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12.3.6 Biochanin A

Another bioactive isoflavone known as Biochanin A (BC-A) isolated from red
clover showed its inhibitory action on LNCaP tumors’ growth in several animal
studies [171, 170]. Besides, it also showed its chemoprotective and anticancer action
against GBM cell lines and different cancerous cells (prostate, oral, lungs, and
breast) [172, 173]. With BC-A administration, prostate, breast, and colon cancer
cells’ growth is restricted via tyrosine kinase inhibition [174]. Previous studies
reported that by impairing matrix metalloproteases, BC-A prevented the infiltration
of glioblastoma cells. It has also been found that BC-A raised rapamycin’s effec-
tiveness in impeding the mTOR signaling in GBM cells, and their AKT critique
upregulation induced by rapamycin [175].

12.3.7 Epigallocatechin Gallate

Camellia sinensis, a plant that gives very promising chemo sensitizing, antitumor,
chemoprotective flavonoid catechin called Epigallocatechin gallate (EGG), which
was reported to be very effective in malignant cancers [176]. By inhibiting the IGF-1
domain, which facilitates signaling pathways combined with insulin receptors, EGG
governs MCF-7 and HeLa cells’ cell transformation and is implicated in breast and
lung carcinoma tumorigenesis [177]. Furthermore, in breast cancer cells and LNCaP
prostate cancer cells, EGG is implicated in downregulating Wnt signaling and
upregulating p53 transcription [178].

In GBM cells, EGG was involved in downregulating NF-kB, IGF-1R, and PDGF
signaling pathways via restricting protein telomerase expression. In U87 MG GBM
cell lines, EGG significantly reduced the neurosphere’s invasion along with the
movement of cancerous cells [179]. The downregulation of P-glycoprotein, Bcl-2,
AKT phosphorylation, and Bax and PARP enhancement by EGG also showed its
potential effect against GBM cells [180]. In T98G, U87MG, 1321N1, and U351
GBM cell lines, EGG provoked apoptosis by acting upon c-Jun N terminal kinase-1,
Caspase-3, Caspase-9 via regulating the membrane potential of mitochondria
[181]. Important evidence has been presented that EGG improves cancerous cells’
sensitivity to chemotherapy drugs such as cisplatin and tamoxifen by blocking
telomerase in U87-MG and 1321N1 cells and increasing the activity of GBM
U251 and U87 cells to temozolomide cells [182].

In contrast, EGCG prevents glioma cell prevalence by downregulating the func-
tion of matrix metalloproteinases (MMP-9 and MMP-2) and retards their develop-
ment by governing the signaling of MAPK [183]. Besides, EGG prevents the
propagation of U87 cell lines and fights back against anti-apoptotic protein’s sur-
vival effects, which is otherwise immune to ionizing radiation. Also, by improving
the proliferation of CDK blockers (p27, p21) and promoting cell death in
perivascular nooks of GBM stem cells, EGG enhances the impact of ionizing
radiation on human microvascular endothelial cells in the human brain
[184]. Even though EGG consistency in liposomes and lipid carriers is relatively
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higher, nanoparticles could prevent premature degradation of EGCG [185]. Further-
more, EGG-loaded nanoparticles display a pattern of continuous release that
decreases the dosage and treatment duration, also the adverse side effects [186].

Furthermore, by integrating specific ligands on EGG nanoparticles’ surface,
specified delivery of EGG to cancerous cells can be enhanced. In addition,
EGG-loaded hyaluronic acid nanoparticles directly target CD44, link to CD44
receptors, seize the G2/M stage of the cell cycle, and accelerate prostate cancer
cell apoptosis [187]. In another research, by making micellar nano-complexes, EGG
derivatives were used to hold and distribute Herceptin to breast cancer cells. In
addition, EGG inhibits glioma cell prevalence by downregulating the production of
matrix metalloproteinases (MMP-9 and MMP-2) and prohibits their expansion by
implementing the signaling of MAPK [188]. In conjunction, by boosting CDK
inhibitors’ function (p27, p21) and promoting cell necrosis in perivascular bays
consisting of therapy-repellent GBM stem cells. Ionizing radiation has a stronger
impact on human microvascular endothelial cells in the brain when EGG is present.

