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Preface
Nutraceuticals are the blended products that possess both nutritional and the medici-
nal value and formulated in the form of various dosage forms such as tablets, cap-
sules including other dosage forms. These products are designed to help in improving 
the physical health, immunity, increase longevity, and fight against  day-to-day chal-
lenges such as stress.

The popularity of nutraceuticals in society as well as healthcare providers has 
been increasing due to its complimentary role in enhancing the positive effects of 
medicines and health supplements. There  are nutraceutical products with a wide 
variety of therapeutic values such as immunity booster, antidiabetic, anticancer, anti-
microbial, and gastroprotective.

Dietary supplements and nutraceuticals such as vitamin A  and D, omega-3, 
and probiotics are used as part of the cancer treatment as complimenting the main 
therapy. Regulatory T cells (Tregs) are a heterogeneous T-cell subpopulation that 
regulates the immune system in various ways. T cells protect us from infections and 
tumors. Recent report published in Science (March 29, Volume 363, issue 6434, 2019, 
1395–1396) in which Baixaulli et  al. have proposed that reduced nutrient uptake 
in T cells in high potassium concentrations induces a state of functional caloric 
restriction. This extends life span, induces autophagy, increases mitochondria qual-
ity control, supports optimal stem cell activity, improves immunological functions, 
and improves malignant transformation. Vodnala et al. showed that elevated potas-
sium triggers a starvation response of T cells with engagement of autophagy and 
metabolic modeling that involves a reduction of mTOR signaling, activation of the 
energy sensors, AMPK (adenosine monophosphate-activated protein kinase), and 
enhanced mitochondrial metabolism (SK Vodnala et al., Science, 363, 6434, 1417, 
2019). There can be new therapeutic strategies using nutraceuticals, herbal drugs, 
and minerals to metabolically induce stemness programs in antitumor T cells that 
enhance cancer immunotherapies.

In  this scenario, nutraceuticals and dietary supplements may play a significant 
role. Valenzuela et al. (J. Immunol., April 1, 2009, 182 (1 Supplement) 90.30) tested 
the nutraceuticals resveratrol and cycloastragenol for their ability to enhance T-cell 
functions in vitro. In this study, they evaluated the effect of these compounds on cel-
lular proliferative capacity, levels of telomerase activity, surface markers, and cyto-
kine secretion of human CD4 and CD8 T cells. They reported that cycloastragenol 
moderately increase telomerase activity and proliferative capacity of both CD4 and 
CD8 T cells. These preliminary results suggest that nutraceuticals inhibit the onset 
of CD4 and CD8 cellular senescence and can be a good complimentary medicine 
with anticancer drugs.

Several nutraceuticals have shown to boost the immune responses such as beta-
glucans, echinacea, astragalus, selenium, and many more. Emerging clinical studies 
and research suggests that some plant-based agents may, indeed, impact late-stage 
cancer, influencing molecular processes corrupted by tumor cells to evade detection, 
expand clonally, and invade surrounding tissues.
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This book is an attempt to collect evidence and related clinical information of 
application of nutraceuticals to be used in cancer treatment or compliment the can-
cer treatment. It contains 16 chapters written by experts in related field’s and covers 
many different aspects of the formulation and development of nutraceuticals for can-
cer applications. It covers efficacy, safety, and toxicological aspects of nutraceuticals. 
Details about novel drug delivery systems of nutraceuticals as anticancer agents or 
supplements used for cancer prevention or  treatment are also covered.

Nutraceuticals can alter the gut microbiota. Gut microbiome undergoes changes 
during the disease status and followed by the cancer treatment. Nutraceutical’s role 
in proliferation and prevention of gynecological cancers, nutraceutical’s role in pro-
liferation and prevention of prostate cancer, and role of micronutrients in cancer 
prevention pros and cons, are some of the topics discussed in various chapters in 
this book.

We think this will be a very good reference book for the readers and scientists 
and students who are working in the area of nutraceutical applications in cancer 
treatment.

We express our sincere thanks to Dean College of Pharmacy at USF health to 
encourage us to work on this project as well as our colleagues at CRC Press who 
helped us to make this book marketable. If you find any challenges in this book 
information, kindly do bring it to our notice and we will update it in the next edition.

We also would like to express our sincere thanks Mr Steve Zollo, and others from 
Taylor and Francis who helped through the publication of this book.

Sheeba Varghese Gupta and Yashwant V. Pathak
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1 Role of Micronutrients 
in Cancer Prevention 
and Intervention—Pros 
and Cons

Anjelika Chatwal and Yashwant V. Pathak

1.1 INTRODUCTION

By the end of the twenty-first century, cancer, a noncommunicable disease, will be 
the leading cause of death among both men and women, surpassing the most com-
mon causes: heart disease and stroke. Of roughly 18 million incidences, approxi-
mately 9 million will lead to death [1]. With the rising incidences of cancer in both 
developing and advanced countries, the necessity for alternative types of therapies 
for prevention and intervention before and during treatments has grown immensely. 
There have been countless promising theories and hypotheses that have been devel-
oped to evaluate the efficiency of altering one’s diet to include micronutrients and 
antioxidants to contribute to the prevention of cancer [2]. While other factors, such 
as alcohol consumption and smoking, act on cancer amplification, eventually leading 
to death, it has been suggested that preventing cancer through the diet has accounted 
for a percentage of those who have cancer [2]. Since any food that a person eats can 
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have direct impact on their health, patients tend to gravitate toward popular diets, 
such as the vegan, ketogenic, Paleolithic, and alkaline, that might contribute to their 
survival [3]. Some believe that combined with general treatments, natural substances 
can target cells within the body to elicit effects [4].

However, the efficacy of these alternate diets and supplemental treatments 
has been doubted, as the use of either could promote unrealistic outcomes and 
properties relating to cancer recovery [3]. Even worse, patients who rely on these 
diets for an alternative without consulting their physicians can become nutrient 
deficient, which can further compromise their treatments [3]. The role of adding 
micronutrients in the diet in order to prevent cancer from developing and becom-
ing malignant has been controversial in cancer research. Most studies regarding 
this area of research express the need for further experiments to be done in order 
to establish more concrete conclusions and results about the varying micronu-
trients that can contribute potential effects on cancer. Some papers suggest that 
efforts to study the potential treatments for cancer prevention should begin with 
high-risk groups through different levels of population so that a broader scope is 
defined [5]. Does implementing these necessary dietary factors truly contribute 
to preventing diseases such as cancer? We will first need to understand the clas-
sification and characteristics of micronutrients to have a better insight of how our 
bodies utilize and metabolize these factors and what they can potentially do in 
the cancer mechanisms.

1.1.1 Micronutrient Background

Micronutrients are classified as elements that we cannot synthesize in our bodies [6]. 
Certain metabolic and biosynthetic pathways in our bodies require a variety of nutri-
ents, antioxidants, and phytochemicals that have properties necessary for these path-
ways and mechanisms to function properly. What makes micronutrients special is 
that in order to maintain these processes, our systems only need small amounts for 
adequate growth and development—hence their name, micronutrients. Antioxidants, 
on the other hand, are substances that can delay or prevent the oxidation of a sub-
strate when present in low concentrations, in comparison to substrates that are more 
likely to be oxidized [7]. These are also helpful in preventing more oxidative dam-
ages from occurring in the body, as they, themselves, are redox-active substances 
that can act as catalyzers and active cofactors for enzymes [8]. Some others act as 
stabilizing proteins and enzyme activators [8].

Since we cannot physically develop these factors in our bodies, we must ingest 
them through foods that are rich in vitamins A, B12, C, D, and E and various other 
substances and through supplements [9]. Micronutrients can be found as part of spe-
cific substances, such as antioxidant enzymes, which include superoxide dismutase 
and glutathione peroxidase. In layman’s terms, superoxide dismutase includes ele-
ments such as manganese, copper, and zinc, while glutathione peroxidase includes 
selenium  [10]. Additionally, phytochemicals, which are described as plant-based 
nutrients that are not essential for our overall diets, include carotenoids, flavonoids, 
curcumins, and resveratrol [11]. While these substances may seem far-fetched for the 
common person, they are actually found in most of the everyday foods. Carotenoids 
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are typically found in carrots, flavonoids in fruits, wine, green tea, and other dietary 
factors, and curcumin in turmeric [12].

The various metabolic processes within our bodies can generate chemical errors 
or toxic by products, such as superoxide, reactive oxygen, reactive nitrogen, or reac-
tive chlorine species  [10]. Although some parts of our body systems function by 
utilizing these reactive species in beneficial ways, like killing bacterial organisms, 
uncontrolled production of these species can spark the need for substances that act 
as defenses to protect the body’s normal processes from spiraling out of control. 
Micronutrients, as part of antioxidants, work to recycle, protect against, or remove 
certain reactive species that build up past their needs [10]. These substances all have 
their own unique mechanisms of action that work on the cellular processes in order 
to protect against oxidative and environmental stressors [13]. For instance, selenium 
deficiencies can contribute to diseases like cancer, indicating that researching its 
molecular processes is significant in determining how implementing selenium in the 
diet can help prevent illnesses [14]. Selenoproteins, proteins that contain selenium, 
have important physiological roles in the body. These are redox-active proteins that 
have roles of repairing oxidatively damaged proteins, quality control, and protein 
folding and can act as targets for new therapies for a number of diseases [14].

1.1.2 the cell cycle and tuMor growth

Comprehending how micronutrients affect the cellular processes within our bod-
ies is essential to realizing the role they have in cancer prevention and intervention. 
Normally, the cells in our bodies undergo cell cycles, in which they grow, replicate 
their DNA, and divide. However, cancerous cells undergo these cycles without proper 
signaling pathways and mechanisms that regulate errors and uncontrolled prolifera-
tion [15]. The cycle includes four phases as explained below. There are the checkpoints 
and signaling pathways involving regulatory mechanisms that are meant to prevent 
unnecessary cell growth and encourage apoptosis of cells that are damaged. If genetic 
mutations arise, these mechanisms or proteins found at the regulatory checkpoints 
can malfunction, causing cell proliferation of potential tumor-causing cells [15].

G1—the gap phase, involving cell growth and preparation to synthesize DNA
S—synthesis phase, where the cell synthesizes DNA
G2—second gap phase, involving preparation for division
M—mitosis phase, where cell division finally occurs

The various micronutrients studied are likely to target various regulatory proteins, 
checkpoints, and signaling pathways that are found within the cell cycle, as well as 
other metabolic processes, such as glycolysis [16]. For instance, if vitamin A was to 
impact the cell cycle, it would most likely induce apoptosis or encourage cell dif-
ferentiation, which would in turn limit cell proliferation [17]. This means that the 
G1 phase would be affected, as cell growth would shut down. Looking at the micro-
nutrients in this manner, we can assess the ability of these factors and substances to 
limit tumor growth in individuals, and therefore the most effective ways they can be 
implemented in research and treatments.
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1.2 USE OF MICRONUTRIENTS PROS VS CONS

1.2.1 accessiBility to Micronutrients

An obvious benefit of utilizing micronutrients as supplements to chemotherapy is 
the fact that they are widely accessible in the market. Vitamins and minerals can be 
found in varying doses over the counter. In this way, studies that demonstrate how 
micronutrients are involved in cancer prevention and alleviation, biologically, are 
significant so that people can understand that, if needed for treatments, these supple-
ments are readily available to them.

With the development of evidence suggesting the powerful anticancer effects 
that micronutrients and phytochemicals carry through their cell signaling pathways, 
newer methods of incorporating these into the everyday lives of individuals com-
batting cancer are being tested. General plans may not have a strong effect for all 
patients, as they would have differing symptoms and reactions to their treatments. 
However, creating personalized supplements for patient according to their necessary 
clinical treatments and needs is a leading goal in terms of utilizing phytochemicals 
for clinical use [18]. Once the molecular actions of phytochemicals on specific can-
cer cell targets are proven, the next step of assessing the proper phytochemicals to 
use as supplemental treatments for each clinical case would introduce the ease of 
accessing these supplements for the diet. This study, expanding on previous studies 
of the usefulness of phytochemicals in health, demonstrates how healing supple-
ments can be developed in a personalized manner to make it easier for those who 
have these illnesses to acquire the nutrients they need to act as anticancer agents. 
Thus, personalized evaluations based on the evidence are more useful for these kinds 
of treatments [19].

Apart from micronutrients available in the market as dosed supplements, the nec-
essary vitamins and minerals that are studied in relation to certain types of cancers 
can be acquired through dietary intake. In fact, the lack of a proper diet can be a risk 
factor for some cancers, highlighting the significance of micronutrients stemming 
from a person’s diet [20]. The quality of a patient’s diet is studied in order to assess 
how their food intake affects mechanisms of their chemotherapy, if it does at all. 
Therefore, the accessibility one has to micronutrients, such as vitamins and miner-
als, is significant, as they can be found in most foods.

For instance, vitamin C is a powerful antioxidant that is commonly found in our 
everyday lives. Apart from being an antioxidant, vitamin C, also known as ascorbic 
acid, is classified as a “functional food.” Functional foods refer to those that are natu-
ral or processed and contain biologically active substances that are proven to have 
some benefit for chronic illnesses [7]. Most people think of orange juice, since the 
citrus contains this valuable essence, but there is a variety of foods, including fresh 
greens, fruits, and vegetables, that allow for more absorption of this vitamin and 
other vitamins beyond that of just orange juice, especially compared to supplemen-
tal pills and tablets. Since this antioxidant is water soluble, it is eliminated quickly 
and is not able to be stored in our bodies. Aside from this, our bodies are unable to 
produce this vitamin naturally due to an absent catalyzer, gulonolactone oxidase, for 
the an enzyme in the last step in the biosynthesis pathway, so incorporating more 
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vitamin C-rich foods into our diets is the most significant way for us to gain its 
effects [7]. As mentioned, many foods contain numerous vitamins and minerals, and 
the best way our bodies can absorb the nutrients from the vitamins is in combination 
with others. For example, vitamins C and E inhibit oxidation together, and vitamin 
C helps to reestablish vitamin E levels if they start to decline [7].

1.2.2  alleviation of cheMotherapy-induced syMptoMs and 
influence of response to cheMotherapeutic agents

Physicians tend to lean on more tangible therapeutics when it comes to certain dis-
eases, such as cancer. Their primary focus would be to utilize chemotherapy and 
drugs targeted for the specific kinds of cancers that they see, but newer studies are 
demonstrating a shift to incorporating micronutrients in diets, which could poten-
tially enhance the efficacy of some of the drugs used in chemotherapeutic treatments 
and the outcomes of patients. While other factors, such as genetic instability, can 
affect how tumor cells replicate and proliferate, studies indicate that the intake of 
vitamins, minerals, certain antioxidants, specific natural phenols, such as resvera-
trol, and carotenoids, can in some way influence how tumor cells respond to antitu-
mor drugs [20]. For instance, green leafy vegetables and fruits can impact responses, 
in that they are associated with low levels of cytogenetic damage [20], which occurs 
in cells when they are exposed to ionizing radiation with changing dose rates [21].

A number of cancer treatments can result in various diseases that affect all parts 
of one’s body. One example is Chemotherapy-Induced Peripheral Neuropathy or 
CIPN, which is a frequently occurring effect of cancer treatments [22]. Two specific 
chemotherapy agents, taxane and platinum, are known to be both primary choice 
treatments and lead to neurological symptoms, such as neuropathies. Apart from 
the tiring effects of the chemotherapy treatments themselves, these treatments can 
induce these symptoms of neuropathy, including cognitive function impairments and 
a worsening of the quality of life [22]. The nerve damage was enhanced due to the 
low nutrition levels found in patients who were treated with taxane and platinum [22]. 
However, this study done by Velasco et al. suggests that vitamin E deficiency can be 
a culprit to the worsening effects of nerve damage after chemotherapy treatments. 
Results from the blood samples that they took before and after treatments demon-
strated that axon regeneration coincides with more vitamin E in the diet, though it is 
not completely certain how the micronutrients and antioxidants are involved in the 
nerve-regeneration process.

Other antioxidants have shown to have some effects during chemotherapy, such as 
selenium, which has been shown to decrease blood toxicity. Antioxidant supplemen-
tation effects are not widely known as of yet and have been shown more in short-term 
rather than long-term studies, but some studies describe how the addition of antioxi-
dants in the diet can decrease adenomas, for example, in patients with colon cancer 
who do not smoke but are drink alcohol [23].

Moreover, micronutrients and antioxidants are significant for a person’s overall 
health maintenance, even more so for someone who is undergoing chemotherapy 
treatments. Since chemo can be so detrimental to a person’s body, weakening their 
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immune systems, for instance, it is important that an adequate diet, supplemented 
with micronutrients, is maintained. Therapies are not as effective and may reduce 
tolerance, while also increasing the possible adverse effects and complications after 
treatments [24].

Patients who must receive surgery are also at risk of weight loss and postoperative 
decline in nutritional status. By admitting nutrition to them preoperatively, physicians 
can alleviate some of the postoperative changes that might occur and increase their 
tolerance [25]. As this study by Liu et al. explores, postsurgery in colorectal patients, 
cytokine responses can change and become detrimental to the body. Inflammatory 
reactions are more likely to occur in those patients who are poorly nourished before 
they had their surgery [25]. Intake of some vitamins and minerals, however, can alle-
viate these inflammatory responses. Having a deficiency of vitamin A, for example is 
associated with more prominent inflammatory responses, while a deficiency in vita-
min D can increase the risk of inflammatory and infectious diseases associated with 
the immune cells [25]. Additionally, vitamin E is associated with a defect in naïve T 
cells, while zinc can affect the production of cytokines within the body. More spe-
cifically, when zinc supplements are administered, cytokines in plasma respond on 
a dose-dependent basis [25]. In the cases of malnourishment, a method of providing 
supplemental nutrients to the body, called total parenteral nutrition (TPN), is uti-
lized. This is a preferred method preoperatively over enteral feedings for extremely 
malnourished patients who are receiving abdominal surgery. The solution typically 
includes a fat emulsion, vitamins, and elements that offer a broad range of nutrition 
to compensate for what the patients were lacking. While this can pose risks, such as 
infections, pneumothorax, or hemothorax, the amount of energy this method delivers 
is far greater than other methods that can potentially be used [25].

A study performed by Hansen et al. investigates the relationship between antioxi-
dant consumption and the risk of colorectal cancer for both smokers and nonsmokers. 
While their findings had a stronger indication for a risk of colorectal cancer in indi-
viduals who smoked, little evidence suggested that the consumption of antioxidants or 
micronutrients posed an effect along with this [26]. It is possible that antioxidants alone 
might have a greater effect on the risk of this type of cancer, but in combination with 
numerous years of smoking, it is difficult to determine how helpful the antioxidants 
and micronutrients are. A separate study, on the other hand, following the relation-
ship between diet and colorectal cancer shows that there is considerable evidence for 
promising, protective effects of vitamin D, fruits, vegetables, and folate, while red and 
processed meats are associated with increasing the risk for the disease [27]. The inter-
action of nutrients and foods within the body can also create an effect that can influ-
ence cancer cell generation through effects on inflammation and overnutrition [27].

A specific study by Tayyem et al. involving micronutrient consumption among 
Jordinians and the risk of colorectal cancer, 169 participants previously diagnosed 
with colorectal cancer were tested for the association between total energy and nutri-
ent intake and the potential risk for the development of colorectal cancer. The results 
demonstrated that total energy ingestion, along with increased saturated fat, choles-
terol, and sodium, was significantly correlated with a higher risk of developing the 
disease [28]. On the other hand, vitamin E and caffeine showed a more protective 
outcome against colorectal cancer [28].
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The  mangosteen fruit, widely popular in Asian countries, contains gamma-
mangostin, a micronutrient. Evidence was found that showcased antiinflammatory 
and antibrain tumor actions of the gamma-mangostin micronutrient. A  study by 
Chang and Yang expanded on this development further by researching the relation-
ship between apoptosis and colorectal adenocarcinoma cells, made possible by the 
gamma-mangostin. The viability of this micronutrient was tested on the HT29 cells 
specific to the colorectal adenocarcinoma, showing that when treated with differ-
ing concentrations of the micronutrient, the HT29 cells experienced a substantial 
concentration-dependent inhibition in viability [29]. Due to the promising findings 
from this study regarding the decreased cell viability due to the apoptotic effects of 
gamma-mangostin and the inhibition of the colorectal adenocarcinoma cell prolif-
eration, there seems to be enough evidence for developing anticancer drugs using 
xanthones and micronutrients that have similar properties as this one. This evidence 
is substantiated by previous discoveries of the antiinflammatory characteristics of 
the mangosteen plant as well [29].

When studying cancer prevention and the role of micronutrients, it is important 
to understand the mechanisms involved of specific transcriptional factors. Nuclear 
factor-like 2 boosts antioxidant enzyme and phase-2-detoxifying enzyme levels 
through mechanisms that could help to reduce oxidative stress and chronic inflam-
mation that contribute to the development of carcinogenesis [30]. The significance of 
this involves the actions of antioxidant enzymes and phase-2-detoxifying enzymes. 
The former works to abolish the work of free radicals through catalysis, while the 
latter changes carcinogens to risk-free substances that are able to be eliminated from 
the body [30]. However, the enzymes cannot work alone, as their actions are not sub-
stantial enough on their own to produce an effect against highly oxidative environ-
ments. Simultaneous additions of dietary antioxidants are necessary to help activate 
the transcriptional factor that enhances these enzymes [30].

Lycopene, a particular kind of carotenoid found in tomatoes, also regulates tran-
scriptional factors in a way that is involved with cancer prevention, specifically in 
terms of sex hormone-dependent cancers, like breast cancer, which is estrogen-
dependent, and androgen-dependent prostate cancer [31]. The study found that, in 
general, a high intake of vegetables and carotenoids were associated with a lower 
risk for breast cancer, linked to the limitation of estrogen activity, since higher 
levels of estrogen contributed to increased breast cancer incidence [31]. Since it was 
shown that carotenoids impede on estrogen signaling and cell proliferation, lycopene 
and other tomato-containing foods are useful in obstructing tumor growth in these 
tissues [31].

Moreover, in terms of prostate cancer, the most common cancer found in males in 
the United States, androgens contribute to the advancement of this disease, and treat-
ment involves blocking the action of this hormone or castrating it [31]. Lycopene also 
slowed the development of the disease in a study, meaning these compounds help to 
regulate carcinogenesis in the prostate.

A  mixture of natural substances, such as quercetin, curcumin, green tea, cru-
ciferex, and resveratrol, showed a pronounced inhibition of growth head and neck 
squamous cell carcinoma and cell proliferation [32]. This further enhances the idea 
that combinations of substances seem to combat the illnesses more effectively than 



8 Advances in Nutraceutical Applications in Cancer

when individually supplied to the body, as also demonstrated by the combination 
of vitamin A  and beta-carotene for lung cancer. Research involving the alpha-
tocopherol, beta-carotene study also explores the involvement of vitamin D, as the 
lipid metabolites of this compound provide evidence that serum 25-hydroxy vitamin 
D is associated with certain health benefits, particularly with cancer, though results 
are mixed [33].

Retinoids in general have been shown to decrease and go against the typical pro-
cess of detrimental transformation in epithelial tissues. In terms of skin squamous 
cell carcinomas and cervical cancer, a specific retinoic acid, 1,3-cis-retinoic acid, 
demonstrated the most prominent results when utilized in treatment [34]. Moreover, 
this same study researched a number of factors with their association to cancer and 
carcinogenesis. It was found that a typical outcome of developing infections had a 
significant negative correlation with nutritional status, influencing the idea of recom-
mending nutritional support for children with cancer [34].

1.2.3  overconsuMption of nutrients affecting 
cancer prognosis and Mortality

Just as is common with any other drugs or prescription medications, treatments 
involving supplements of micronutrients can have associated risks. Depending on 
the type of cancer an individual has and the specific micronutrient that works best 
for them, overconsumption of these nutrients can interfere with the normal processes 
of the body, leading to worsening effects of the cancer. Furthermore, other factors, 
such as genetic instability and variability, aging, and overall health, can come into 
play when assessing how effective micronutrients and antioxidants are in a body 
with a chronic illness, like cancer.

Aging, for instance, increases the vulnerability of the body, making it more diffi-
cult for substances and supplements, such as micronutrients, to combat the disruptive 
actions occurring on our bodies. The sensory, physical, and psychosocial aspects that 
are altered in the body as the aging process occurs creates an environment that is 
more susceptible to damage and risk for increasing diseases [35]. Incorporating anti-
oxidants and micronutrients in the diet before the aging process is amplified ensures 
that these nutrients are absorbed more efficiently and are actually being metabolized 
effectively for our bodies to utilize, whereas in bodies that are older, the processes 
can be slower and less effective [36].

In this way, having a middle ground in terms of the amount of micronutrient that 
is ingested during treatment is a significant aspect to understand when considering 
these supplemental nutrients. There are optimal levels at which these substances are 
more useful than detrimental for the body, and several studies have described that, 
at higher than optimal levels, the body’s normal functions can deteriorate. As we 
explored, some antioxidants and micronutrients are protective, in that they limit the 
amount of oxidation occurring on substrates. However, even ingesting too much of 
any vitamin or mineral, especially with addition of supplementation and fortified 
foods on top of dietary intake, can leave a lasting impact on the functions of our 
bodies [37]. Guidelines and safe limits for the optimal amounts of the vitamins and 
minerals are provided by the Institute of Medicine.
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Although more studies and research need to confirm, several studies have dem-
onstrated positive associations between various types of cancers and the intake of 
differing micronutrients associated with those cancers. For instance, micronutrients 
seem to have some kind of positive impact on lung cancer, but more studies need to 
validate these findings further, as oxidative stress and physical activity can affect the 
outcomes [38]. Primarily, there have been mixed results in terms of the efficacy of 
micronutrients in decreasing the risk of cancer or having a definitive protective role, 
but there are promising findings that indicate statistically significant results in terms 
of reductions of outcomes [39]. The amount and type of micronutrient changes the 
effect on the cancer and its mechanisms on the body. One study from the American 
Society for Nutrition found that vitamin A had a 16% increased risk for cancer, while 
calcium supplements showed a decreased risk of cancer and no effect was shown for 
selenium, zinc, vitamin D, beta-carotene, vitamin C, folic acid, and vitamin K [40].

In patients with the highest intake of phosphorus and lowest intake of vitamin D, 
researchers found patients to have higher odds of getting bladder cancer [41]. Due 
to the processes of the bladder system, nutrients and dietary factors are metabolized 
and broken down in the urinary tract. Therefore, these micronutrients or their metab-
olites can potentially affect carcinogenesis, in that they can act as either inhibitory or 
promotive factors [41]. An important aspect of this study to consider is the idea that 
micronutrients such as calcium, phosphorus, magnesium, and vitamin D metaboli-
cally work in conjunction with each other and are derived from similar food sources. 
Results for intake of micronutrients separately did not show statistically significant 
results. However, when studied together, as metabolically interactive minerals, 
results showed statistically significant outcomes for the odds of bladder cancer [41].

Past observational studies and randomized clinical trials show opposing results in 
terms of whether antioxidants and micronutrient supplements actually make a differ-
ence in prolonging life and improving the overall health of patients. However, more 
recent studies describe the more lasting effects of supplements like these. Vitamins 
A and E and beta-carotene might have an adverse effect, as they are linked to an 
increased mortality rate [42]. It seems that a noteworthy key to supplementing diets 
with antioxidants and micronutrients is that they should arise from natural sources, 
and not pills or tablets. Ingesting antioxidant- and micronutrient-rich foods tends to 
show better effects, as they are maintained in a balanced diet, while supplemental 
pills can come in unmanageable doses that our bodies cannot process adequately [42].

While beta-carotene has mostly been shown to have a positive effect on cancer 
prevention, especially in terms of the effect on reactive oxidative species (ROS), in 
terms of head and neck cancer, preventative intake of beta-carotene poses an increased 
risk for cancer development [43]. Specifically, the Alpha-Tocopherol, Beta-Carotene 
Cancer Prevention Trail (ATBC) provided the data that showed an increased inci-
dence of lung cancer in men who smoke who were also taking alpha-tocopherol and 
beta-carotene compared to those who were getting placebo administrations. Beyond 
this, combining vitamin A and beta-carotene showed an increased risk of lung cancer 
for both men and women [43]. A distinct, 18-month study involving alpha-tocopherol 
and beta-carotene, specifically with ATBC, showed that in terms of lung cancer, 
alpha-tocopherol did not have an effect, while beta-carotene increased the cancer 
incidence by just shy of 20% during the intervention period  [44]. The  difference 
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was eliminated after the postintervention period began [44]. This chapter also stud-
ied the combination of vitamin A and beta-carotene and its effect on lung cancer. 
There  was an approximate 30% increase of a lung cancer incidence, and it was 
found that the beta-carotene contributed to the elevated growth of preclinical tumors 
through supplements and the fact that this substance could improve the lung’s func-
tion, allowing for better inhalation of the carcinogens from smoking [44].

The combination of beta-carotene and vitamin A was tested with prostate cancer 
as well, as previous studies showed inconsistencies in this area. Stemming from the 
Prostate Cancer Prevention Trial, serum retinol and carotenoid levels were tested 
against low- and high-grade risk for prostate cancer [45]. A positive correlation was 
discovered between serum retinol and high-grade prostate cancer, along with serum 
alpha-carotene and total prostate cancer [45].

A  mixture of natural substances, such as quercetin, curcumin, green tea, cru-
ciferex, and resveratrol, showed a pronounced inhibition of growth head and neck 
squamous cell carcinoma and cell proliferation [32]. This further enhances the idea 
that combinations of substances seem to combat the illnesses more effectively than 
when individually supplied to the body, as also demonstrated by the combination 
of vitamin A  and beta-carotene for lung cancer. Research involving the Alpha-
Tocopherol, Beta-Carotene study also explores the involvement of vitamin D, as the 
lipid metabolites of this compound provide evidence that serum 25-hydroxy vitamin 
D is associated with certain health benefits, particularly with cancer, though results 
are mixed [33].

In a separate study by Brasky et al., an association between lung cancer and long-
term (10 years) supplemental use of vitamin B was investigated. Their hypothesis 
suggested that the long-term intake would disturb the natural balance of the vita-
mins in the body, leading to a substantial consequence on the cellular mechanisms 
and physiology of the cells involved, leading to potential cancer cell generation [46]. 
The baseline characteristics of the participants with and without lung cancer were 
assessed to compare to their characteristics after the long-term supplementation. 
Based on the results, there was an approximate 30% increase in the risk for lung 
cancer amongst men who took supplements of vitamins B6 and B12, while an asso-
ciation between women and a risk for lung cancer was not found [46]. There was also 
a more significant effect on men who were also smokers, as the mutated cells that 
were also present could be amplified from the high doses of B vitamins that would 
promote cell growth and carcinogenesis [46]. This study further describes how the 
mechanisms of B vitamins should, in theory, contribute to the prevention of cancer 
through carbon metabolism, but this is only beneficial when the intake is in the 
recommended levels and when patients are deficient of the vitamins. The negative 
effects, such as DNA damage and carcinogenesis, are more pronounced when intake 
exceeds the recommended amounts [46].

1.2.4 specific Micronutrients affect certain cancers

A  drawback of utilizing micronutrients in treatments is that, while supported by 
evidence of beneficial characteristics, they can be specific to certain cancers, and 
may affect one type of cancer differently than another. This is why studying these 
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micronutrients in regards to a variety of cancers can allow physicians to understand 
which ones have a better overall outcome for their patients and which ones may be 
potentially more harmful in combination with the chemotherapeutic agents. A full 
dietary assessment is necessary to evaluate what kinds of food patients are consum-
ing, how these foods are processed and cooked, and how the chemicals in these 
foods can affect aspects of treatments. For example, in the case of bladder cancer, it 
was found that the deficiency of vitamin B12, found in meat, poultry, milk products, 
eggs, and fish products, results in a risk for cancer. Since this micronutrient is neces-
sary for the methylation of DNA, a deficiency might lead to uracil coming into the 
DNA and the ensuing chromosomal breakage, which can be avoided with adequate 
amount of vitamin B12 [47].

Similarly, folate, a type of B vitamin, is required for DNA methylation as well, 
and can be found in citrus, green vegetables, and liver. Since this micronutrient is 
involved in one-carbon reactions during DNA  synthesis and methylation, a defi-
ciency could promote cancer growth in normal tissue, specifically ovarian cancer in 
this study. However, it was also found that having too much folate in the body could 
also lead to adverse effects, such as the development of tumors or a decline in the 
survival rate after the cancer has already been established [48].

In studies involving lung cancer, there have been repeated studies that show fruits 
and vegetables defending against the harmful effects  [49]. Specifically, the beta-
carotene that can be found within these food sources can have both beneficial and 
harmful effects on lung cancer.

A study performed by O’Grady et al. explores the correlations between a variety 
of micronutrients and incidences of thyroid cancer. While there was no relation-
ship found between selenium intake and the incidence of total thyroid cancer, there 
was a positive correlation found between an increasing intake of vitamin C and the 
risk of thyroid cancer or specific subtypes, particularly follicular and papillary [50]. 
Vitamin C tends to be associated with the improvement and mediation of unusual 
instances in terms of thyroid hormones. Additionally, no evidence of associations 
were observed among the risk for thyroid cancer and a number of other vitamins and 
minerals, such as calcium, vitamin E, vitamin D, folate, magnesium, and zinc [50]. 
This study, in particular, demonstrates the importance of the idea that micronutri-
ents can affect cancers in diverse manners, as selenium, normally shown to have a 
preventative effect on most cancers, appears to have less of an effect on thyroid can-
cer and vitamin C intake tends to have both positive and negative correlations with 
thyroid cancer. Selenium actually aids in producing thyroid hormones and ensures 
the appropriate functions of these hormones, while also contributing its antioxidant 
effects [50].

In terms of breast cancer, the relationship between this specific disease and circu-
lating levels of folic acid within the blood has been frequently studied, only to lead 
to inconclusive results. Aside from this, folate was perceived to have a preventative 
effect, and increased intake was associated with a lowered risk of having estrogen 
receptor negative breast cancer in premenopausal women  [51]. Moreover, having 
higher plasma levels of vitamin B6 and riboflavin proved beneficial in combatting a 
risk of breast cancer for premenopausal women, while vitamin D allowed for less-
ened recurrence [51].
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Although not studied thoroughly yet, some evidence suggests that the consump-
tion of soya through the diet can have preventative effects for patients with triple 
negative breast cancer. The mechanism works on increasing the expression of tumor-
suppressing genes, while decreasing expression of oncogenes [51]. More extensive 
research regarding this finding is necessary, but it does indicate that this specific food 
can have a protective measure against the risk for triple negative breast cancer.

Bladder cancer, developed from risk factors like smoking and the environment, 
has its own associated vitamins, particularly vitamins C, D, and E, investigated by 
Chen et al. in a study of close to 200,000 participants. This group studied three dif-
ferent focuses to determine the risk of bladder cancer in terms of the type of adminis-
tration or delivery of the vitamins: diet with supplementation, supplementation only, 
or diet without supplementation. The background of this particular study suggested 
that vitamins C, D, and E have some individual protective effects against tumor 
development. Vitamin D supposedly inhibits the multiplication of cells and encour-
ages apoptosis in human tumor cells from the bladder in in vitro experiments [52]. 
Vitamins C and E, as mentioned previously, tend to have better effects in combina-
tion. They protect against the development of cancer cells through their antioxidant 
properties  [52]. Contingent on dose-dependent analysis, there was no association 
found between vitamin C and a risk for bladder cancer, while vitamins D and E 
from the diet had inverse relationships with the risk of bladder cancer, with an even 
stronger association among smokers. Conversely, γ-tocopherol, a prominent form 
of vitamin E found in plant seeds had a positive association with the risk of bladder 
cancer [52], as well as with lung, colon, prostate, and mammary [53]. Studies show 
that the gamma-tocopherol acts by trapping reactive oxygen species and creating 
“side-chain degradation products” that keep specific ring structure together [53].

While vitamin E had a more beneficial influence in the previous study, a few 
other findings suggest more variability when it comes to the vitamin E compounds. 
While a majority of vitamin E compounds have antitumorigenic properties for some 
cancers, such as prostate in this case, controlled trials have shown differing results. 
A Selenium and Vitamin E Cancer Prevention Trial (SELECT) explored the effects 
of selenium and vitamin E in respect to prostate cancer [54]. The trial demonstrated 
that there was a 17% higher incidence of prostate cancer in men who had these 
micronutrients supplemented daily compared to those who received a placebo [54]. 
Additional studies found no effect from administered drugs every other day while 
vitamin E indicated a reduced risk for prostate cancer, mainly among those who 
smoke. These trials illustrate that vitamins and minerals have varying effects; they 
can be both synergistic or antagonistic depending on the type of cancer they are 
associated with and the dosage given [54]. The results of the SELECT trial revealed 
a higher incidence of prostate cancer from supplemented alpha-tocopherol acetate, 
a compound of vitamin E, and the men with the highest level of plasma alpha-
tocopherol were more likely to be diagnosed with prostate cancer with a selenium 
supplement [54]. High calcium doses on a daily basis also pose a risk for developing 
prostate cancer in a similar manner [55].

As mentioned previously, reactive oxygen species and oxidative stress are both 
factors in damaging cells. Skin cells are privy to these dangers, and UV exposure is a 
leading cause of skin cancer development, aside from other factors like genetics, as it 
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influences direct DNA oxidation and the formation of free radicals that can have last-
ing effects on the body despite their ability to recycle quickly [56]. These damaging 
effects can be repaired by the cells, themselves. The reactive oxygen species which 
are formed in the skin due to the oxidative stress is greater than the ability for the 
antioxidants to protect the body against these reactive oxidative species. Therefore, 
limiting the amount of UV exposure and increasing the amount of antioxidant intake 
can contribute to reducing the damage from oxidative stress [56]. Melanoma, basal 
cell carcinoma, and squamous cell carcinoma are the main types of skin cancers, 
which can be prevented by repair of damaged skin cells through endogenous antioxi-
dants and antioxidants originating from the diet [56].