12.3.8 Lentinan

Lentinan (LTN) is an acceptable and therapeutic medicinal polysaccharide harvested
from Lentinus edodes, reported to have potent antitumor properties [189]. It also
modulates the immune system by attaching to Dectin-1 and CR3 receptors on
immune cell surfaces. It energizes the transit of cytokines like TNF-alpha, certain
interleukins, and interferons, eventually activating differentiation, maturation, and
proliferation of immune cells [190]. In addition, LTN has been shown as an additive
that improves NK cell’s and T cells’ behavior and switches the orientation of Th1/2
towards Th1 by enhancing IL-121 generation [191].

In patients with stomach cancer, LTN therapy inhibits prostaglandin synthesis,
which stabilizes T lymphocytes’ formation and blocks the action of T regulating
cells. It also significantly boosts the number of cytotoxic T lymphocytes in the
spleen, promotes B-lymphocytes’ recruitment, and improves cytotoxicity regulated
by antibody-dependent cells [192]. It has been used widely in China as an active
ingredient in the treatment of malignant tumors. It is also reported that for the
therapeutic assessment of gastric cancer with marginal results, LTN was used as
an active ingredient, followed by enhancing chemotherapeutic agents’ toxicities.
LTN is identified as restricting C-Myc in DLD-1 cancer cells lines to reduce the
transcription of hTERT genes, consequently hindering telomerase’s function in
cancerous cells [193, 194].

Research analyzing the antiangiogenic impact of LTN on tumorigenesis revealed
that generation of IFN, which refers to the suppression of tumor vascular growth in
LAP0297 lung cancer cells, was mediated by LTN therapy [195]. In addition, LTN
inhibited angiogenesis via suppressing various gene expressions [196]. The suppres-
sion of programmed cell death ligand (PD-L1) has shown a unique approach of LTN
for the betterment of gastrointestinal cancer [197]. This safeguards tumor cells from
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T cell denaturation by inducing downstream inhibitory signaling of T cell antigen
receptors [198].

LTN in conjugation with oxaliplatin showed repression of NF-κB, STAT3, and
survivin expression in H22 tumor. In MG63 cells (human osteosarcoma cells), LTN
induced apoptosis and autophagy by inhibiting the MAPK/ERK signaling [199]. It is
also reported that LTN decreased the cyclin D1 levels and increased caspase 3, 9,
and Beclin-1 levels [200, 201]. Significantly, LTN inhibited the development of cell
lines of rat C6 glioma, induced apoptosis, stops the cell cycle, improves the segments
of cells in the G0/G1 stage, and decreases the percentage of cells in S phase [202–
204].

12.3.9 Retinoids

Retinoids (RTN) are a group of chemical compounds which are fat-soluble and
linked to vitamin A [205]. It has also been found that RTN theoretically increases
chemotherapy and radiotherapy’s effectiveness in GBM [206]. Retinol is imported
from the liver as retinol-pivotal protein and is transformed to retinaldehyde, then
finally to retinoic acid. Retinoids signaling pathways play a prominent part in
neurogenesis, hippocampal neuronal dendritic development, and increased cognitive
functions [207].

Research suggests that RTN significantly inhibits the cell migration and prolifer-
ation of human GBM in multiple tissues. Retinoids can trigger efficient segregation
but cannot induce apoptosis [208]. In a related study, astrocyte proliferation and
telomerase expression were induced, and the sensitiveness for interferon-α therapy
was enhanced when GBM therapy is initiated with RTN [209]. Also, RTN therapy
has been shown to minimize oxidative factors, rendering GBM cells vulnerable to
radiotherapy [210].

12.3.10 Fungi (Bipolaris setariae)

Bipolaris is a dematiac hyphomycetes genus with hundreds of species. Ophiobolin A
(OPBA), a sesquiterpenoid developed by morbific fungi, was processed by the crop
extract of Drechslera gigantea as an important phytotoxin [211]. A wide range of
pharmacological and biological properties, notably anticancer activity, were shown
in additional compound investigations. Numerous studies have documented the
potency of OPBA against glioblastoma and neuroblastoma cells [112].