Several of the vitamins and antioxidants we have discussed for other types of can-
cers are relevant in terms of skin cancer as well. However, not all of these showed 
clear beneficial results for combatting the negative effects of UV exposure and other 
environmental dangers to skin cells. Vitamin C supplements taken for 8 weeks showed 
increased vitamin C content in the plasma and skin, with a reduction in the skin malo-
naldehyde amount, glutathione, and protein thiols [56]. This proves that vitamin C 
has a contradictory effect on the cells, as it was shown to increase collagen produc-
tion, defend the body against UVA and UVB damage, and alleviate pigmentation and 
inflammation [56]. Vitamin E can get depleted from UV rays, which is one of the ear-
liest signs of oxidative stress. A study indicated that treating with tocopherol can lead 
to shielding the cells from free radical damage and increased protection by increasing 
epidermal thickness [56]. However, topical application is not immune to UV rays as 
the alpha-tocopherol is decreased and its defenses are declined by the UVB rays [56].

Beyond these vitamins, beta-carotene, retinoids, coenzyme Q10, glutathione, and 
green tea all have an impact on skin cell damage. Coenzyme Q10 was shown to protect 
against cell death while also helping create the building blocks for dermal and epider-
mal cells [56]. In this case, the supplemental additions of these antioxidants need to 
exceed the amount of UV damage in order to have a worthy reverse on the effect on 
the skin cell damage already done. Folate is an additional target for cancer preventa-
tive agents, as it offers necessary factors and precursors for DNA repair and replica-
tion [57]. Folate also allows for control of gene expression by promoting the generation 
of methyl groups and was shown to have an involvement in the amplified risk of skin 
cancers for those who have low melanin pigmentations in areas of high UV expo-
sures [57]. From studies that have already conducted on folate and skin cancers, the 
potential for folate deficiencies to contribute to the rising risk of skin cancer is evident, 
as there is evidence of topical application in helping prevent cancer development [57].

1.3 CONCLUSIONS

Alongside typical factors, such as genetic instability, diet plays a major role in can-
cer prevention and management. Specifically, micronutrients, elements that our bod-
ies cannot synthesize on their own but require in small amounts, have been shown 
to assist in important cellular and biosynthetic processes. Antioxidants and phy-
tochemicals are additional substances that our bodies utilize to limit the amount 
of oxidative stress that we might encounter, which can harm pathways, ultimately 
disrupting the normal functions.
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These significant elements are ingested through our diets, making diet an extremely 
important factor for cancer patients to focus on. They can be found in fruits, vegeta-
bles, juices, teas, plants, and wine, among other foods. Therefore, having a balanced 
and well-maintained diet is a noteworthy topic that physicians can discuss as they 
assess their patients. The balance of these substances allows for proper functioning of 
the cell cycle, through each step and checkpoint, along with the appropriate actions 
of regulatory proteins. Some micronutrients, for example, can act on the cell cycle by 
inducing apoptosis of cells, which would limit the growth of malignant tumors.

It was found that most vitamin deficiencies tend to cause worsening side effects 
and symptoms of associated cancers, which led to the assessment that additional sup-
plementation of these vitamins, such as vitamin E for chemotherapy-induced periph-
eral neuropathy, can repair some of the damage that was amplified by the deficiency. 
Vitamins A, B, C, and D also play important roles in maintaining prognoses postsurgery 
and reducing inflammation that could be typical in cancer treatments. Administering 
these nutrients with proper timing can help to avoid malnutrition and inflammation that 
might occur due to the fact that there is not enough baseline nutrients available for the 
body to utilize for its biosynthetic pathways when fighting against the tumors.

However, it was suggested that while micronutrients tend to be more helpful than 
not, the overconsumption of these substances can introduce adverse effects within 
the body, that coincide with normal aging processes, genetic instability, and dete-
rioration of the body’s normal functions. High intakes of phosphorus and vitamin D 
are associated with an increased risk for bladder cancer, while higher ingestion of 
vitamin A leads to an increased risk for cancer in general. Furthermore, combina-
tion studies were done to showcase the effects of combining certain elements versus 
administering them individually. In some cases, introducing another substance while 
administering one can augment its negative effects on the body, but in other cases, 
combing two substances amplifies the beneficial factors of each substance. Multiple 
elements can also affect cancer cells, as shown with skin cancer.

By understanding the specific mechanistic actions of these micronutrients with 
regard to how cancer cells develop through their cell cycles, we can analyze which 
specific vitamins are more likely to help in the prevention of cancer cell growth 
in general, and also which vitamins, in particular, target certain types of cancers. 
Vitamin B tends to work against DNA methylation in ovarian cancer, for instance, 
while vitamin D acts on cell proliferation in bladder cancer. However, these vitamins 
can also be combined with others to act on other cancers, while individually, they 
are more active. In this way, the micronutrients have specific mechanisms of action 
on the cellular processes, but work differently according to diverse illnesses, lead-
ing to little clarity [58]. Understanding how these micronutrients function is the key 
to incorporating them into further studies and treatments for cancer prevention and 
understanding the associated benefits and negative effects.

1.4 FUTURE TRENDS

With all this information presented, it is clear to note that more studies involving the 
use of micronutrients in cancer prevention need to be performed. While the functions 
of micronutrients in terms of cellular and biosynthetic processes have been evaluated 
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for some time, incorporating these findings into preventative therapies and treat-
ments for cancer requires more concrete evidence. The distinctions of involvement 
for the micronutrients and substances discussed are unclear, since at some points 
certain vitamins can lead to apoptosis, while in other cases these same vitamins can 
cause tumor cell proliferation.

Future studies should include the micronutrient intake regulations that are estab-
lished so that there is a reference of what the typical limit is. Without this informa-
tion, it can be uncertain how much of these micronutrients is “too much” in terms 
of damaging cell processes and functions. Additionally, more conjunctive studies 
should be assessed, as they seem to be promising in terms of the results that were 
shown for combatting the risk for certain cancers. It was shown that skin cancer 
cells are affected by multiple elements, such as vitamin C, coenzyme Q10, retinoids, 
glutathione, beta-carotene, and green tea. Further studies should expand on this idea 
for other kinds of cancers by evaluating how multiple substances can contribute or 
have an effect. Additionally, since people are looking toward trending, natural food 
items, such as turmeric, teas, and superfoods, more research might be helpful to 
showcase the effects of the incorporation of these foods in cancer prevention. Lastly, 
larger sample sizes are necessary in order to eliminate any kind of recall bias when 
it comes to patients remembering their own dietary intake.
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2 Nutraceuticals as 
Supplements for 
Cancer Prevention

Nicholas Micciche, Brianna Choyce, 
and Yashwant V. Pathak

According to the 1994 US Dietary Supplement Health and Education Act (DSHEA), 
a nutritional supplement is defined as a product (other than tobacco) intended to sup-
plement the diet, which contains one or more dietary ingredients (vitamins, minerals, 
herbal supplements, or amino acids) and is intended to be taken orally as a pill, tablet, 
capsule, or liquid [1]. In 1989, Dr. Stephen DeFelice coined the term nutraceutical 
from the words nutrition and pharmaceutical. Nutraceutical is defined as a food (or 
part of a food) that provides medical or health benefits, including the prevention and/
or treatment of a disease [2] (Table 2.1).

In the recent years, nutraceuticals and even medical condition-targeted nutraceuti-
cals have exploded onto the market as over-the-counter products and are increasing in 
popularity. As the use of nutraceuticals has become more mainstream, there is a large 
push to filter through the evidence to evaluate their clinical utility and therapeutic appro-
priateness. What conditions can be treated with such supplements? What form results 
in the most appropriate bioavailability? Are these products safe? Are they efficacious?

The American Institute for Cancer Research estimated in the late 2000s that approx-
imately 30%–40% of all cancers are preventable with appropriate food and nutrition, 
physical activity, and maintenance of healthy body weight  [3]. Nutraceuticals have 
been shown to have benefits in numerous disease states and, with the broad disease 
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spectrum and ever-increasing average age of our population, cancer is one of the most 
targeted of these disease states. Table 2.2 identifies some nutraceuticals for cancer 
prevention and their corresponding cancer type. Both in vitro and in vivo evidence 
exists for nutraceutical options in many of our most common cancers. This chapter 
will discuss the proposed mechanisms for cancer prevention (Table 2.3).

TABLE 2.1
Select Herbal Supplements and Their Plant Names

Herbal Supplement Plant Name

Ginger Zingiber officinale

Turkey tail mushroom Coriolus versicolor

Maitake mushroom Grifola frondosa

Turmeric Curcuma longa

Garlic Allium sativum

Ginseng Korean ginseng: Panax ginseng
American ginseng: Panax quinquefolius
South China ginseng: Panax notoginseng

Green tea Camellia sinensis

Bromelain (extract) Ananas comosus

Licorice Glycyrrhiza sp.

Red clover Trifolium pratense

Milk thistle Silybum marianum

TABLE 2.2
Most Common Nutraceutical Options in Various Types of Cancer

Type of 
Cancer Breast Skin Colon Lung Liver

Common
Nutraceuticals
Used

Turmeric
Ginger
Garlic
Green tea extract
Ginseng
Turkey tail mushroom
Zinc
Folate (B9)
Cobalamin (B12)
Vitamin E

Ginger
Garlic
Green 
tea 
extract

Turmeric
Ginger
Garlic
Green tea 
extract

Ginseng
Turkey tail 
mushroom

Turmeric
Ginger
Garlic
Green tea
extract
Ginseng
Turkey tail mushroom
Selenium
Folate (B9)
Cobalamin (B12)

Turmeric
Ginseng
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TABLE 2.3
Proposed Mechanisms in Various Types of 
Cancer of Select Nutraceuticals

Nutraceutical Mechanisms for Cancer Prevention

Type of Nutraceutical Proposed Mechanism

Garlic Inhibits nitrosamine bioactivation
Inhibits DNA alkylation

Ginseng Inhibit proliferation
Anti-inflammatory effects

Cannabidiol Induce autophagy
Induce intrinsic apoptosis

Curcumin Anti-inflammatory effects
Antioxidant effects
Inhibit angiogenesis
Inhibit metastasis
Inhibit tumor initiation
Induce apoptosis

Ginger Induce apoptosis
Anti-inflammatory effects
Antioxidant effects

Green tea extract Antioxidant effects

Resveratrol Antioxidant effects
Anti-inflammatory effects
Inhibit tumor initiation
Induce apoptosis

Selenium Antioxidant effects
Induce apoptosis
Initiate DNA repair

Vitamin A Antioxidant effects

Vitamin C Induce apoptosis
Anti-inflammatory effects
Antioxidant effects

Vitamin D Induce apoptosis
Anti-inflammatory effects
Inhibit angiogenesis

Vitamin E Induce apoptosis
Antioxidant effects

Molybdenum Inhibit angiogenesis

Manganese Induce apoptosis
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2.1  NUTRACEUTICALS AND THEIR EVIDENCE 
IN CANCER PREVENTION

2.1.1 green tea extract

Green tea is one of the most commonly consumed natural beverages and is known to 
have numerous and significant health benefits. Tea leaves of Camellia sinensis contain 
high levels of polyphenols, 40% of which is epigallocatechin gallate (EGCG), that have 
demonstrated efficacy in several health conditions. Green tea also contains catechins 
that possess several biological effects such as antioxidant, anticancer, and prevention of 
cardiovascular disease [4]. The various components of green tea possess several mecha-
nisms in cancer prevention and treatment such as inducing apoptosis, inhibiting signaling 
molecules like NF-kappaB, producing antioxidant effects, and inhibiting metastasis [5,6].

Green tea extract has demonstrated efficacy in enhancing the cytotoxic effects of 
some chemotherapeutic agents, such as doxorubicin, but in vivo and in vitro evidence 
suggests that green tea may interact with bortezomib, which is used in treating mul-
tiple myeloma [7,8]. Green tea catechins are also able to target multiple pathways to 
address prostate carcinogenesis in men at high-risk of developing it, such as African 
American men, so they may be an ideal chemopreventive addition in those diagnosed 
with high-grade prostatic intraepithelial neoplasia [9].

2.1.2 ginseng

Ginseng’s pharmacological mechanisms are due to its biologically active constit-
uents called ginsenosides  [10]. Used historically for cardiovascular and cognitive 
benefits, ginseng has countless promising health benefits including cancer preven-
tion and treatment. In fact, studies have even compared its use to traditional chemo-
therapeutic agents both alone and in conjunction [11–15]. Ginsenosides have been 
shown to mediate tumor cell cycles, including cyclin-dependent kinases (CDKs) and 
cyclins in the G0/G1 phase and induce endogenous apoptosis, as seen in Figure 2.1. 
Ginsenosides have also demonstrated ability to induce tumor cell differentiation, tar-
get tumor stem cells for autophagy, reduce the production of reactive oxygen species 
(ROS), suppress tumor angiogenesis, and downregulate the activity of matrix metal-
loproteinases (MMP) on tumor metastasis [16].

A meta-analysis review of PubMed, Ovid Technologies, Embase, The Cochrane 
Library, China National Knowledge Infrastructure, and Chinese VIP Information, 
from 1990 to 2014 was completed in 2016, titled, “Ginseng consumption and risk 
of cancer.” Based on the data from these studies, there is a lower risk of cancer 
incidence with ginseng consumption. The studies included in the meta-analysis con-
sisted of one randomized controlled trial and eight observational studies: five cohorts 
and three case–control studies [17–24]. The following Figure 2.2 shows the subgroup 
analysis from this meta-analysis [25].

2.1.3 ginger

Ginger is a well-known herb that is prevalent in foods of many cultures and has 
been used for centuries for its medicinal benefits in ailments such as nausea, 
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gastrointestinal discomfort, and pain. The herb contains potent compounds called 
gingerols and other derivatives, most notably the dehydrated shogaols, that are 
being extracted and studied for their therapeutic properties. Studies have shown 
the benefits of using ginger and ginger derivatives in both prevention and treatment 
of several types of cancer [26–31].

FIGURE 2.1 Mediation of cell cycle arrest and apoptosis: Some ginsenosides induce tumor 
apoptosis through tumor cell membrane proteins and block cell development via mediating 
cell cycle arrest. (From Chen, T. et al., Saudi. J. Biol. Sci., 25, 917–922, 2018.)

Group
Number 

of Studies
Risk Ratio (95% 

Confidence Interval) PHeterogeneity I2, %

All 9 0.84 (0.76, 0.92) 0.0007 70
Type of cancer
Colorectal cancer 3 0.76 (0.64, 0.90) 0.78 0
Lung cancer 4 0.78 (0.70, 0.87) 0.53 0
Gastric cancer 4 0.83 (0.75, 0.92) <0.0001 88
Liver cancer 3 0.82 (0.73, 0.91) 0.41 0
Breast cancer 1 0.71 (0.54, 0.92) — —
Hematologic 35372 malignancies 1 0.75 (0.55, 1.03) — —
Prostate cancer 1 0.88 (0.70, 1.10) — —

FIGURE 2.2 Subgroup analyses of the risk ratio of different kinds of cancer in populations 
consuming ginseng. (From Jin, X., J. Ginseng. Res. 40, 269–277, 2015.)
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Notch signaling, a protective biological mechanism, is a characteristic pathway of 
multicellular organisms. This pathway, which helps to regulate the fate of cells dur-
ing the cell cycle, becomes active when signaled to renew stem cells. Genetic predis-
positions for notch receptor overactivation have been implicated in the formation of 
several types of cancers [32]. Ginger and many of its derivatives have been found to 
interfere with the notch signaling pathway by reducing its activity and the expression 
of target proteins [33]. This type of stop-it-before-it-starts mechanism makes notch 
signaling an important target in cancer prevention.

Along with cancer prevention, several studies have also confirmed that gingerols 
have anti-metastatic properties in several types of cancers including breast, lung, 
liver, skin, pancreas, prostate, and gastrointestinal tract [26–31]. Gingerols exhibit 
their anti-metastatic properties through the promotion of apoptosis by activating cer-
tain genes, downregulation of cancer-promoting genes, and by enhancing the body’s 
cancer-killing defenses.

The parent generation of cancer cells make up less than 1% of the cells of most 
tumors but often prove to be the most virulent type of cancer cell due to their supe-
rior proliferative nature and genetic adaptations for survival. These parent cancer 
cells, known as cancer stem cells or CSCs, are blamed, at least in part, for tumor 
relapse and poor prognosis in various cancer types. It is notable that current chemo-
therapeutic agents have not demonstrated efficacy in killing of CSCs. The inhibitory 
activity of a specific gingerol compound, 6-shogaol, was investigated against CSCs 
in breast cancer. Therapy with 6-shogaol resulted in death of CSCs, as suggested by 
a reduction in CD44 and CD24 surface markers [26].

Besides its success in targeting CSCs, 6-shogaol has also shown potent anticancer 
activity against other cancer cells. Research shows that 6-shogaol has effectively 
reduced proliferation of cancer cells by suspending them in G1 and G2 of the cell 
cycle via damage to the microtubules. The compound 6-shogaol has demonstrated 
induction of apoptosis in mutated cells via a complex mechanism, even when those 
cells proved resistant to traditional chemotherapies. The first part of this mechanism 
includes the application of oxidative stress by creating excess reactive oxygen spe-
cies. This is then followed by glutathione depletion and subsequent apoptosis result-
ing from a decline in mitochondrial transmembrane potential [28]. Another ginger 
derivative, 6-gingerol, has shown reduction in the viability of gastric cancer cells, 
subjecting them to apoptosis [27].

Other mechanisms by which ginger derivatives have induced apoptosis include 
induction of autophagy via inhibition of the Akt/mTOR pathway in nonsmall cell 
lung cancer (NSCLC) with alveolar basal epithelial cell mutation A-549 [29]. Similar 
results were seen in colon cancer cells with HCT-116, positive for transforming 
growth factor beta-1 and beta-2  [30]. Ginger derivative activation of peroxisomal 
proliferator activated receptor gamma (PPAR-γ) also resulted in apoptosis in MCF-7 
breast and HT-29 colorectal cancer cells [31].

Research has shown that cancer stem cells are virulent and could be at least 
partially blamed for tumor relapse. Chemotherapy agents such as paclitaxel, doxo-
rubicin, 5-fluorouracil, and the platinum drugs have not  demonstrated efficacy in 
targeting CSCs  [33,34]. One study revealed that ginger derivatives have potential 
therapeutic benefit in targeting CSCs up to 10,000 times greater than traditional 
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chemotherapy agents. The study demonstrated that 6-shogaol inhibits the CSC self-
renewal pathway. Concentrations of the ginger-derived therapy that were found to 
be efficacious in reducing the number of CSCs in this study were also nontoxic to 
noncancerous cells [26].

Evidence points to ginger and the potential of its potent derivatives in fighting 
cancer. Numerous theories of just how ginger performs its anticancer activities have 
been researched and studied in human populations, as well as in other mammals. 
The mechanisms listed in this section are just a few among many that support the use 
of ginger extracts in the prevention and treatment of several types of cancer. Ginger, 
undoubtedly, has the ability to target CSCs and other tumor cells with genetic muta-
tions resistant to traditional chemotherapies as well as reduce nausea caused by 
highly emetogenic chemotherapy regimens  [33]. Past and current research studies 
provide an exciting perspective of how this natural herb may help with many com-
mon ailments including cancer.