OPBA mediated pyroptosis in GBM cells by disrupting internal potassium ion
homeostasis. Furthermore, several studies found that OPBA induces mitochondrial
damage and endoplasmic reticulum stress, compromises cell cycle development, and
prevents several oncogenic trajectories in GBM cells [212, 213]. Thus, OPBA refers
to a class of phytochemicals that could be used to treat cancer forms with various
degrees of proapoptotic stimulation tolerance [214].
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12.3.11 Isothiocyanates

Isothiocyanates (ITC), extracted from cruciferous plants, have anti-invasive, anti-
inflammatory, anticancer, pancreatic, myeloma, and breast cancer suppression
properties [215]. The neuroprotective and anti-inflammatory effects of ITC have
recently been tested in different cancer cells. Further studies suggested that various
activities of ITC were due to the inhibition of JNK/NF-α signaling [216].

A study revealed that in treatment with phenethyl ITC, the sensitivity of
TMZ-resistant cells (U373, T98, U87) was increased by inhibiting MGMT expres-
sion through the NF-kB signaling cascade [217]. Additionally, ITC prevented the
transcribing of MMP-9 by mitigating NF-kB and activator protein-1 to avoid C6
GBM cells from becoming invaded and migrated [218, 219].

12.4 Natural Products and Blood-Brain Barrier

Since GBM is relatively dangerous in essence, even when the tumor is in non-fervent
areas, all microscopic diseases’ ablation is not viable. While targeted therapy has
received a lot of attention, the life expectancy of GBM patients has not improved
because of inadequate drug penetration through the BBB [220] (Fig. 12.3). Conse-
quently, substances proficient of altering the BBB porosity are extremely coveted to
boost the bioaccessibility of tumor sensitive agents. The BBB is an essential
dynamic vascular framework that controls molecules’ access to the brain through
paracellular or transcellular pathways [221]. It is made up of several tight junctions
between endothelial cells and P-glycoprotein, enzymes, and specific receptors [222].

Although the BBB’s paracellular conductivity is controlled by the phosphoryla-
tion of endothelial tight junctional (TJ) proteins (zonula occludens-1),
P-glycoprotein’s inactivation may boost the influx of drug to the brain. BBB
functions are also affected by the BBB microenvironment, which involves pericytes,
astrocytes, neurons, fibroblasts, microglia basement membrane, and extracellular
matrix (ECM) adjacent cell types. The BBB tumor emanates from tumor capillaries
that provide the tumor with nutrients and oxygen [223]. ECM, overrunning
macrophages, tumor cells, tumor-associated microglia, and several other cancerous
cells are part of the glioma microenvironment. Oddly, tumor growth in rat GBM
models was blocked by targeting the glioma microenvironment of BBB [224].

Natural products are known to alter the BBB microenvironment by reducing the
function of endocytosis, MMPs, and P-glycoproteins. Shikonin (SKN) is a primary
naphthoquinone derived from the natural medicinal herb Lithospermum
erythrorhizon recognized for its antioxidant and anti-inflammatory activities. SKN
therapy significantly suppressed MMP-9 expression, raising Claudine-5 and BBB
penetrability [225]. Furthermore, SKN therapy has been found to reduce the mobil-
ity, proliferation, and differentiation of cell lines U87 and U251 and restrict MMP-2
and MMP-9 development, probably by suppressing the PI3K/Akt signaling
cascades. Procyanidin (PCD) also contributed to the microvessels endothelial
cell’s conductivity by modifying P-glycoproteins in rats [226]. More specifically,
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Fig. 12.3 Schematic representation of liposome influx to the tumor region
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PCD also strengthened the entry of adriamycin into BBB, resulting in increased
therapeutic effectiveness. Scillarenin was also shown to impede the facilitated
diffusion of P-glycoprotein. Curcumin also retains the identity of BBB in hypoxic
conditions and glucose depletion [227].