2.1.4 garlic

The Allium genus includes garlic, onions, leeks, shallots, and chives. These vegeta-
bles are popular worldwide and are valued for their potential medicinal  benefits [35]. 
Garlic possesses cancer-preventive capacity and significant immune system- 
enhancing effects. The potential anticancer effects of garlic can be attributed to its 
metabolic organosulfur byproducts. Thiacremonone, one of the components, has 
been shown to inhibit the growth of lung tumor cells [36]. Numerous compounds 
extracted from garlic play important roles in the treatment of various other cancers. 
Ajoene, for example, was a potential candidate for the treatment of glioblastoma 
multiforme due to its ability to specifically target glioblastoma multiforme cancer 
stem cells. Garlic also plays various roles in upper digestive tract cancer, colorectal 
cancer, hematopoietic tumors, and breast cancer [36].

Nitrosamines and heterocyclic amines (HCAs) are considered potential dietary 
carcinogens that are not normally found in food but may arise in the preservation 
or cooking processes  [37]. There  is evidence showing the ability of allyl sulfur 
compounds of Allium vegetables to suppress the spontaneous formation of nitro-
samines [38]. Liquid and powder formations of garlic, as well as onion, decrease 
nitrosamine formation  [39]. This  reduction in nitrosamine formation may be a 
result of nitrosothiol formation, limiting the amount of available nitrites  [40]. 
HCAs arise on the surface of well-done meats, and the addition of some Allium 
vegetables decreases HCAs [41]. The addition of onion powder on hamburger meat 
prior to cooking decreased HCAs 2-amino-3,8-dimethylimidazo(4,5-f)quinoxaline 
(MeIQx) and 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) by 73% 
and 94.3%, respectively [41]. The addition of garlic powder to the hamburger meat 
reduced MeIQx and PhIP levels by 66.2% and 85%, respectively  [41]. Aqueous 
garlic extracts also reduce the mutagenicity of ionizing radiation, peroxides, and 
Adriamycin  [42]. The  observed protection from garlic may also involve other 
enzymes that are involved in the bioactivation or the removal of carcinogenic 
substances. There is evidence showing that the efficacy of various organosulfides 
to suppress tumorigenesis of benzo(a)pyrene was correlated with their ability to 
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induce NAD(P)H:quinone oxidoreductase (NQO1) [43]). This NQO1 enzyme has 
been shown to be involved in the removal of quinones associated with benzo(a)
pyrene. Diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide 
(DATS) mediate garlic’s antioxidant effects, and DADS and DATS also increase 
the activity of glutathione-S-transferases (GSTs), the enzymes responsible for toxin 
protection [44,45].

2.1.5 curcuMin

Curcumin (diferuloylmethane) is the major active component in the Indian spice 
turmeric (Curcuma longa). It is found in most dishes in India and is also used as a 
coloring additive in food. Epidemiological evidence has shown that the incidence 
of certain cancers is less in people who consume curcumin than in those who do 
not [46]. While this may be circumstantial, this does point us to a correlation.

Curcumin has been shown to prevent a large number of cancers in animal studies 
and data has shown that curcumin can inhibit tumor initiation, promotion, invasion, 
angiogenesis, and metastasis  [47–50]. Curcumin has been shown to interfere with 
multiple cell signaling pathways, as seen in Figure 2.3 including cell cycle (cyclin 
D1 and cyclin E), apoptosis (activation of caspases and downregulation of antiapop-
totic gene products), proliferation (HER-2, EGFR, and AP-1), survival (PI3K/AKT 
pathway), invasion (MMP-9 and adhesion molecules), angiogenesis (VEGF), metas-
tasis (CXCR-4), and inflammation (NF-kappaB, TNF-alpha, IL-6, IL-1, COX-2, and 
5-LOX) [51].

FIGURE 2.3 Molecular targets of curcumin. (From Prasad, S. et al., Biotechnol. Adv., 32, 
1053–1064, 2014.)
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Not only has curcumin demonstrated cancer prevention, it has also been shown 
to act as a chemosensitizing and radiosensitizing agent for some types of tumors. 
Curcumin can also be used to protect healthy organs such as the kidneys, heart, 
liver, and oral mucosa from adverse effects caused by many chemotherapeutic 
agents as well as radiotherapy [53]. Curcumin’s broad range of activity on vari-
ous cancers such as gastrointestinal cancers, ovarian cancers, breast cancers, 
melanoma, neurological cancers, sarcoma, pancreatic cancers, leukemia, and 
lymphoma demonstrate its ability to affect multiple pathways and targets [54,55]. 
Generally recognized as safe by the US Food and Drug Administration (FDA), 
curcumin has been used for centuries as a spice with minimal adverse effects [56]. 
The most common adverse effect of curcumin is upset stomach (usually only in 
people taking high doses or in patients who take curcumin over a long period of 
time), but it also can stimulate menstrual flow (caution during pregnancy) and 
exacerbate gallbladder problems [57]. Some of the issues with curcumin are its 
poor solubility and bioavailability, which is why scientists have researched and 
devised ways to increase them. Curcumin is rapidly metabolized in the liver and 
intestinal wall, so some have combined piperine with curcumin to increase its 
bioavailability [58]. Another advancement to increasing curcumin’s bioavailabil-
ity has been the technique of ingesting curcumin with a high-fat meal or foods 
such as olive oil, fish oil, or milk. These advancements have allowed us to dem-
onstrate the true therapeutic effects of curcumin and to further explore its role in 
cancer treatment and prevention.

2.1.6 Milk thistle

Milk thistle, Silybum marianum, has been used for centuries for various health 
conditions such as liver and biliary disorders. The main active components of 
milk thistle, flavonoids and flavonolignans, can be found in dried milk thistle. 
Silymarin, a combination of flavonolignans and one flavonoid, constitutes up 
to 80% of milk thistle extract  [59]. Silymarin has been studied extensively in 
clinical trials in patients with hepatitis and cirrhosis and is the only known drug 
that is effective in protecting the liver from the Amanita phalloides toxin that 
targets the organ [60–62]. Silymarin has also demonstrated efficacy in prevent-
ing chemotherapy-induced adverse effects such as hand–foot syndrome and oral 
mucositis [63,64].

Silibinin, a flavonolignan isolated from the seeds of milk thistle, is considered a 
very promising chemopreventive agent based on clinical studies showing efficacy of 
silibinin in various epithelial cancers, including colorectal cancer [65]. Using azoxy-
methane and 1,2-dimethylhydrazine as potential carcinogens to induce colorectal 
cancer in rodents, several trials have demonstrated the potential of silibinin to reduce 
the number of carcinogen-induced aberrant crypt foci (ACF), as well as colonic 
tumors [66]. Studies looking at both the short- and long-term effects of silibinin have 
confirmed that intestinal polyps are significantly reduced in number and in size by 
consumption of silibinin [67–69]. The anticancer effects of silibinin (Figure 2.3) can 
be attributed to its ability to cause cell cycle arrest, which decreases proliferation, 
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induce apoptosis, interfere with cellular metabolism to decrease tumor cell energy, 
and inhibit various pathways involved in tumorigenesis, inflammation, and angio-
genesis [66] (Figure 2.4).

2.1.7 cannaBinoids

Cannabinoids belong to a class of molecules that are lipophilic ligands for two 
G protein-coupled cannabinoid receptors (CB). The class consists of three main 
groups: endo-, phyto-, and synthetic cannabinoids. Endocannabinoids are endog-
enous agonists of CB receptors. Phytocannabinoids mimic endogenous ligand 
action at the CB receptors, namely, CB1 and CB2. CB1 receptors are largely pres-
ent in several brain regions and in lower amounts in other organs and periph-
ery. These receptors mediate many of the psychoactive effects of cannabinoids. 
CB2 receptors are concentrated on immune cells and exist in lower amounts in 
neurons. Numerous phytocannabinoids, which are found in Cannabis plants, 
have been identified, including Δ9‐tetrahydrocannabinol (THC) and cannabidiol 
(CBD). Many preclinical and clinical studies have studied the therapeutic poten-
tial of cannabis and cannabinoids. THC is especially psychoactive and specifically 
causes euphoric effects of Cannabis. This  has limited its clinical application. 
CBD, on the other hand, has low affinity for CB receptors and exerts effects on 
other receptors including transient receptor potential channel subfamily V mem-
ber 1 (TRPV1), orphan G‐protein coupled receptor (GPR55), and peroxisome pro-
liferator‐activated receptors (PPARs) [70]. The anticancer action of cannabinoids 
includes modulation of cell signaling pathways controlling the cell cycle, prolif-
eration, and survival. In  vitro and in  vivo experiments have shown antitumori-
genic and anticancer effects of cannabinoids demonstrating decreased viability 
of certain cancer cell lines, inhibition of cancer cell proliferation, stimulation of 

FIGURE 2.4 Silibinin can reduce the incidence of lesions that are pro-neoplastic in nature 
by targeting the CSCs and proliferating bulk tumor cells to prevent disease progression. 
(From Raina, K., et al., J Biomed Res., 30, 452–465, 2016.)
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apoptosis, and prevention of angiogenesis and metastasis  [71–79]. A systematic 
review published in Cancer Medicine, a peer-reviewed, interdisciplinary journal 
with current research from global biomedical researchers in the areas of cancer 
biology, clinical cancer research, and cancer prevention, presented the current 
state of knowledge regarding the molecular mechanisms of cannabinoids’ anti-
cancer action. The  review, titled “The  current state and future perspectives of 
cannabinoids in cancer biology,” identified the specific antitumor mechanism of 
CBD in numerous cell lines and in animal models of cancer, some of which are 
listed in Table 2.4 [70].

The mechanism of cannabinoids in cancer prevention is predominantly attrib-
uted to the inhibition of cancer cell proliferation and the induction of apopto-
sis. Agonism of CB1 and CB2 receptors cause apoptosis by stimulating ceramide 
synthesis. Increases in ceramide concentration causes activation of the endoplas-
mic reticulum (ER) stress‐related signaling pathway, an evolutionarily conserved 

TABLE 2.4
Overview of Cannabinoids’ Actions in Cancer Cell Lines

Compound Type of Cancer Observed Changes Reference

THC
CBD

Melanoma
• CHL-1, A375, 

SK-MEL-28

• Reduction in the growth of tumors treated 
by THC+CBD in vivo

Armstrong 
et al. [71]

CBD Breast 
adenocarcinoma
• MDA-MB-231
• SKBR3

Invasive ductal 
carcinoma
• MCF-7
• ZR-75-1

• Decrease in the viability of cells
• Coexistence of apoptosis and autophagy
• Endoplasmic reticulum stress
• Inhibition of Akt/mTOR/4EBP1
• Decrease in expression of cyclin D1
• Mitochondrial depolarization
• Translocation of BID to the mitochondria
• Release of cytochrome c to cytosol
• Activation of the intrinsic apoptotic 

pathway
• Increase in the generation of ROS

Shrivastava 
et al. [72]

CBD Glioblastoma
• U251

Primary glioma stem 
cells (GSC) lines

• Decrease in the viability of cells
• Increase in the generation of ROS
• Increase in the survival rate of mice bearing 

GSC xenografts
• Inhibition of GSC self-renewal
• Activation of p-p38 pathway
• Downregulation of Sox2, Id1, and p-STAT3
• Adaptation of a subset of GSC and tumor 

regrowth
• Therapeutic resistance mediated by 

enhanced expression of xCT and by 
PN–MES transition

Singer 
et al. [73]

(Continued)
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Compound Type of Cancer Observed Changes Reference

CBC, CBD, 
CBG, CBN,

CBDA, 
CBGA, 
CBDV, 
CBGV, 
THC

THCA, 
THCV, 
THCVA, 
BDS

Prostate carcinoma
• LNCaP
• 22RV1
• DU-145
• PC-3

• Decrease in viability of cells
• Increase in effects of bicalutamide and 

docetaxel (standard drugs for the treatment 
of prostate cancer) in the presence of CBD

• Reduction of the LNCaP xenograft growth 
and increase in effects of bicalutamide and 
docetaxel against LNCaP and 
DU-145 xenograft

• Activation of the intrinsic apoptotic 
pathway

• Cell cycle arrest at the G1-S transition
• Downregulation of AR, p53 activation, and 

elevation of reactive oxygen species in 
LNCaP cells

De 
Petrocellis 
et al. [74]

THC
CBD

Neuroblastoma
• SK-N-SH
• IMR-32
• NUB-6
• LAN-1

• Decrease in viability of the cells
• Cell cycle arrest at G1/G0 phase
• Decrease in cell invasiveness
• Reduction in growth of tumors in vivo

Fisher 
et al. [75]

CBD Breast carcinoma
• SUM159
• MDA-MB-231-

SCP2
• MVT-1

Murine breast 
carcinoma
• 4T1.2
• Murine leukemia
• RAW264.7

• Inhibition of EGF-induced cell 
proliferation, migration, and invasion

• Inhibition of the EGF-induced activation of 
EGFR, ERK, AKT and NF-kB signaling 
pathways

• Inhibition of MMP2 and MMP9 secretion
• Reduction in the growth of tumors and 

inhibition of metastasis in vivo

• Inhibition of the recruitment of tumor-
associated macrophages in primary tumor 
stroma and secondary lung metastases

Elbaz 
et al. [76]

CBD Lung adenocarcinoma
• A549

Large cell lung 
carcinoma
• H460

Primary non-small-
cell lung carcinoma 
cells

• Decrease in the viability of cells
• Upregulation of COX-2 and PPAR-γ 

expression
• Upregulation of PGE2, PGD2, and 15d-PGJ2

• Inhibition of cannabidiol-induced viability 
loss by NS-398 (COX-2 inhibitor) and 
GW9662 (PPAR-γ antagonist)

• Inhibition of cannabidiol-induced viability 
loss by transfection of cells with 
COX-2 and PPAR-γ siRNA

• Reduction in growth of tumors in vivo
• Reduction of tumor-regressive action of 

cannabidiol by pretreatment with GW9662

Ramer 
et al. [77]

TABLE 2.4 (Continued)
Overview of Cannabinoids’ Actions in Cancer Cell Lines

(Continued)
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response, termed the unfolded protein response (UPR). This pathway, when acti-
vated, causes increased expression of the highly mobile transcriptional regulation 
factor, p8. The p8 is a key player in the cellular stress response [80]. The expres-
sion of p8 mediates early cancer development by stopping the translation of can-
cer cells and degrading mutated proteins. Activation of p8  results in activation 
of downstream targets including activating transcription factor 4 (ATF4), C/EBP 
homologous protein (CHOP), and tribbles homologue 3 (TRIB3). Activation of 
TRIB3 specifically causes inhibition of Akt, subsequent inhibition of mTORC1, 
and finally autophagy [70,81] (Figure 2.5).

Compound Type of Cancer Observed Changes Reference

CBD T acute
lymphoblastic 
leukemia

• Jurkat

• Decrease in viability of the cells
• Resistance of the cells cultured in 

physiological conditions to CBD (up to 40 
μM)

• Increase in the number of cells in G1 phase
• Inhibition of Akt/mTOR and ribosomal 

protein S6

Kalendero-
glou 
et al. [78]

CBG
CBD
CBDV
CBC

Colon 
adenocarcinoma

• Caco-2
• HCT 116

• Decrease in viability of the cells
• Promotion of apoptosis
• Increase in the generation of ROS
• Upregulation of CHOP expression
• Reduction in the growth of tumors in vivo

Borrelli 
et al. [79]

Source: Śledziński, P. et al., Cancer Med., 7, 765–775, 2018.
Definitions:  4EBP1, 4E-binding protein 1; 15d-PGJ2 -15-Deoxy-Delta-12,14-prostaglandin; Akt, pro-

tein kinase B; AR, androgen receptor; BDS, biological drug substance, extracts from 
Cannabis sativa L.; BID, BH3 interacting-domain death agonist; CBC, cannabichromene; 
CBD, cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarin; CBG, cannabigerol; 
CBGA, cannabigerol acid; CBGV, cannabigevarin; CBN, cannabinol; CHOP, C/EBP 
homologous protein; COX-2, cyclooxygenase-2; EGF, epidermal growth factor; EGFR, 
epidermal growth factor receptor; ERK, extracellular signal-regulated kinases; Id1, inhibi-
tor of DNA binding 1; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B 
cells; MMP2, matrix metalloproteinase-2; MMP9, matrix metallopeptidase 9; mTORC1, 
mammalian target of rapamycin C1; PN–MES transition, upregulation of mesenchymal 
(MES) markers with concomitant downregulation of proneural (PN) markers; p53, tumor 
protein p53; PGD2, prostaglandin D2; PGE2, prostaglandin E2; PPAR-γ, peroxisome prolif-
erator-activated receptor gamma; p-p38, p38 mitogen-activated protein kinases; p-STAT3, 
phosphorylated signal transducer and activator of transcription 3; ROS, reactive oxygen 
species; siRNA, small interfering ribonucleic acid; Sox2, SRY (sex-determining region 
Y)-box 2; THC, Δ9 -tetrahydrocannabinol; THCA, tetrahydrocannabinolic acid; THCV, Δ9-
tetrahydrocannabivarin; THCVA, Δ9-tetrahydrocannabivarinic acid; xCT, antioxidant 
response system X catalytic subunit.

TABLE 2.4 (Continued)
Overview of Cannabinoids’ Actions in Cancer Cell Lines
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2.1.8 seleniuM

Selenium is an essential trace mineral involved in various biological processes 
including immune function and gene expression [82]. Low levels of selenium have 
been shown to have negative effects on overall health including the occurrence of 
certain cancers [83]. Higher selenium exposure, such as regular dietary intake of fish 
and selenium supplementation, has been suggested to protect against certain types of 
cancer, although there are conflicting studies [84–87]. The EPIC-Heidelberg cohort 
followed patients for 10 years and found that prostate cancer risk was significantly 
decreased for those with higher blood selenium concentration  [85]. The  VITAL 
prospective study with 35,342 male patients showed there was no association 
between selenium supplementation and prostate cancer risk [86]. Also, the Selenium 
and Vitamin E Cancer Prevention Trial, a phase 3, randomized, placebo-controlled 
human trial of vitamin E and selenium in 35,533 men, ended early after the supple-
ments were found not to be effective and demonstrated a statistically insignificant 
increased risk of prostate cancer risk [87].

While there is conflicting evidence in regards to prostate cancer, selenium has 
been extensively studied and has promise as a chemopreventive agent in breast, 

FIGURE 2.5 Cannabinoids and autophagy and apoptosis: This figure depicts the mechanisms 
responsible for the induction of autophagy and apoptosis by cannabinoids. (From Śledziński, 
P., et al., Cancer Med., 7, 765–775, 2018.) Definitions: Akt, protein kinase B; ATF4, activating 
transcription factor 4; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; CBD, can-
nabidiol; CDK, cyclin‐dependent kinase; CHOP, CCAAT/‐enhancer‐binding protein homolo-
gous protein; ER, endoplasmic reticulum; GPR55, orphan G‐protein coupled receptor 55; 
mTORC1, mammalian target of rapamycin C1; p21, cyclin‐dependent kinase inhibitor 1; p27, 
cyclin‐dependent kinase inhibitor 1B; p8, protein p8 (nuclear protein 1, NUPR1); pRb, reti-
noblastoma protein; ROS, reactive oxygen species; THC, Δ9‐tetrahydrocannabinol; TRIB3, 
tribbles pseudokinase 3; TRPV1, receptor potential channel subfamily V member 1.
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colorectal, and thyroid cancers [88–90]. A meta-analysis of eight randomized con-
trolled trials also showed that supplementation with selenium alone significantly 
reduced the overall risk of gastrointestinal cancer as well as liver cancer [91]. Further 
research needs to be conducted on the use of selenium and which form of selenium 
is appropriate as a chemopreventive agent.

2.1.9 resveratrol

Resveratrol is a naturally occurring polyphenolic compound found in blueberries, 
cranberries, nuts, red grapes, and wine. It has been demanding a lot of attention in 
oncology due to its potent antioxidant and anti-inflammatory properties. Resveratrol 
was first recognized for its chemoprevention attributes in 1997, when it was discov-
ered to intervene at all three stages of carcinogenesis: initiation, promotion, and 
progression in HL-60 cells [92]. Studies in human populations have shown that there 
is at least 50% reduction in the risk of breast cancer among women who consume 
grapes rich in the compound [93].

Studies have further evaluated the implications of these findings, investigating the 
cancer-preventive potential of resveratrol in various forms of cancer. Results show 
anticancer effects of resveratrol supplementation in breast, liver, prostate, esophageal, 
and colon cancers [94–98]. The ability of resveratrol to inhibit the cellular events 
associated with tumor initiation, promotion, and progression is attributed to its abil-
ity to inhibit cyclooxygenase-1 (COX-1) activity [99]. Tumor cells, treated with resve-
ratrol, exhibited a dose-dependent increase in externalization of the inner membrane 
phosphatidylserine and in cellular content of subdiploid DNA. These results indicate 
a loss of membrane symmetry and fragmentation of DNA. This resveratrol-induced 
cell death is mediated by intracellular caspases as evidenced by the dose-dependent 
increase in proteolytic cleavage of caspase substrate poly (ADP-ribose) polymerase 
(PARP) and the ability of caspase inhibitors to block the cytotoxicity caused by 
resveratrol. Resveratrol treatment was also shown to enhance CD95L expression on 
HL-60 cells and that the resveratrol-induced cytotoxicity was dependent on CD95 
signaling [99].

Additional research suggests that resveratrol can also provide benefits in autoim-
mune diseases and conditions related to aging including Alzheimer’s, diabetes, liver 
disease, and cardiovascular diseases. This  same mechanism for chemoprevention 
of some cancers, the inhibition of COX-1, as well as the antioxidant properties is 
thought to be the mechanisms behind some of the benefits of resveratrol in these 
other health conditions.

As cancer awareness among the public increases, so does the number of indi-
viduals who are seeking preventative measures. Since these products are available 
over the counter, there is a dire need for more clinical evidence to help guide their 
use. Healthcare professionals, who generally rely on well-designed clinical trials and 
evidence-based medicine often, find it challenging to recommend the use of products 
that are not FDA-approved, nor proven to treat and/or prevent certain medical condi-
tions such as cancer. If you are willing, however, and have much patience, there is 
a lot of evidence to be considered supporting the use of nutraceuticals for general 
well-being and cancer prevention.



34 Advances in Nutraceutical Applications in Cancer

REFERENCES

 1. Dietary Supplement Health and Education Act of 1994. Pub. L. No. 103–417. 103rd 
Congress. October 25, 1994.

 2. Brower V. Nutraceuticals: Poised for a healthy slice of the healthcare market? Nat 
Biotechnol. 1998;16(8):728–731.

 3. World Cancer Research Fund/American Institute for Cancer Research. Food, Nutrition, 
Physical Activity, and the Prevention of Cancer: A Global Perspective. Washington, 
DC: AICR; 2007.

 4. Tsai YJ, Chen BH. Preparation of catechin extracts and nanoemulsions from green tea 
leaf waste and their inhibition effect on prostate cancer cell PC-3. Int J Nanomedicine. 
2016;11:1907–1926. doi:10.2147/IJN.S103759.

 5. Khan N, Muktar H. Multitargeted therapy of cancer by green tea polyphenols. Cancer 
Lett. 2008;269:269–280.

 6. Khan N, Muktar H. Cancer and metastasis: Prevention and treatment by green tea. 
Cancer Metastasis Rev. 2010;29:435–445.

 7. Liang G, Tang A, Lin X, et al. Green tea catechins augment the antitumor activity of 
doxorubicin in an in vivo mouse model for chemoresistant liver cancer. Int J Oncol. 
2010;37:111–123.

 8. Golden EB, Lam PY, Kardosh A, et  al. Green tea polyphenols block the anticancer 
effects of bortezomib and other boronic acid-based proteasome inhibitors. Blood. 
2009;113:5927–5937.

 9. Kumar NB, Pow-Sang JM, Spiess PE, et al. Chemoprevention in African American 
men with prostate cancer. Cancer Control. 2016;23(4):415–423.

 10. Tode T, Kikuchi Y, Kita T, Hirata J, Imaizumi E, Nagata I. Inhibitory effects by oral 
administration of ginsenoside Rh2 on the growth of human ovarian cancer cells in nude 
mice. J Cancer Res Clin Oncol. 1993;120(1–2):24–26.

 11. Mochizuki M, Yoo YC, Matsuzawa K, et al. Inhibitory effect of tumor metastasis in 
mice by saponins, ginsenoside-Rb2, 20(R)- and 20(S)-ginsenoside-Rg3, of red ginseng. 
Biol Pharm Bull. 1995;18(9):1197–1202..

 12. Zhu JH, Takeshita T, Kitagawa I, Morimoto K. Suppression of the formation of sister 
chromatid exchanges by low concentrations of ginsenoside Rh2 in human blood lym-
phocytes. Cancer Res. 1995;55(6):1221–1223.

 13. Yun TK, Choi SY. Preventive effect of ginseng intake against various human can-
cers: A  case-control study on 1987 pairs. Cancer Epidemiol Biomarkers Prev. 
1995;4(4):401–408.

 14. Kim YS, Kim DS, Kim SI. Ginsenoside Rh2 and Rh3 induce differentiation of HL-60 
cells into granulocytes: Modulation of protein kinase C isoforms during differentiation 
by ginsenoside Rh2. Int J Biochem Cell Biol. 1998;30(3):327–338.

 15. Yang J, Yuan D, Xing T, et al. Ginsenoside Rh2 inhibiting HCT116 colon cancer cell 
proliferation through blocking PDZ-binding kinase/T-LAK cell-originated protein 
kinase. J Ginseng Res. 2016;40(4):400–408.

 16. Chen T, Li B, Qiu Y, Qiu Z, Qu P. Functional mechanism of ginsenosides on tumor 
growth and metastasis. Saudi J Biol Sci. 2018;25(5):917–922.

 17. Yun TK, Choi SY. Non-organ specific cancer prevention of ginseng: A  prospective 
study in Korea. Int J Epidemiol. 1998;27:359–364.

 18. Kamangar F, Gao YT, Shu XO, et  al. Ginseng intake and gastric cancer risk in the 
Shanghai Women’s Health Study Cohort. Cancer Epidemiol Biomarkers Prev. 
2007;16:629–630.

 19. Satia JA, Littman A, Slatore CG, Galanko JA, White E. Associations of herbal and spe-
cialty supplements with lung and colorectal cancer risk in the VITamins and Lifestyle 
study. Cancer Epidemiol Biomarkers Prev. 2009;18:1419–1428.



35Nutraceuticals as Supplements for Cancer Prevention

 20. Brasky TM, Kristal AR, Navarro SL, et al. Specialty supplements and prostate cancer 
risk in the VITamins And Lifestyle (VITAL) cohort. Nutr Cancer. 2011;63:573–582.

 21. Walter RB, Brasky TM, Milano F, White E. Vitamin, mineral, and specialty supple-
ments and risk of hematologic malignancies in the prospective VITamins And Lifestyle 
(VITAL) study. Cancer Epidemiol Biomarkers Prev. 2011;20:2298–2308.

 22. Yun TK, Choi SY. A case-control study of ginseng intake and cancer. Int J Epidemiol. 
1990;19:871–876.

 23. Rebbeck TR, Troxel AB, Norman S, et al. A retrospective case-control study of the 
use of hormone-related supplements and association with breast cancer. Int J Cancer. 
2007;120:1523–1528.

 24. Yun TK, Zheng S, Choi SY, et al. Non-organ-specific preventive effect of long-term 
administration of Korean red ginseng extract on incidence of human cancers. J Med 
Food. 2010;13:489–494.

 25. Jin X, Che DB, Zhang ZH, Yan HM, Jia ZY, Jia XB. Ginseng consumption and risk of 
cancer: A meta-analysis. J Ginseng Res. 2015;40(3):269–277.

 26. Ray A, Vasudevan S, Sengupta S. 6-Shogaol inhibits breast cancer cells and stem cell-
like spheroids by modulation of notch signaling pathway and induction of autophagic 
cell death. PLoS One. 2015;10(9):e0137614. doi:10.1371/journal.pone.0137614.

 27. Ishiguro K, Ando T, Maeda O, et al. Ginger ingredients reduce viability of gastric cancer 
cells via distinct mechanisms. Biochem Biophys Res Commun. 2007;362(1):218–223.

 28. Chen CY, Liu TZ, Liu YW, et al. 6-shogaol (alkanone from ginger) induces apoptotic 
cell death of human hepatoma p53 mutant Mahlavu subline via an oxidative stress-
mediated caspase-dependent mechanism. J Agric Food Chem. 2007;55(3):948–954.

 29. Hung JY, Hsu YL, Li CT, et  al. 6-Shogaol, an active constituent of dietary ginger, 
induces autophagy by inhibiting the AKT/mTOR pathway in human non-small cell 
lung cancer A549 cells. J Agric Food Chem. 2009;57(20):9809–9816. doi:10.1021/
jf902315e.

 30. Gan FF, Nagle AA, Ang X, et  al. Shogaols at proapoptotic concentrations induce 
G(2)/M arrest and aberrant mitotic cell death associated with tubulin aggregation. 
Apoptosis. 2011;16(8):856–867. doi:10.1007/s10495-011-0611-3.

 31. Tan BS, Kang O, Mai CW, et al. 6-Shogaol inhibits breast and colon cancer cell pro-
liferation through activation of peroxisomal proliferator activated receptor γ (PPARγ). 
Cancer Lett. 2013;336(1):127–139. doi:10.1016/j.canlet.2013.04.014.

 32. Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM, Wicha MS. Role 
of Notch signaling in cell-fate determination of human mammary stem/progenitor 
cells. Breast Cancer Res. 2004;6(6):R605–R615.

 33. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: Cell fate control and sig-
nal integration in development. Science. 1999;284(5415):770–776.

 34. Pillai AK, Sharma KK, Gupta YK, Bakhshi S. Anti-emetic effect of ginger pow-
der versus placebo as an add-on therapy in children and young adults receiving high 
emetogenic chemotherapy. Pediatr Blood Cancer. 2011;56(2):234–238. doi:10.1002/
pbc.22778.

 35. Nicastro HL, Ross SA, Milner JA. Garlic and onions: Their cancer prevention properties. 
Cancer Prev Res (Phila). 2015;8(3):181–189. doi:10.1158/1940-6207.CAPR-14-0172.

 36. Zheng J, Zhou Y, Li Y, Xu DP, Li S, Li HB. Spices for prevention and treatment of 
cancers. Nutrients. 2016;8(8). pii: E495. doi:10.3390/nu8080495.

 37. Jakszyn P, Agudo A, Ibanez R, et al. Development of a food database of nitrosamines, het-
erocyclic amines, and polycyclic aromatic hydrocarbons. J Nutr. 2004;134:2011–2014.

 38. Milner JA. Mechanisms by which garlic and allyl sulfur compounds suppress carcino-
gen bioactivation—Garlic and carcinogenesis. Adv Exp Med Biol. 2001;492:69–81.

 39. Dion ME, Agler M, Milner JA. S-allyl cysteine inhibits nitrosomorpholine formation 
and bioactivation. Nutr Cancer. 1997;28:1–6.



36 Advances in Nutraceutical Applications in Cancer

 40. Williams DLH. Nitrosation mechanisms. Adv Phys Org Chem. 1983;19:381–428.
 41. Rounds L, Havens CM, Feinstein Y, Friedman M, Ravishankar S. Plant extracts, spices, and 

essential oils inactivate Escherichia coli O157:H7 and reduce formation of potentially carci-
nogenic heterocyclic amines in cooked beef patties. J Agric Food Chem. 2012;60:3792–3799.

 42. Knasmuller S, de Martin R, Domjan G, Szakmary A. Studies on the antimutagenic 
activities of garlic extract. Environ Mol Mutagen. 1989;13:357–365.

 43. Singh SV, Pan SS, Srivastava SK, et al. Differential induction of NAD(P)H:quinone 
oxidoreductase by anti-carcinogenic organosulfides from garlic. Biochem Biophys Res 
Commun. 1998;244:917–920.

 44. Chen C, Pung D, Leong V, et al. Induction of detoxifying enzymes by garlic organo-
sulfur compounds through transcription factor Nrf2: Effect of chemical structure and 
stress signals. Free Radic Biol Med. 2004;37:1578–1590.

 45. Munday R, Munday CM. Relative activities of organosulfur compounds derived from 
onions and garlic in increasing tissue activities of quinone reductase and glutathione 
transferase in rat tissues. Nutr Cancer. 2001;40:205–210.

 46. Frenkel M, Abrams DI, Ladas EJ, et al. Integrating dietary supplements into cancer 
care. Integr Cancer Ther. 2013;12(5):369–384. doi:10.1177/1534735412473642.

 47. Gupta SC, Kim JH, Kannappan R, Reuter S, Dougherty PM, Aggarwal BB. Role of 
nuclear factor-κB-mediated inflammatory pathways in cancer-related symptoms and 
their regulation by nutritional agents. Exp Biol Med (Maywood). 2011;236:658–671.

 48. Karin M, Greten FR. NF-kappaB: Linking inflammation and immunity to cancer 
development and progression. Nat Rev Immunol. 2005;5:749–759.

 49. Shishodia S, Chaturvedi MM, Aggarwal BB. Role of curcumin in cancer therapy. Curr 
Probl Cancer. 2007;31: 243–305.

 50. Kunnumakkara AB, Anand P, Aggarwal BB. Curcumin inhibits proliferation, invasion, 
angiogenesis and metastasis of different cancers through interaction with multiple cell 
signaling proteins. Cancer Lett. 2008;269:199–225.

 51. Anand P, Sundaram C, Jhurani S, Kunnumakkara AB, Aggarwal BB. Curcumin and can-
cer: an “old-age” disease with an “age-old” solution. Cancer Lett. 2008;267:133–164.

 52. Prasad S, Gupta SC, Tyagi AK, Aggarwal BB. Curcumin, a component of golden spice: 
From bedside to bench and back. Biotechnol Adv. 2014;32(6):1053–1064. doi:10.1016/j.
biotechadv.2014.04.004.

 53. Goel A, Aggarwal BB. Curcumin, the golden spice from Indian saffron, is a chemosen-
sitizer and radiosensitizer for tumors and chemoprotector and radioprotector for normal 
organs. Nutr Cancer. 2010;62:919–930.

 54. Sharma RA, McLelland HR, Hill KA, et al. Pharmacodynamic and pharmacokinetic 
study of oral Curcuma extract in patients with colorectal cancer. Clin Cancer Res. 
2001;7:1894–1900.

 55. Dhillon N, Aggarwal BB, Newman RA, et al. Phase II trial of curcumin in patients with 
advanced pancreatic cancer. Clin Cancer Res. 2008;14:4491–4499.

 56. US Food and Drug Administration. Center for Food Safety and Applied Nutrition, 
Office of Premarket Approval. EAFUS: A food additive database. http://www.usc.es/
caa/ EdulcWeb/EAFUS.pdf. Accessed December 27, 2012.

 57. Rasyid A, Rahman AR, Jaalam K, Lelo A. Effect of different curcumin dosages on 
human gall bladder. Asia Pac J Clin Nutr. 2002;11:314–318.

 58. Shoba G, Joy D, Joseph T, Majeed M, Rajendran R, Srinivas PS. Influence of piperine 
on the pharmacokinetics of curcumin in animals and human volunteers. Planta Med. 
1998;64:353–356.

 59. Kroll DJ, Shaw HS, Oberlies NH. Milk thistle nomenclature: Why it matters in cancer 
research and pharmacokinetic studies. Integr Cancer Ther. 2007;6:110–119.

 60. Tamayo C, Diamond S. Review of clinical trials evaluating safety and efficacy of milk 
thistle (Silybum marianum [L.] Gaertn.). Integr Cancer Ther. 2007;6:146–157.

http://www.usc.es/


37Nutraceuticals as Supplements for Cancer Prevention

 61. Enjalbert F, Rapior S, Nouguier-Soule J, Guillon S, Amouroux N, Cabot C. Treatment 
of amatoxin poisoning: 20-year retrospective analysis. J Toxicol Clin Toxicol. 
2002;40:715–757.

 62. Hruby K, Csomos G, Fuhrmann M, Thaler H. Chemotherapy of Amanita phalloides 
poisoning with intravenous silibinin. Hum Toxicol. 1983;2:183–195.

 63. Elyasi S, Shojaee FSR, Allahyari A, Karimi G. Topical silymarin administration for 
prevention of capecitabine-induced hand-foot syndrome: A randomized, double-blinded, 
placebo-controlled clinical trial. Phytother Res. 2017;31(9):1323–1329. doi:10.1002/ptr.5857.

 64. Elyasi S, Hosseini S, Niazi Moghadam MR, Aledavood SA, Karimi G. Effect of oral 
silymarin administration on prevention of radiotherapy induced mucositis: A random-
ized, double-blinded, placebo-controlled clinical trial. Phytother Res. 2016;30(11):1879–
1885. doi:10.1002/ptr.5704.

 65. Derry MM, Raina K, Agarwal C, Agarwal R. Identifying molecular targets of life-
style modifications in colon cancer prevention. Front Oncol. 2013;3:119. doi:10.3389/
fonc.2013.00119.

 66. Raina K, Kumar S, Dhar D, Agarwal R. Silibinin and colorectal cancer chemo-
prevention: A  comprehensive review on mechanisms and efficacy. J Biomed Res. 
2016;30(6):452–465. doi:10.7555/JBR.30.20150111.

 67. Rajamanickam S, Kaur M, Velmurugan B, et  al. Silibinin suppresses spontaneous 
tumorigenesis in APCmin/+ mouse model by modulating beta-catenin pathway. Pharm 
Res. 2009;26(12):2558–2567.

 68. Rajamanickam S, Velmurugan B, Kaur M, et al. Chemoprevention of intestinal tumori-
genesis in APCmin/+ Mice by Silibinin. Cancer Res. 2010;70(6):2368–2378.

 69. Verschoyle RD, Greaves P, Patel K, et al. Evaluation of the cancer chemopreventive 
efficacy of silibinin in genetic mouse models of prostate and intestinal carcinogenesis: 
Relationship with silibinin levels[J]. Eur J Cancer. 2008;44(6):898–906.

 70. Śledziński P, Zeyland J, Słomski R, Nowak A. The current state and future perspectives 
of cannabinoids in cancer biology. Cancer Med. 2018;7(3):765–775.

 71. Armstrong JL, Hill DS, McKee CS, et al. Exploiting cannabinoid‐induced cytotoxic 
autophagy to drive melanoma cell death. J Invest Dermatol. 2015;135:1629–1637.

 72. Shrivastava A, Kuzontkoski PM, Groopman JE, and Prasad A. Cannabidiol induces 
programmed cell death in breast cancer cells by coordinating the cross‐talk between 
apoptosis and autophagy. Mol Cancer Ther. 2011;10:1161–1172.