12.5 New Outlooks to Drug Delivery

Developments in nano-medicine have increased the possibilities of biomedical drug
delivery to GBM cells [228]. Nanoparticles can solve such issues with traditional
approaches, as it uses vectors for the transmission of drugs to the brain (Table 12.1)
[267]. The lack of treatment for the condition complicates clinical distribution to
GBM [229].

The difficulties encountered and the creative approach to the treatment of GBM
reviewed, including a review of nano-biotechnology potential to support GBM drug
delivery, have allowed the development of GBM’s ideal nanotechnology-based drug
delivery system concepts. These characteristics will be used to appraise some of the
approaches mentioned thus far and influence the development of new
procedures [230].

12.5.1 Drug Delivery Throughout the Blood-brain Barrier Employing
Nano-Medicine

In prior decades, nano-medicine has made promising advances, specifically in the
context of cancer treatment. The level and the scale of nano-related products and
their functions are crucial components in the distribution of nano-drugs [231]. This
means that nanostructures can engage directly, efficiently, and effectively with
bioactive molecules and make people learn metabolism and molecular processes
deeper. Nanoparticles with the ability to bypass or cross through the BBB could be
used as a new drug delivery technology in the treatment of GBM [232].

GBM chemotherapy is also impeded as the successful delivery of chemotherapy
to the desired cancerous cells is not achievable; the appearance of BBB makes the
problem more challenging. Therefore, organized, effective therapeutic
methodologies need to surpass the BBB and reach their brain’s boundary. The
efficient intrusion of lipidated medicines and the development of drugs capable of
infiltrating the BBB transportation mechanism and drug-laden nano transporters are
suggested solutions [233].

Several other entities need a unique transport framework to traverse the BBB
except for a small number of liposoluble and micro molecules. A somewhat more
reliable and personalized methodology could also be applied to incorporate unique
treatments, like the nanoparticles-based system. In an effort to strengthen the
obstacles, colloidal structures such as the nanoparticle system enable nano-carriers
with surface properties to be built to transport the medications within the BBB
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[234]. Nano-material interventions like dendrimers, liposomes, and polymeric
micelles have been shown to bypass the BBB and reach the desired location.

Innumerable nano-material-based medications have indeed been studied for the
ministrations of GBM and several other cancers [235]. GBM is highly diversified,
and with various levels of stability for BBB, growing gliomas are exhibiting an
unbroken BBB and diminished glioma.

Therefore, GBM techniques must be structured to identify BBB changes relating
to disorders and alter nano-carrier drugs or drugs. In biological materials, transporter
substances should ideally be lightweight, cationic, and inert and configured to
contain heavy drug payloads to adequate systemic absorption [236]. In order to
enhance the effectiveness of any GBM cancer agent, it is also important to under-
stand the physiological and pathological state of gliomas [237].

12.5.2 Targeted Nanoparticles for Tumor Receptors

Doxorubicin (DRB), an anticancer compound attached to polysorbate-coated NPs,
enters the BBB unchanged and achieves the brain’s therapeutic level. In rats with
101/8 GBM tumor incorporated inside their brains, DRB formulation with coated
NPs has administered, which showed potent effect than the other groups [238].

More than 20% of animals throughout this category demonstrated a prolonged
regression. Tentative histopathology reported that this community has smaller tumor
sizes and reduced propagation and autophagic rates. NPs can also minimize
doxorubicin’s systematic tolerance [239]. This analysis demonstrated that doxorubi-
cin therapy associated with NPs provides a preventive human GBM cell
opportunity [240].

12.5.3 Super-paramagnetic Particle Adducts (SPA)

SPA is being used to detect tumors quicker than recent methods and aims at the
tumors quite precisely. The super-paramagnetic iron oxide NPs were assembled with
a new rotating method. In order to disable NPs with modest biopolymers and aiming
envoys, a basic dialysis methodology was designed that prevents the application of
standard centrifugation, causing the accumulation of particles during the casting
method [238].