 73. Singer E, Judkins J, Salomonis N, et al. Reactive oxygen species‐mediated therapeutic 
response and resistance in glioblastoma. Cell Death Dis. 2015;6:e1601.

 74. De Petrocellis L, Ligresti A, Schiano Moriello A, et al. Non‐THC cannabinoids inhibit 
prostate carcinoma growth in vitro and in vivo: Pro‐apoptotic effects and underlying 
mechanisms. Br J Pharmacol. 2013;168:79–102.

 75. Fisher T, Golan H, Schiby G, et al. In vitro and in vivo efficacy of non‐psychoactive 
cannabidiol in neuroblastoma. Curr Oncol Tor Ont. 2016;23:S15–S22.

 76. Elbaz M, Nasser MW, Ravi J, et al. Modulation of the tumor microenvironment and 
inhibition of EGF/EGFR pathway: Novel anti‐tumor mechanisms of Cannabidiol in 
breast cancer. Mol Oncol. 2015;9:906–919.

 77. Ramer R, Heinemann K, Merkord J, et  al. COX‐2 and PPAR‐γ confer cannabidiol‐
induced apoptosis of human lung cancer cells. Mol Cancer Ther. 2013;12:69–82.

 78. Kalenderoglou N, Macpherson T, Wright KL. Cannabidiol reduces leukemic cell 
size—But is it important? Front Pharmacol. 2017;8:144.

 79. Borrelli F, Pagano E, Romano B, et  al. Colon carcinogenesis is inhibited by the 
TRPM8 antagonist cannabigerol, a Cannabis‐derived non‐psychotropic cannabinoid. 
Carcinogenesis. 2014;35:2787–2797.

 80. Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: Cell life and death 
decisions. J Clin Invest. 2005;115(10):2656–2664.



38 Advances in Nutraceutical Applications in Cancer

 81. Goruppi S, Iovanna JL. Stress-inducible protein p8 is involved in several physiological 
and pathological processes. J Biol Chem. 2009;285(3):1577–1581.

 82. Prostate Cancer, Nutrition, and Dietary Supplements. Health Professional Version. 
October  21, 2015. Available from: http://www-ncbi-nlm-nih-gov.ezproxy.lib.usf.edu/
books/NBK83261/?report=printable.

 83. Rayman MP. The importance of selenium to human health. Lancet. 2000;356:233–241.
 84. Vinceti M, Filippini T, Del Giovane C, et al. Selenium for preventing cancer. Cochrane 

Database Syst Rev. 2018;1:CD005195. doi:10.1002/14651858.
 85. Steinbrecher A, Meplan C, Hesketh J, et  al. Effects of selenium status and poly-

morphisms in selenoprotein genes on prostate cancer risk in a prospective study of 
European men. Cancer Epidemiol Prev Biomark. 2010;19(11):2958–2968.

 86. Kenfield SA, Van Blarigan EL, DuPre N, Stampfer MJ ELG, Chan JM. Selenium sup-
plementation and prostate cancer mortality. J Natl Cancer Inst. 2015;107(1):360.

 87. Ledesma MC, Jung-Hynes B, Schmit TL, Kumar R, Mukhtar H, Ahmad N. Selenium 
and vitamin E for prostate cancer: Post-SELECT (Selenium and Vitamin E Cancer 
Prevention Trial) status. Mol Med. 2011;17(1–2):134–143.

 88. Fontelles CC, Ong TP. Selenium and breast cancer risk: Focus on cellular and molecu-
lar mechanisms. Adv Cancer Res. 2017;136:173–192. doi:10.1016/bs.acr.2017.08.001.

 89. Thompson PA, Ashbeck EL, Roe DJ, et al. Selenium supplementation for prevention 
of colorectal adenomas and risk of associated type 2  diabetes. J Natl Cancer Inst. 
2016;108(12). pii: djw152. doi:10.1093/jnci/djw152.

 90. Glattre E, Nygård JF, Aaseth J. Selenium and cancer prevention: Observations and com-
plexity. J Trace Elem Med Biol. 2012;26(2–3):168–169. doi:10.1016/j.jtemb.2012.04.021.

 91. Lee EH, Myung SK, Jeon YJ, Kim Y, Chang YJ, Ju W, Seo HG, Huh BY. Effects of 
selenium supplements on cancer prevention: Meta-analysis of randomized controlled 
trials. Nutr Cancer. 2011;63(8):1185–1195. doi:10.1080/01635581.2011.607544.

 92. Jang M, Cai L, Udeani GO, et al. Cancer chemopreventive activity of resveratrol, a 
natural product derived from grapes. Science. 1997;275(5297):218–220.

 93. Chikara S, Nagaprashantha LD, Singhal J, Horne D, Awasthi S, Singhal SS. Oxidative 
stress and dietary phytochemicals: Role in cancer chemoprevention and treatment. 
Cancer Lett. 2018;413:122–134. doi:10.1016/j.canlet.2017.11.002.

 94. Fernandez SV, Russo IH, Russo J. Estradiol and its metabolites 4-hydroxyestradiol and 
2-hydroxyestradiol induce mutations in human breast epithelial cells. Int J Cancer. 
2006;118(8):1862e1868.

 95. Cao L, Chen X, Xiao X, Ma Q, Li W. Resveratrol inhibits hyperglycemia-driven ROS-
induced invasion and migration of pancreatic cancer cells via suppression of the ERK 
and p38  MAPK signaling pathways. Int J Oncol. 2016;49(2):735–743. doi:10.3892/
ijo.2016.3559.

 96. Li W, Cao L, Chen X, Lei J, Ma Q. Resveratrol inhibits hypoxia-driven ROS-induced 
invasive and migratory ability of pancreatic cancer cells via suppression of the Hedgehog 
signaling pathway. Oncol Rep. 2016;35(3):1718–1726. doi:10.3892/or.2015.4504.

 97. Chen CY, Jang JH, Li MH, Surh YJ. Resveratrol upregulates heme oxygenase-1 expres-
sion via activation of NF-E2-related factor 2 in PC12 cells. Biochem Biophys Res 
Commun. 2005;331(4):993–1000.

 98. Singh B, Shoulson R, Chatterjee A, et  al. Resveratrol inhibits estrogen-induced 
breast carcinogenesis through induction of NRF2-mediated protective pathways. 
Carcinogenesis. 2014;35(8):1872–1880.

 99. Clément MV, Hirpara JL, Chawdhury SH, Pervaiz S. Chemopreventive agent resvera-
trol, a natural product derived from grapes, triggers CD95 signaling-dependent apopto-
sis in human tumor cells. Blood. 1998;92(3):996–1002.

http://www-ncbi-nlm-nih-gov.ezproxy.lib.usf.edu/


39

3 Nutraceutical’s 
Role in Proliferation 
and Prevention of 
Prostate Cancer

Raghunandan Yendapally and Donald Sikazwe

3.1 INTRODUCTION

This chapter outlines the role of nutraceuticals in mitigating against cell prolifera-
tion and potential chemoprevention in prostate cancer. The probability of developing 
prostate cancer rapidly increases in men after 50 years of age [1]. According to the 
American Cancer Society, one in every nine men is at risk of being diagnosed with 
prostate cancer in his lifetime [2]. About 60% of all prostate cancer cases are diag-
nosed in men older than 65 years of age. Therefore, age is one of the important risk 
factors [2]. In the United States, prostate cancer is the second leading cause of cancer 
deaths in men, accounting for 29,430 deaths in 2018 [2]. Epidemiological, environ-
mental, and dietary factors appear to play an important role in prostate cancer. In a 
study conducted by Shimizu et al., Japanese men who migrated to the United States 
were at a higher risk of developing prostate cancer than their homeland men probably 
due to environmental and lifestyle differences [1]. As a result, prevention strategies 
of prostate cancer may include myriad factors in patients’ lifestyle, including diet [3].

Many natural foods or food products have anticancer properties. Recently, there 
has been a tremendous interest in evaluating the beneficial effects of nutraceuticals in 
prostate cancer. Since most of the research studies are focused on retrospective studies 
and due to limited number of large randomized clinical trials, the beneficial effects of 
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nutraceuticals described in this chapter should not be viewed as clinical guidelines [3]. 
However, most of the compounds described are considered to be relatively safe, and 
dietary changes may be beneficial in patients with prostate cancer or who are at risk 
of developing this disease [3]. Nutraceuticals discussed in this chapter include vitamin 
D, green tea polyphenols, sulforaphane, lycopene, genistein, resveratrol, and several 
other molecules. Some nutraceuticals reduce the levels of  prostate-specific antigen 
(PSA), a specific biomarker that is elevated in prostate cancer.

3.2 VITAMIN D

The  two major forms of vitamin D include vitamin D2 (ergocalciferol) and vita-
min D3 (cholecalciferol) [4]. Structurally, ergocalciferol differs from cholecalciferol 
in its side chain by the presence of a double bond between C22 and C23 carbons 
and an additional methyl (C28) group at C24 carbon [5] (Table 3.1). Vitamin D is a 
secosteroid fat-soluble vitamin biosynthesized in the human body sequentially in 
the skin, liver, and kidneys  [6]. In  the presence of sunlight’s ultraviolet radiation, 
7- dehydrocholesterol is converted to cholecalciferol (vitamin D3) in the skin [7,8]. 
Cholecalciferol is metabolized to 25-hydroxy-cholecalciferol [25(OH)D3 or  calcidiol] 
(Table 3.1) in the liver by the enzyme vitamin D-25-hydroxylase, which is further 
converted into 1,25-dihydroxy-cholecalciferol [1,25(OH)2D3 or calcitriol] (Table 3.1) 
in the kidneys by the enzyme 1α-hydroxylase [7,8]. The major circulating form of 
vitamin D in the blood is calcidiol [9]. However, calcitriol is about 500 times more 
potent than calcidiol and is considered to be the active form of vitamin D3  [7,8]. 
Since sunlight is one of the key factors for vitamin D biosynthesis, lack of exposure 
to sunlight may lead to the vitamin D deficiency [8]. It was estimated that on aver-
age, about 5–10 minutes exposure of arms and legs to direct sunlight may produce 
3000 IU of Vitamin D [8]. However, this is dependent on several factors including 
skin sensitivity, latitude, time, and season [8]. Vitamin D2 is biosynthesized in plants 
and fungi by ultraviolet irradiation on ergosterol [4,5,8]. Even though both vitamin 
D2 and D3 are commercially available as supplements, they are no longer considered 
as equivalent and thus not interchangeable [4]. Vitamin D2, when taken as a supple-
ment, results in shorter plasma clearance than vitamin D3 [5]. Natural sources rich 
in vitamin D include salmon, sardines, mackerel, tuna, shiitake mushrooms, and 
egg yolk. Fortified foods such as milk, cheese, yogurt butter, and orange juice also 
contain vitamin D [8].

Vitamin D binds to vitamin D receptors (VDRs), which are present in most of 
the tissues and influence several biochemical processes [5]. Vitamin D plays a key 
regulatory role in bone metabolism and maintains homeostasis calcium and phos-
phorus [7]. Skowronski et al. have experimentally shown that VDRs are present in 
human prostate cancer cell lines (LNCaP, PC-3, and DU-145) and the antiprolif-
erative effect of 1,25(OH)2D3 was also demonstrated against these cell lines  [10]. 
Vitamin D and its analogues exhibit antiprostatic mechanistic effects by multiple 
mechanisms  [11]. Calcitriol inhibits tumor-derived endothelial cells (TDECs) and 
thereby has antiangiogenic effects  [12]. Calcitriol is shown to arrest the G1 phase 
of the cell cycle, thereby decreasing the cell proliferation [13]. In preclinical stud-
ies, it was demonstrated that calcitriol, when combined with taxane derivatives 
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TABLE 3.1
Vitamin D Forms, Common Names, Chemical Structures, and Sources

Vitamin D Form Common Name Chemical Structures Sources

Vitamin D2 Ergocalciferol Biosynthesized in 
plants and fungi

Vitamin D3 Cholecalciferol Biosynthesized in 
animals from 
7-dehydrocholesterol

25-Hydroxyvitamin 
D3

Calcidiol 
(25-hydroxy-
cholecalciferol)

Produced as a 
metabolite of 
vitamin D3 in the 
liver by vitamin 
D-25-hydroxylase

1,25-Dihydroxy-
vitamin D3

Calcitriol 
(1,25-dihydroxy-
cholecalciferol)

Produced as a 
metabolite of 
25-hydroxy-vitamin 
D3 in the kidneys by 
1α-hydroxylase
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(e.g., paclitaxel, docetaxel) and platinum compounds (e.g., cisplatin, carboplatin), 
enhances anticancer properties of these agents by upregulating proapoptic signaling 
molecule mitogen-activated protein kinase (MEKK-1)/tumor suppressor p73 protein, 
and decreases the prosurvival signals via Erk/Akt pathways [14].

In  a study conducted by Marshall et  al., supplementation of 4000  IU of vita-
min D3  soft gels did not  lead to any serious toxic effects and provided beneficial 
effects in low-risk prostate cancer individuals under surveillance [15]. Veldhuizen 
et al. observed a vitamin D deficiency in patients with advanced hormone refractory 
prostate cancer. In  this study, daily supplementation of 2,000 IU of vitamin D by 
oral route for 12 weeks was shown to be beneficial for pain alleviation, enhancing 
muscle strength and improving quality of life [16]. In a study conducted by Gross 
et al., daily administration of calcitriol for 6–15 months starting at 0.5 μg and gradu-
ally increasing it to 2.5 μg led to a decrease in the elevation rate of PSA in prostate 
cancer patients after radiation or surgery [17].

In a study conducted by Ahonen et al., in Finland, it was concluded that low levels 
of serum 25-hydroxyvitamin D (<16 ng/mL) were associated with an increased risk of 
aggressive prostate cancer and an early onset [18,19]. On the contrary, in a prospective 
study conducted by Park et al. in a multiethnic cohort did not find an increased risk 
with low serum 25-hydroxyvitamin D (<20 vs. 30–<50 ng/mL) [20]. However, it was 
found that there was an increased risk with higher concentrations (≥50 ng/mL) [20]. 
Therefore, further studies must be conducted to unequivocally establish the signifi-
cance of levels of circulating 25-hydroxyvitamin D in prostate cancer.

3.3 GREEN TEA POLYPHENOLS

Routine consumption of green tea (GT) from Camellia sinensis plant leaves may be 
chemopreventive against or provide a dietary treatment option for male prostate  cancer. 
Although not all studies conclusively agree on GT’s antiprostate cancer effects, the 
aforementioned proposal continues to attract increasing research attention driven by 
several evidentiary lines. Epidemiological data indicate that the low rates of prostate 
cancer diagnosis seem more prevalent in Asian men who ritually or habitually consume 
GT as part of their daily diet versus high rates in Western men (Caucasians, African 
Americans, Hispanic, etc.) who mostly consume black tea [21–26]. Apparently, the 
world market is dominated by black tea (obtained from fully fermented or oxidized 
tea leaves and makes up 78% of all teas produced) that is mostly consumed by people 
residing in Western countries. On the other hand, green tea (i.e., unoxidized tea from 
steamed leaves—steaming, in this case, deactivates the oxidizing polyphenol oxidase 
enzymes) only accounts for 20% of the world tea market and is primarily consumed 
by Asian people of Chinese, Japanese, and Indian descent. The  rest is oolong tea 
(sourced from partially oxidized tea leaves) whose market share is the lowest, less 
than 2%, and its use is mainly confined to China and Taiwan [21–26].

Chemical and pharmacological data suggest that the antiprostate cancer effects arise 
from the presence of catechin polyphenols, which account for slightly over 30% of the 
dried green tea leaves total chemical extracts by weight [26–29]. Data indicate that 
(−)-epigallocatechin-3-gallate or EGCG, which is GT’s major and most active polyphe-
nol, was chemopreventive in animal models and exhibited selective antiproliferative 
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effects in prostate cancer cells via a variety of mechanisms, including dose- dependent 
induction of apoptosis, cell-cycle inhibition, and urokinase and cyclin-dependent 
kinase enzyme inhibitions [26,30,31]. In DU145 prostate cancer cells, GT potentiated 
the antiproliferative effects of radiation treatment and stimulated apoptotic events [32].

The  chemical composition of green tea is not  only limited to polyphenols 
(i.e.,  catechins, flavanols, and depsides), rather it is a diverse and complex mixture, 
which includes vitamins, minerals, carbohydrates, xanthines (caffeine, theobromine, 
theophylline, etc.), phenolic acids [23]. Relevant to prostate cancer, however, is the fact 
that green tea provides four catechin polyphenols of clinical chemotherapeutic signifi-
cance, viz-a-vis: (−)-epicatechin or EC, (−)-epigallocatechin or EGC, (−)-epicatechin-
3-gallate or ECG, and (−)-epigallocatechin-3-gallate or EGCG  [29]. Out of the 
above-stated compounds, EGCG is reportedly the most pharmacologically active cat-
echin extractable by water and predominant polyphenol representing ≥60% of overall 
catechin amounts [28,29]. Structurally, these natural compounds are small molecules 
(FWs or formula weights <500), which can be subdivided into the biphenol (i.e., EC and 
EGC) and esterified triphenol (i.e., ECG and EGCG) classes illustrated in Figure 3.1. 
As observed for EGCG, the phenolic polar hydroxy (–OH) groups are hydrogen-bond 
donors having antioxidant or radical-scavenging actions and interact with specific 
receptors (nucleic acids and proteins) via hydrogen bonding [33]. Apparently, the cat-
echins are unstable under basic conditions (pH >7, they may form dimers or irreversibly 
oxidize to yield colored compounds) or even in neutral environments [27].

FIGURE  3.1 EC, EGC, ECG, and EGCG—the commonest green tea polyphenols. FW 
denotes formula weight. CLogP denotes the calculated Log partition coefficient. FWs and 
CLogP were calculated using ChemDraw Professional 16.0 software.
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Pharmacokinetic and safety characterizations of the above polyphenols indicate 
that they exhibit low oral bioavailabilities perhaps due to presystemic intestinal 
metabolism, possess low (CLogP: −0.13–0.53) to moderate lipophilicities (CLogP: 
1.5–2.2), do not alter the activities of cytochrome P450s (1A2; 2C9; 2D6; 3A4), and 
possess no observable toxicities at the study doses used [25]. Note that key CYPs 
(i.e., 3A4 and 2D6) are implicated in metabolism related drug interactions. A cup 
or 240 mL of brewed green tea yields approximately 100–200 mg (these numbers 
vary depending on the sources cited) EGCG whose oral bioavailability is then 
impacted by metal ions, catechol methyl transferase (COMT), uridine glucuronosyl-
transferases (UGTs), and sulfotransferase (STs) activities and can be toxic at higher 
doses [21,25,27,29].