In an attempt to optimize the binding potential of these NPs, a novel chemical
framework has been developed, which combines folic acid (FA) with polyethylene
glycol (PEG), which improves NP cytocompatibility. The atomic force microscopy
depiction showed that the generated NPs had been well distributed with small
distributional dimensions [239]. Furthermore, the biomedical section of the research
revealed that PEG-FA covering of NPs substantially improved epithelial absorption
of NPs by the target tissue. More research in this area is continued by introducing
several biomolecules, such as tumor cells promoter target and chemotherapy envoys,
into NPs. This technique holds a lot of promise for treating GBMs selectively [240].
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12.5.4 Gliadel Wafers (GW)

Complications are probable after surgical excision of the GBM accompanied by
radiotherapy and chemotherapy. Owing to systemic toxicity, the need for transport
through the BBB successfully is a massive issue for drug delivery. GW is offering a
new method for delivering chemotherapy agents to GBM cells [241, 242]. GW,
recommended for the treatment of chronic glioblastoma by the FDA, is biodegrad-
able carmustine-loaded polymers. They are implanted at the debridement site, and
the medicine is progressively delivered over many weeks as the wafer polymer
recedes [243].

While using GW, survival rates were much higher in a clinical trial than in
placebo-controlled groups [244]. In addition, glioma patients who underwent sur-
gery with soaked temozolomide GW were successfully treated in another study
[245]. Many such studies had indicated that local drug transmission is enhanced
when GW was inserted in the resection region of malignant gliomas. Clinical side
effects were also decreased in ongoing glioma care [246]. Even so, there have even
been records of negative impacts arising from the use of GW, including surgical
inflammation, cerebral edema, interventional seizures, and rigorous death-related
hydrocephalus [247, 248].

12.5.5 Biomimetic Nanoparticles Targeted to Tumors

Biomimetic (BM) NPs have also been identified to target many tumor cells. The
mechanics are premised on a cyclic decapeptide (CLT), which detects coagulated
plasma cells and home tumors. Iron oxide NPs and CLT-coated liposomes aggregate
in tumor vessels, where further local coagulation is caused, creating new ligands of
even more molecules [240]. The mechanism imitates platelets that propagate nor-
mally but aggregate at an infected position and intensify their deposition at that
location. Self-enhanced homing is a new feature of NPs. The coagulation-based
stimulation significantly strengthens the tumor illustration and anticipates a thera-
peutic agent’s attachment to the molecules. While this study is still preliminary, it
has a possible drug delivery connection to GBM [249].

12.5.6 Human Interleukin-13-conjugated Liposomes

Human lipid nanoparticles combined with interleukin (IL)-13 effectively adhere to
GBM cancerous cells that overexpress IL-13 receptor-2 and do not bound to healthy
brain cells. Liposomes containing human IL-13 perfectly bind to glioma cells
through endocytosis [250]. The therapeutic efficacy and effectiveness of
doxorubicin-borne IL-13-conjugated liposomes have been evaluated in vivo
employing a subcutaneous glioma animal model. It was noticed that there was
increased cytotoxicity and persistence of IL-13-conjugated liposomes in glioma
cells containing doxorubicin collated when supplied freely. Animals receiving
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IL-13 combined liposomes (i.p.) with doxorubicin had a substantial decrease in the
tumor volume than the animals with standard drug delivery. Selectively targeted
tumor cells with normal brain tissue saving suggest a viable anticancer drug delivery
system for the GBM cells where tumor-specific demolition is essential [240].

12.5.7 Immunoliposomes

A study reports that an antineoplastic and antibiotic drug, daunomycin, is used for
liposomal drug delivery in rats’ brains. Immunoliposomes with PEG are used to
improve the carriage capability of the mAb. It was also reported that the capacity was
improved by up to four logarithmic magnitude orders [240]. The immunoliposome-
based drug delivery mechanism has been used to target mAb mediated daunomycin
in rats’ brains. The immune-liposomes of the anti-EGFR show an effective and
sustainable medication supply of antineoplastic compounds and can be a helpful
novel approach to tumor therapy, as in GBM, the over-expressing EGFR [251].

12.5.8 Photodynamic Treatment with the PEBBLE System

PEBBLEs, a type of nanoparticle, have been designed to transport many therapeutic
agents with a unique multifunction on their surface and great potential to tackle
cancer. One target protein immobilized on the surface may direct PEBBLE towards a
tumor; another may be used to conceit the target using MRI. In contrast, a third
PEBBLE agent may provide a damaging dose of medicine or toxin in cancerous
cells [240].