Although these catechins are potent antioxidants, they seem to exhibit multitar-
get pharmacologic activities. Antiprostate cancer mechanisms of representative GT 
polyphenol currently include [25,34,35]: 

 1. apoptosis and cell-cycle arrest via selective induction and activation of 
prostate cells apoptotic caspase cascades

 2. direct antioxidant activity via hydroxyl group neutralization of reactive 
oxygen species or ROS and chelation of metal ions

 3. indirect antioxidant effects via induction of antioxidant enzymes (super-
oxide dismutase or SOD, catalase or CAT, glutathione peroxidase or GPx) 
and suppression of both prooxidant enzymes (nicotinamide adenine dinu-
cleotide phosphate oxidase or NADPH-oxidase, cyclooxygenase or COX, 
lipoxygenase, xanthine oxidase or XO, inducible nitric oxide synthase or 
iNOS) and signaling proteins (e.g., tumor necrosis factor alpha or TNF-α, 
and nuclear factor kappa-B or NF-kB)

 4. anti-inflammation via inhibitions of NF-kB and COX-2
 5. anti-androgenic via 5-α-reductase inhibition (an enzyme that converts tes-

tosterone into a much more active androgen called 5-α-dihydrotestosterone 
in the prostate tissue)

 6. insulin growth factor modulation via inhibition of insulin-like growth fac-
tor binding proteins (IGFBP)

 7. modulation of mitogen-activated protein (MAP) kinase signaling and 
suppression of DNA  replication evidenced by prostate cancer’s mini-
chromosome maintenance complex component 7 (MCM7) biomarker 
levels

Using EGCG, the above preclinical mechanisms and cancer targets have been fur-
ther investigated in vitro (involving pull-down experiments) as well as in silico (via 
modeling for protein interactions) by Saeki et al.  [36]. The above tools have been 
deployed in the attempt to unravel EGCG’s active site interactions including relevant 
molecular binding or induced conformations at a variety of protein targets for poten-
tially beneficial antiprostate cancer outcomes.

The clinical trial landscape of GT in prostate cancer has thus far yielded a mixed 
bag of results and begs for more standardized studies using perhaps larger sample 
populations with the additional aim of establishing a consensus on effective doses 
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(600 mg GT per day has been used in several clinical studies). The statements below 
represent proof of concept and other clinical studies versus placebo, which shed 
some light on the potential effectiveness of using GT for chemoprevention or treating 
prostate cancer. 

• Bettuzzi et  al. conducted a one-year proof-of-principle clinical trial to 
determine the safety and efficacy of catechin polyphenols in 60 patients 
with high-grade prostate intraepithelial neoplasia (HGPIN) for prostate 
cancer chemoprevention [31]. They administered 200 mg GT (containing 
52% EGCG) three times a day and observed a 90% prostate cancer chemo-
prevention and no toxicity.

• A systematic database review by Jacob et  al. indicated that only 5 out 
of the 11 total studies were supportive of prostate cancer chemopreven-
tion by GT [37]. Aside from the chemopreventive effect demonstrated in 
premalignant HGPIN patients using 400–600 mg of EGCG daily for a 
year, the report also showed that only one phase II trial out of the four 
conducted, on GT as a treatment for prostate cancer, showed significant 
declines in biomarkers: 69% decline for prostate-specific antigen, 40% 
for hepatocyte growth factor, and 24% for serum vascular endothelial 
growth factor.

• On the contrary, a study by Micali et al. did not observe any chemopreven-
tion using 600 mg of GT in their HGPIN patient cohort of 55–65-year-old 
men [38].

• Guo et  al.’s meta-analysis of seven randomized controlled trials found a 
dose-dependent effect of GT, and that consumption of over seven cups each 
day seemed to significantly minimize the prostate cancer risk in either 
HGPIN or atypical small acinar proliferation (ASAP) cases [39].

3.4 SULFORAPHANE

The 2015–2020 dietary guidelines for Americans advocate that adults consume 
one and half to two and a half cup-equivalents of dark-green vegetables (including 
cruciferous vegetables) every week [40]. Besides being a good source of fiber and 
nutrients (minerals, vitamins C/E/K, beta-carotene, lutein, zeaxanthin, folate, 
etc.), potential chemoprevention by cruciferous vegetables is the next frontier being 
investigated. From the cancer perspective, animal and epidemiological studies 
already indicate that high consumption of cruciferous vegetables may decrease 
the risk (e.g., by 40%) and progression of prostate cancer  [41,42]. The  implied 
antiprostate cancer pharmacological actions are linked to the presence of sulfur 
phytochemicals called glucosinolates or β-thioglucoside N-hydroxysulfates in 
cruciferous vegetables. More than 120 glucosinolates exist in nature, and the 
commonly occurring compounds may be organized based on their aliphatic, aro-
matic, and indole structural motifs (Figure 3.2) [43,44].

It  is suggested that glucosinolate amounts in cruciferous vegetables vary 
(for  instance, 2–10 μmol/g amounts per dry mass) mainly due to plant genet-
ics, growth, and food preparation conditions  [42]. Among the currently known 



46 Advances in Nutraceutical Applications in Cancer

glucosinolates, special attention has been paid to aliphatic glucoraphanin, which 
exists in the brassica or cabbage-type vegetables (brussels sprouts, broccoli, cau-
liflower, kale, etc.), and glucoraphanin accounts for >50% of the total glucosinolate 
content in broccoli [42,45]. Glucoraphanin undergoes metabolic conversion to sul-
foraphane (SFN, Figure 3.3), a bioactive compound, which has been correlated to the 
antiprostate cancer effects of cruciferous vegetables.

SFN itself is a naturally occurring biologically active isothiocyanate (ITC) that is 
hydrolytically obtained from an inactive precursor molecule called glucoraphanin [i.e., 
1-isothiocyanato-(4R)-(methylsulfinyl)butane]. SFN is a small polar molecule (FW 
<500, CLogP = 0.68). Among all brassica vegetables, the highest levels of SFN in the 
form of glucoraphanin are found in fresh broccoli sprouts, followed by mature broc-
coli [45]. Essentially, glucoraphanin in these vegetables is hydrolyzed by thioglucosi-
dase enzymes in the form of plant myrosinases or is present in human colon/gut flora 
to release SFN [45–47]. Myrosinases are activated by physical/mechanical manipula-
tion, like chewing, and are deactivated by high-temperature cooking, which results ulti-
mately in decreased SFN bioavailability. In fact, raw broccoli SFN is better absorbed 
and more bioavailable than that from the cooked vegetables [48]. In other words, fresh 
salad type preparations of cruciferous vegetables may be better sources of dietary SFN.

The  growing appeal for SFN as a nutraceutical is supported by confirmatory 
research data indicating that the molecule has promising pharmacological activity 
in prostate cancer as well as other disease states [49,50]. For prostate cancer, reports 

FIGURE 3.2 Representative aliphatic, aromatic, and indole glucosinolates.

FIGURE  3.3 Glucoraphanin conversion by myrosinase or human gut flora into sulfora-
phane. FWs and CLogP were calculated using ChemDraw Professional 16.0 software.



47Nutraceutical’s Role in Proliferation and Prevention of Prostate Cancer

indicate that consumption of foods high in SFN levels led to reductions in aggressive 
forms and could be chemopreventive in nature [47]. The antiprostate cancer molecu-
lar mechanisms for SFN are indeed multifactorial and currently include [50–52]: 

 1. Inhibition of cytochrome P450 enzymes (e.g., 1A1, 2B1, 2B2, 3A4), thereby 
preventing the bioactivation of molecules to carcinogenic intermediates 
capable of forming DNA adducts.

 2. Epigenetics—suppressing histone deacetylase (HDAC, which is overly 
active in prostate cancer) to promote cell cycle arrest (e.g., G2/M phase) and 
apoptosis.

 3. Promoting cancer cell cytotoxic ROS formation.
 4. Stimulating the nuclear factor erythroid-2-related factor 2 (Nrf-2) resulting 

in antioxidant response gene elevations (e.g., glutathione peroxidase and glu-
tathione reductase), and increased phase II metabolic activity (e.g., NAD(P)
H: quinone reductase or NQO1, GSTs, UDP-glucuronosyltransferases or 
UGTs) for detoxifying the carcinogens.

 5. Decreasing NF-kB signaling, thereby modulating the associated deleteri-
ous cascade biochemistries. NF-kB is upregulated in prostate cancer.

 6. Antiangiogenesis through its inhibition of such transcription factors as the 
hypoxia inducible factor-1α (HIF-1α), vascular endothelial growth factor 
(VEGF), and matrix metalloproteinase-9 (MMP-9).

In  terms of pharmacokinetics, SFN is a rapidly absorbed polar molecule 
(CLogP  =  0.681) that undergoes glutathione-S-transferase (GST)/N-acetyl trans-
ferase (NAT) mediated metabolism and is mostly eliminated as mercapturic acids 
in urine (Figure 3.4) [49,51]. Glutathione (GSH) conjugation occurs because SFN’s 
isothiocyanate (−N=C=S) moiety is electron deficient and GSTs (especially the 
isoforms of GSTP1-1 and GSTM1-1 isoforms) preferentially deactivate molecules 
containing electrophilic centers. Conversely, excessive or overdose SFN can lead 
to GSH depletion and cellular toxicity through electrophilic center attacks on pro-
tein nucleophiles and adduct formation. Additional details related to isothiocyanate 
metabolism and toxicity are provided elsewhere [53].

Albeit studies (observational, epidemiological, and clinical) on the efficacy of 
cruciferous vegetables have thus far yielded inconclusive results, a number of clini-
cal trials (ended and ongoing) continue to shed more light on the chemopreventive 

FIGURE  3.4 SFN metabolic pathway to its mercapturic acid (SFN-N-acetylcysteine). 
The GST conjugation reaction involves proteolytic steps (via γ-glutamyl-transpeptidase and 
cysteinyl-glycinase) and then N-acetylation by NAT.
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potential of dietary vegetable or supplementary SFN (broccoli and watercress dietary 
capsules are now available over the counter, in the United States) against prostate 
cancer [54]. The following are representative antiprostate cancer clinical studies. 

• A 4.2 years prospective study involving 29,361 men previously screened 
for PSA  levels indicated that high broccoli and cauliflower consumption 
was inversely correlated to the risk of developing metastatic prostate can-
cer  [55]. Significant inverse correlations were recorded with more than 1 
serving of weekly consumption of either broccoli or cauliflower in aggres-
sive prostate cancer.

• Alumkal et al. recently demonstrated that 200 μmoles/daily of SFN-rich 
broccoli sprout extracts were safe to administer, although this dose did 
not significantly lower the PSA levels in majority of their phase II clinical 
study involving 20 patients [56]. On the other hand, a randomized clinical 
trial using higher daily supplementation with 60 mg SFN (three times/day 
for six months) lowered the PSA levels in 78 patients with recurrent prostate 
cancer after prostate gland removal [57].

• Peisch et al. report that men who consumed more than 5.7 servings of cruci-
ferous vegetables daily following their diagnosis of nonmetastatic prostate 
cancer exhibited a 59% lower risk of prostate cancer progression versus men 
who consumed 1.4 or less servings [58].

• The European prospective investigation into cancer and nutrition (EPIC)-
Heidelberg’s 9.4-year follow-up study revealed an inverse relationship 
between the nonadvanced/low-grade prostate cancer risk using 7.9 mg daily 
glucosinolate supplementation [59].

3.5 LYCOPENE

Lycopene (Figure 3.5) belongs to a chemical class of compounds known as carotenoids 
(a type of phytochemicals) and is predominantly present in tomatoes (Solanum lyco-
persicum) [60]. In fact, it has been estimated that about 85% of lycopene is obtained 
by consuming tomato-based products in Western diet [61]. The deep characteristic red 
color of tomatoes is largely attributed to the lycopene [62]. Lycopene is also present 
in other fruits such as watermelon, papaya, grape fruit, and apricots [63]. Lycopene in 
fresh tomatoes primarily exists in all-trans configuration [62] (Figure 3.5). However, 
processing the tomatoes, especially with heat, leads to isomerization, transforming 
the all-trans to cis configuration [62]. Interestingly, the cis form is more well-absorbed 
than the trans form [62,64]. Lycopene has the highest singlet oxygen-quenching capac-
ity, making it an attractive nutrient to protect against certain types of cancer  [65]. 

FIGURE 3.5 Structure of all-trans lycopene.
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The conjugated polyene structure of lycopene makes it an electron-rich molecule and 
scavenges reactive free radicals and oxygen  [63]. Lycopene is well-distributed and 
present in significant concentrations in human serum, milk, and prostate [66].

Lycopene induces substantial apoptosis in prostate cancer LNCaP cell lines by 
inhibiting signaling and proliferative effects of phosphatidylinositol 3-kinase and 
causes arrest of G0/G1 cell cycle [67]. Goo et al., by using proteomic analysis soft-
ware, determined that lycopene-treated LNCaP cell lines were shown to increase the 
levels of detoxifying enzymes such as superoxide dismutase-1 and epoxide hydrolase 
1 [68]. Lycopene possess greater growth-inhibitory effect in DU145 prostate cancer 
cell lines, expressing high insulin-like growth factor I receptor (IGF-IR), and in com-
bination with docetaxel, it is found to be more effective and increases docetaxel’s 
efficacy than when docetaxel is used alone in high IGF-IR cancer cells [69].

Several studies, including the Health Professionals Follow-Up Study (HPFS) have 
shown that lycopene, tomatoes, and tomato-based products are beneficial in prostate 
cancer [70–72]. Giovannucci et al. conducted a prospective study and on the basis of 
the analyzed results from the HPFS suggested that frequent consumption of tomato 
products rich in lycopene may reduce the risk associated with prostate cancer, a greater 
risk reduction was seen with primarily bioavailable tomato sauce [70]. Based on the 
studies conducted by Tonucci et al., it is evident that lycopene in thermally processed 
tomato paste, tomato sauce, tomato puree, and ketchup is present in excess quanti-
ties than in fresh tomatoes due to the removal of water during the processing of food 
products [73]. A prospective cohort study conducted by Zu et al., involving 49,898 
US male health professionals indicated that the higher consumption of lycopene was 
associated with the lowered risk of total prostate cancer risk and most importantly 
a strong correlation with a reduced risk for lethal prostate cancer [74]. Further, one 
of the risk factors for progression of prostate cancer is benign prostatic hyperplasia 
(BPH), a common disease in older men [75]. In a study conducted by Schwarz et al., 
subjects were instructed to take one capsule of lycopene supplementation consisting 
of 77% all-trans and 23% cis-lycopene once daily for 6 months [75]. The group tak-
ing lycopene supplementation had a higher lycopene concentration in the plasma and 
reduced serum PSA levels than the placebo group [75]. Most importantly, the prostate 
enlargement did not occur in the lycopene group, whereas it was noted that prostate 
was enlarged in the placebo group, indicating that lycopene inhibited the advancement 
of BPH [75]. In a randomized controlled trial conducted on prostate cancer patients, 
Paur et al. showed that nutritional intervention with tomato-based products rich in 
lycopene (30 mg daily) either alone or in combination with omega-3 fatty acids and 
selenium reduced serum PSA levels in nonmetastatic prostatic cancer patients [76].

3.6 GENISTEIN

Genistein (Figure  3.6) is an isoflavone polyphenolic chromone derivative  [77] 
Genistein is present in good quantities in soy and soy-based products (soy beverages, 
soy cheese, soy soups) [78]. According to the US Department of Agriculture (USDA) 
100 mg of soy flour contains 85–98 mg of genistein [78]. Genistein has bitter taste 
and poor aqueous solubility, which limit its oral bioavailability [77]. Further, genis-
tein undergoes extensive metabolism [77].
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Genistein has structural similarity to estradiol and has weak estrogenic proper-
ties due to its ability to bind to estrogen receptors [77,79]. Genistein antiprostatic 
effects are mediated by various cell signaling pathways [80]. Genistein suppresses 
vascular endothelial growth factor (VEGF), thereby inhibiting angiogenesis in 
prostate cancer [81]. In human prostate cell lines, genistein was shown to inhibit 
p38 mitogen-activated protein kinase (MAPK) and matrix metalloproteinase type 
2 (MMP-2) in the nanomolar range, which corresponds to its dietary intake, blood 
concentrations [82]. In androgen-independent prostate cancer PC3 and DU145 cell 
lines microRNA-151 (miR-151) are upregulated  [83]. It  was demonstrated that 
genistein inhibits oncogenic miR-151 in both PC3 and DU145 cell lines [83]. It was 
also demonstrated that genistein treatment with radiation in PC-3 prostate cancer 
cells promotes apoptosis and arrests G2/M cell cycle by inhibiting radiation-induced 
NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) activa-
tion [84]. It is evident that genistein has antimetastatic effect and also modulates the 
metastatic potential markers [85].

In a randomized double-blind clinical trial conducted by Lazarevic et al., admin-
istration of 30 mg of synthetic genistein prior to radical prostatectomy decreased 
the serum PSA and PSA levels in tumor tissue compared to the patients receiving 
placebo [86]. The adverse effects at this dose were mild [86]. In a study conducted 
by Dalais et  al., soy-containing high-phytoestrogen diet (genistein, daidzein, and 
glycitein) is shown to favorably influence PSA levels in prostate cancer patients [87]. 
In vitro studies indicate that isoflavones have the potential to cause genetic dam-
age [88]. However, in a study conducted by Miltyk et al., 20 prostate cancer patients 
were administered genistein at a dose of 300  mg for 28  days and an increase to 
600 mg for another 56 days did not cause genotoxicity [88].

3.7 RESVERATROL

Resveratrol (Figure 3.7) is a polyphenol derivative extracted in 1940s from the roots 
of white hellebore (Veratrum grandiflorum) [89,90]. Specifically, it is a trans-3,5,4′-
trihydroxy stilbene  [89]. Resveratrol was later identified in various plants such as 
grapes, berries, and peanuts  [89,90]. It  is considered as a phytoalexin, which is 
biosynthesized in plants due to ultraviolet irradiation, stress, injury, or as a defense 

FIGURE 3.6 Structure of genistein.
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mechanism in response to fungal infections [89]. One gram of fresh grape skins con-
tains about 50–100 mg of resveratrol [89]. Approximately 0.2–7.7 mg/L of resveratrol 
is present in wine, although the content levels depend on several factors including 
climatic conditions and the type of wine [89]. For instance, wines from colder regions 
tend to have higher resveratrol concentrations than wines from warmer climates, 
while red wine has higher resveratrol concentrations than white wine [91,92]. Studies 
indicate that resveratrol may have potential clinical benefits in cancer (prostate, breast, 
colorectal), neurologic disorders such as Alzheimer’s and stroke, fatty liver disease 
(nonalcoholic), type 2 diabetes, and cardiovascular disorders [93].

Resveratrol has poor oral bioavailability because it undergoes extensive first pass 
metabolism in the intestine and liver predominantly by sulfate conjugation  [94]. 
To  improve its bioavailability and cellular penetration, resveratrol-loaded polylactic-
co- glycolic acid (PLGA) nanoparticles are currently being investigated [95]. Jang et al. 
made a breakthrough by demonstrating that resveratrol inhibits cyclooxygenase 
enzymes and therefore possesses anti-inflammatory properties [96]. With regard to the 
prostate  cancer, studies have demonstrated that resveratrol inhibits cellular events asso-
ciated with tumor initiation and tumor promotion and exhibits antimutagenic and antip-
roliferative properties [96]. Resveratrol at 2.5 × 10−5 M concentration was shown to have 
significant antiapoptic effect against LNCaP prostate cell lines [97]. Sheth et al. dem-
onstrated that resveratrol suppresses microRNA-21 (miR-21) expression by inhibiting 
akt pathway in PC-3M-MM2 aggressive human prostate cancer lines [98]. Kjaer et al. 
conducted a randomized clinical trial in middle-aged men with metabolic syndrome 
by administering resveratrol for 4 months with a daily dose of 150 mg or 1000 mg. 
Resveratrol at the highest dose decreased the serum levels of androgen precursors such 
as androstenedione, dehydroepiandrosterone, and dehydroepiandrosterone-sulfate; 
however, it did not alter the PSA levels, prostate size, testosterone, and dihydrotestos-
terone levels [99].