All three parts could be integrated to create an effective tool against cancer in a
single isolated polymer sphere. The reference sample of MRI (Gd) was included in
the PEBBLE system. These nanoparticles work via the circulatory system when
injected intravenously into the blood. Even though it can move through the BBB and
be targeted by a targeting agent, PEBBLE accumulates within the next few hours in
the brain tumor that provides a convenient MRI scan [252].

Every PEBBLE carries a photo-catalyst. Once activated by a light source, the
electro-catalyst transforms oxygen into one single state and efficiently destructs
neighboring cells by a fiber optic probe implanted in the skull. The PEBBLE is
neutral and safe before the light source is triggered. When used in conjunction with
MRI, it allows wiping out cancerous cells freely while controlling scanning
therapy’s efficacy [253]. Focused NP therapies offer some benefits over conven-
tional therapies. The medicines pervade cells in the body in chemotherapy to disrupt
their DNA, avoid massive development, and are less toxic to healthy cells than
cancerous cells.

On the other side, PEBBLE is extremely localized to the tumor location and
performs relatively less work. Thus, damage to the healthy tissue is significantly less
[254]. PEBBLE and other nanoparticles might also prevent creating a multidrug
resistance that occurs if cancer cells mutate, then chemotherapy drugs start pumping
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out until they kill the cell. Thus, the cancerous cells become resistant to drug
therapies. In rat models of GBM, 9L-gliosarcoma, PEBBLE therapy will substan-
tially boost the overall survival rates [255]. The researchers eventually aim to prove
the efficacy and safety of GBM care in humans. Using this approach may help
prevent the emergence of drug resistance in tumors, as drug-resistant tumors are hard
to treat.

12.6 Conclusion and Future Aspects

GBM appears to be a problem that is unmanageable since no existing therapy is
restorative. Lateral to the quest for complete care, the supply of presently available
and emerging medicines needs to be improved. Many drug delivery methodologies
for brain tumors are evaluated in two forms of animal models, as brain tumors are
incorporated subcutaneously or intracranially. Since glioma progression is related to
numerous molecular mechanisms, a medication that can target several trails would
effectively stop tumorigenesis. However, therapeutic approaches are restricting since
tumor cells may build resistance to these treatments. A hybrid of targeted therapies
may perhaps be the answer. Natural products are famous for their various biological
modes of action at many tumorigenesis stages.

Therefore, natural products will be suitable for glioblastoma treatment, either as
monotherapy or in conjunction with other antineoplastic agents (Table 12.2). Nano-
biotechnology has made a massive breakthrough in this area by permitting therapeu-
tic NPs to flow across the BBB and providing focused therapy for focused treatment
of tumor cells without damaging healthy cells. Among the most promising thera-
peutic delivery methods for GBM are liposomal systems to deliver the therapeutic
agents and super-paramagnetic iron oxide, followed by thermoablation. Aiming to
increase the performance of GBM with mAbs, these are linked to boronated
dendrimer thus hitting EGF receptors in the GBM.

There have been comparatively fewer clinical studies investigating the use of
natural products for GBM. It was also found that Lectin from mistletoe plant extract
has immune-stimulatory and immune-protective activity in GBM, along with
Patupilone (epothilone B). In GBM patients, this microtubule-stabilizing endoge-
nous cytotoxic drug proved to be surviving. Furthermore, relative to synthetic
antagonists, phytochemicals have less versatility for single target proteins, which
may help develop phytochemicals as potential inhibitors.

Multi-targeting phytochemicals will be an effective option for chemoprevention,
considering phytochemicals’ low toxicity and the requirement for long-term admin-
istration of chemotherapeutic agents. As illustrated above, there is preclinical evi-
dence to guide yet more research with natural GBM ingredients. This awful
prognosis allows us to investigate alternative therapies to enhance the patients’
conditions. Putative randomized clinical trials should be carried out to investigate
the usage of additional natural medication for slier target-specific drug delivery and
improve standard treatments symbiotically.
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