3.8 OTHER AGENTS

Refer to Table 3.2 for details regarding other agents that may have variable effects 
on prostate cancer.

FIGURE 3.7 Structure of resveratrol.
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4 Nutraceutical’s 
Role in Proliferation 
and Prevention of 
Colorectal Cancer
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and Jayvadan K. Patel 

4.1 INTRODUCTION

Cancer rates are tolling high constantly worldwide. High life expectancy, environ-
mental changes, urbanization, and changing lifestyles have been vital contributive 
factors for the hike in carcinogenesis. Carcinogenesis is a complex process that 
involves numerous pathways that bring oncogenetic transformation in the normal 
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cells and render them unassailably viable. The cancer cells undergo unlimited rep-
lication due to growth signal autonomy, evasion of growth and inhibitory signals, 
evasion of apoptosis, invasion, metastasis, and sustained angiogenesis [1]. The fact 
that cancer cells are very similar to the normal human cells makes them a very dif-
ficult target. In spite of extensive research and development in the field of oncology, it 
still remains a big challenge to prevent, treat, or mitigate this disease. Among several 
cancer subtypes, one of the highly incidental and preventive cancer is the colorectal 
cancer (CRC). As per American Cancer Society’s (ACS) statistical data, CRC is the 
third most common cancer worldwide. CRC is one of the most lethal cancers contrib-
uting to about 7,000,000 annual cancer-related deaths [2]. The ACS has estimated 
an astounding statistics that claims 97,220 new cases of colon and 43,030 new cases 
of rectal cancer present every year. Their extrapolated estimates for 2018 presented 
a lifetime risk of about 1 in 22 men and 1 in 24 women to be suffering from CRC. 
The global burden of CRC is expected to increase by 60 % till 2030; expecting about 
2.2 million new cases and about 1.1 million deaths. Out of several risk factors that 
are believed to contribute to the pathogenesis of this lethal disease, diet and lifestyle 
have been realized to have a principal role. Lifestyle was identified to be a leading 
cause, with contribution to etiology of about 90%–95% of all cancers, while only 
5%–10% was found to be due to genetic fault [3,4]. The latest CRC report 2017, gen-
erated by World Cancer Research Fund International in coalition with the American 
Institute of Cancer Research has emphasized the role of diet, weight, and physical 
activity in the prevention and control of CRC [5]. A global scientific research was 
undertaken by World Cancer research fund international as a part of Continuous 
Update Project (CUP) to establish the association of the above-mentioned factors in 
the development and prevention of CRC. The study has underpinned the research 
findings from over 99 worldwide studies, comprising of more than 29 million adults 
and over 2,47,000 cases. The incidence and death statistics results were found to vary 
by about 10-fold worldwide owing to regional and lifestyle disparities. Surprisingly, 
the trends and patterns of CRC were found to strongly corelate with food and life-
styles. For instance, the incidental rates of CRC in Indian subcontinent (30 cases per 
million) was radically less than the incidental rates of CRC worldwide (530 cases 
per million). This striking difference in the incidence rates was a subject of several 
research works that tried to explore the underlying reasons. Indian environment, 
lifestyle, and diet were the common reasons that justified the low CRC rates in India. 
Indian diet in contrast to the Western diet was found to be rich in dietary fiber, probi-
otics, and spices that might play a vital role in CRC epidemiology. Also, vegetarian-
ism and lower red meat intake were found to have been linked to the prevention of 
the CRC incidence in the Indian subpopulation [6].

The concept of use of food as medicine has been in applied since the maxim “let 
food be thy medicine and medicine be thy food” was introduced by Hippocrates 
almost 25 centuries ago [6]. Increased awareness about association of dietary habits 
and lifestyle in prevention and treatment of CRC has led to establish a strong foun-
dation for the use of nutraceuticals as complementary and alternative medicine. 
Several bioactive dietary elements/“functional foods”/“nutraceuticals” have been 
identified to have chemopreventive and chemotherapeutic roles in CRC. The term 
“ nutraceutical” was coined by Dr. Stephen De Felice in 1989, who defined them 
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to be bioactive natural foods/food ingredients/dietary supplements having nutritive 
and therapeutic values [7,8]. To be precise, any extracted and purified biomolecule 
derived from plant/animal/marine/microbial or mineral food sources with nutri-
tive and therapeutic value is known as “nutraceutical.” On the contrary, any semi-
purified or crude source of nutrition, consumed as a regular food, that supports 
human health and welfare and provides health benefits beyond basic nourishment 
and nutrition is termed as “functional food.” The line of differentiation between a 
nutraceutical and functional food can further be explained in terms of the volume 
of consumption. Nutraceuticals being concentrated forms need to be consumed in 
smaller amounts in contrast to the functional foods that need to be consumed in 
large amounts. Nutraceuticals mainly comprise of dietary fibers, probiotics, pre-
biotics, polyunsaturated fatty acids (PUFA), antioxidants, vitamins, polyphenols, 
and spices [9,10]. Nutraceuticals have grabbed attention of the scientific commu-
nity as an alternative to the existing oncotherapy owing to several outweighing 
benefits over it.

4.2  COLORECTAL CANCER CLASSIFICATION, 
ETIOLOGY, AND LEADING RISK FACTORS

Colorectal carcinoma is the cancer that starts in distal alimentary canal (large intes-
tine) involving colon and/or rectum. Most of the CRC initiate with the development 
of “polyps,” which are small growth on the inner lining (mucosa) of colon or rectum. 
Some of these polyps are precancerous and may progress to the development of 
cancer. Polyps that are flat or have raised growths are termed as sessile polyps, and 
those having a growth on short stalks are termed as pedunculated polyps. The pres-
ence of polyps, however, does not always indicate a cancerous or even precancerous 
condition. Noncancerous polyps include small hyperplastic polyps, inflammatory 
polyps, and hamartomatous polyps, which are not part of an inherited polyp syn-
drome. Cancerous polyps are hyperplastic polyps and adenomas. Polyps have to be 
extracted during colonoscopy in order to determine their nature and prevent CRC 
incidence [11].

4.2.1 classification of crc

According to the site of origin of carcinogenesis in colon or rectal tissues, CRC has 
been classified into the following four categories: 

 1. Colorectal adenocarcinoma: carcinoma that starts in the goblet cells (cells 
making mucus) that constitutes about 96% of all CRC cases. Other sub-
types of this type of CRCs, viz., signet ring and mucinous adenocarcinoma 
exhibit poor prognosis.

 2. Gastrointestinal carcinoid tumors/carcinoid tumors: carcinoma that 
develops in the diffuse neuroendocrine cells (special hormone making cells 
of intestine).

 3. Gastrointestinal stromal tumors: the cancer that develops in specialized 
colon cells called interstitial cells of Cajal.
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 4. Lymphomas: When there is carcinogenic mutation in the immune cells/
lymph nodes, it is called lymphoma. When such type of cancer starts devel-
oping in the colon or rectum or any other organ, it is called non-Hodgkin 
lymphoma.

4.2.2 etiology of crc

About 70%–80% of the CRCs have sporadic origin (no hereditary cause). While 
there is a possibility of about 20%–30% of the CRC cases having a hereditary dis-
position, only 5% of the cases have been observed to be due to genetic cause [11]. 
Sporadic forms of CRC develop in the form of polyps, most of which disappear 
spontaneously. But about 10% of these may develop into adenomas or special kind of 
hyperplastic polyps within 8–10 years.

Cancer is one of the diseases having a strong genetic basis that basically develops 
due to an imbalance of tumor suppressor gene and the oncogene DNA expressions. 
Many research works have evidenced some genetic mutations to be contributive 
to the development of CRC. The hereditary forms of CRCs are familial adenoma-
tous polyposis (FAP) and Lynch syndrome. FAP is a condition caused by inher-
ited changes in the APC gene, subclassified as attenuated FAP (AFAP), Gardner 
syndrome, and Turcot syndrome. These patients are at a higher risk of developing 
CRC. Turcot syndrome develops due to mutations in the STK11 (LKB1) gene and 
may be subclassified into Peutz–Jeghers syndrome and MYH-associated polyposis. 
The patients suffering from this condition tend to have freckles around the mouth 
with different type of polyp called hamartomas in their alimentary canal. Lynch 
syndrome (hereditary nonpolyposis colon cancer, or HNPCC) is caused by mutation 
in one of the DNA repair enzyme genes like MLH1, MLH3, MSH2, PMS1, MSH6, 
and PMS2, which can allow DNA errors to go unrectified. This condition can pre-
dispose to the development of CRC in later stages of life. Except these, there are 
several acquired genetic mutations that may be held responsible for the development 
of CRC [11].

The entire mechanism of the pathogenesis of CRC oncogenesis can be explained 
by any one of the following four carcinogenic pathways: “adenocarcinoma sequence 
type,” “de novo type,” “HNPCC type,” and “colitic cancer type.” The details on each 
of these molecular pathways are given elsewhere [12].

4.2.3 risk factors associated with crc developMent and progression

Several risk factors have been identified to be majorly responsible for the devel-
opment of CRC. Being overweight or obese, being physically inactive, consuming 
high-fat diet, red/processed meat diet, tobacco, alcohol, and smoking are probable 
high-risk factors leading to CRC. Patients with inflammatory bowel disease (IBD) 
also have a higher risk of developing CRC in later stages of life. Some of the iatro-
genic causes may be radiation therapy and NSAIDs administration. Both preventive 
and contributive factors to CRC have been demonstrated in Figure 4.1.

Also, it has been a common observation from many researchers that a diet rich in 
vegetables, fruits, and whole grains may lower the risk of developing CRC. A diet rich 
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in micronutrients such as vitamins, calcium, iron, and selenium have also been associ-
ated with lowering the risk of developing CRC. Hormone replacement therapy in post-
menopausal women has also been associated with lowered risk of CRC development.

4.3  MOLECULAR PATHWAYS AND TARGETS FOR 
NUTRACEUTICALS-MEDIATED ANTICANCER ACTION

Dysregulation of gene products has been identified to be the root cause of most 
of the cancers, irrespective of whether it has a genetic origin or not. As many as 
500 gene products including but not limited to proapoptotic proteins (e.g., TNF, Fas, 
TRAIL), protein kinases (e.g., Src), growth factors (e.g. EGF, VEGF, and IGF-1), 
inflammatory enzymes (e.g., COX-2, 5-LOX, and PLA-2), inflammatory cytokines 
(e.g., TNF, Ire4L-1, and IL-6), tumor suppressors (e.g., p53 and Rb), antiapoptotic 
proteins (e.g., Bcl-2, Bcl-xL, cFLIP, IAP-1, IAP-2, and survivin), and transcription 
factors (e.g., NF-kB, AP-1, STAT3, HIF-1, and PPARγ) get deregulated in cancer-
ous condition [13]. Among several molecular pathways contributing to the develop-
ment of CRC, proinflammatory pathway activated via transcription factor NF-kB is 
vital. Association of the NF-kB activation with the pathogenesis of CRC has been 
well-established. NF-kB has been found to be activated by several risk factors like 

FIGURE 4.1 High risk factors and preventive factors for CRC.
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chemical and physical stress, environmental pollutants, and diet including grilled 
meat, fried foods, and saturated fatty acids. NF-kB plays an important role in 
regulating the gene expression of genetic products that mediate cell survival (e.g., 
antiapoptotic proteins like Bcl-2, cFLIP, Bcl-xL, survivin, IAP-1, and IAP-2), cell 
proliferation (e.g., c-myc, cyclin D1, and COX-2), cell invasion (e.g., MMP-9, ELAM-
1, ICAM-1, 5-LOX, and VCAM-1), and neo-angiogenesis (e.g., IL-8, TNF, VEGF, 
and IL-1) [14]. Due to the involvement of multiple gene products in CRC pathogen-
esis, it is postulated that a multitargeted approach is better suited for its treatment 
rather than a specifically targeted approach. Nature has bestowed several miraculous 
nutraceuticals that can be used to downregulate several of these molecular targets 
participating in CRC pathogenesis [13]. Figure 4.2 illustrates important molecular 
targets involved in CRC pathogenesis that are modulated by several nutraceuticals.

4.4  FUNCTIONAL FOODS AND NUTRACEUTICALS IN 
COLORECTAL CANCER: PREVENTION AND TREATMENT

Several types of nutraceuticals have been identified to play a vital role in the inhi-
bition of growth and spread of CRC. Anticancer potential of these nutraceuticals 
can be conferred to their antimutagenic, immunity-enhancing, antiangiogenic, and 
antioxidant properties. Besides being cost-effective and having multimolecular tar-
geting ability, numerous nutraceuticals have been established for their chemopre-
ventive and anticancer activity in several cancers including CRC. Nutrients have 
a vital role in carrying out the normal activities in cells and suffice a proper body 
functioning. All cellular activities are regulated through genetic expression of DNA. 
Realization of the role of genomics in directing nutrient functionality and their bio-
chemical pathway intervention has laid the foundation for the development of a field 
termed as “nutrigenomics” [15,16]. Nutrigenomics is a science that correlates plant 

FIGURE 4.2 Molecular targets of several nutraceuticals that play an imperative role in CRC 
pathogenesis.
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biochemistry, genomics, and human nutrition [17]. Nutrigenomics has been applied 
to establish novel molecular targets that can be targeted by novel nutraceuticals.

According to the estimates of ACS and National Cancer Institute (NCI), inclusion 
of fruits and vegetables in diet can reduce the incidence of CRC by about 35%. Also, 
there has been a considerable rise in the FDA approval of either natural products, natu-
ral product derivatives, compounds based on natural products, or mimics of natural 
products for their anticancer activity within last four decades [18]. Several nutraceu-
ticals like allicin, alpha-tocopherol, acetoxychavicol acetate (ACA), anacardic acid, 
acetylapoaranotin, avenanthramides, apigenin, anethole, astaxanthin, anthocyanidins, 
betulinic acid, butein, berberine, beta-carotene, boswellic acid, β-escin, biochanin, cap-
saicin, catechins, casein, caffeic acid, cardamonin, conjugated linolenic acid, celastrol, 
curcumin, chrysin, cryptoxanthin, and carotenoids like lycopene, oxycarotenoids like 
lutein, and zeaxanthin, daidzein, diosgenin, deguelin, diallyl sulfide, deoxyelephan-
topin, dietary fibers, epigallocatechin gallate (EGCG), ellagic acid, embelin, evodi-
amine, eugenol, fucoxanthin, fucoxanthinol, fisetin, flavopiridol,  flavonoids, ferulic 
acid, folic acid, gambogic acid, garcinol, gossypol, guggulsterone, gingerol, genis-
tein, galangin, honokiol, hesperitin, halocynthiaxanthin, indirubin, indole-3 carbinol, 
isorhamnetin, isoflavones, kaempferol, laminarin, luteolin, myricetin, morin, magno-
lol, naringenin, noscapine, nimbolide, oleuropein, omega-3 fatty acid, omega-6 fatty 
acid, piperine, piceatannol, pinitol, plumbagin, pterostilbene, perillyl alcohol, phytic 
acid, procyanidins, prebiotics, probiotics, quercetin, rhizochalin, resveratrol, rosma-
rinic acid, scallian, salograriolide A, sanguinarine, sulphoraphane, siphonaxanthin, 
sesamin, silibinin, secoisolariciresinol diglucoside (SDG), sphingadiene, selenium, 
tocotrienol, triptolide, thymoquinone, taxol, ursolic acid, vanillin, withanolides, xan-
thohumol, zeaxanthin, and zerumbone have been explored for the treatment of CRC 
(Table 4.1). These nutraceuticals act through modulation of several molecular targets 
that are proactive in CRC development.

Nutraceuticals have been classified in diverse ways depending upon the source of 
origin (plant, animal, mineral, microbial or marine), stage of acceptance (potential, 
established), chief applications (dietary supplement, nutritive supplement, herbal) 
and their chemical nature.

Harborne has widely classified the nutraceuticals according to their chemi-
cal nature into terpenoids that include monoterpenoids, iridoids, sesquiterpenoids, 
sesquiterpene, lactones, diterpenoids, steroid saponins, triterpenoid saponins, 
cardenolides, bufadenolides, cucurbitacins, phytosterols, nortriterpenoids, other tri-
terpenoids, and carotenoids.

Polyphenolic compounds, viz., anthochlors, anthocyanins, chromones, benzofu-
rans, coumarins, flavonoids (anthocyanins, flavanols, flavanones, flavones, flavonols, 
and isoflavonoids), phenolic acids, lignans, stilbenes, phenylpropanoids, phenolic 
ketones, quinonoids, stilbenoids, tannins, and xanthones.

The  alkaloids are broadly categorized into diterpenoid, betalain, isoquinoline, 
indole, peptide, pyrrolidine and piperidine, pyrrolizidine, lycopodium, quinoline, 
quinolizidine, steroidal, and tropane alkaloid compounds.

Amino acids, proteins, nonprotein amino acids, fatty acids, cyanogenic glyco-
sides, amines, purines, pyrimidines, glucosinolates, carbohydrates, and minerals 
are also widely used anticancer agents against CRC. Considering the limitation of 
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discussion, only the nutraceuticals that have been extensively studied for the preven-
tion and treatment of CRC will be detailed in the present chapter. The other numerous 
nutraceuticals that have emerged as potential anti-CRC agents, but not extensively 
researched to prove their efficacy, have been briefed in Table 4.1.

4.4.1 polyphenols for the cheMoprevention and treatMent of crc

Natural polyphenols are secondary plant metabolites with one aromatic ring attached 
to a single or multiple hydroxyl group(s) in their structure [18]. This class of phyto-
chemicals include small molecules as well as highly polymerized compounds that are 
widely present in foods and beverages of plant origin like fruits, vegetables, spices, 
soy, nuts, tea, and wine [19,20]. Chemically, natural polyphenols can be divided into 
flavonoids, phenolic acids, lignans, stilbenes, and phenylpropanoids. 

 1. Flavonoids: These are the commonest forms of polyphenolic phytonu-
trients present in numerous plants. Flavonoids of various types are well-
known for their anticancer activity. A representative of each of the subclass 
of flavonoid that has been researched in detail has been discussed in the fol-
lowing section [21]. Flavonoids can be subclassified into the categories like 
anthocyanins, flavanols, flavanones, flavones, flavonols, and isoflavonoids. 

 a. Anthocyanins: Anthocyanins are the most ubiquitous form of flavo-
noids that confer bright attractive colors to many fruits and vegetables. 
Anthocyanins usually occur in their glycosylated form with glucose, 
galactose, arabinose, rutinose, and so on. Aglycone part of anthocya-
nins is known as anthocyanidin. This group of phytonutrients includes 
delphinidin, cyanidin, petunidin, pelargonidin, peonidin, malvidin, 
and so on that are obtained from berries, grapes, cherries, plums, and 
pomegranate. Delphinidin is one of the most important anthocyanidin 
that has exhibited strong anticancer activities owing to its apoptotic and 
cell-cycle-arrest ability through NF-kB suppression [22,23]. Cyanidin 
and delphidin exhibit oxidative stress-based cytotoxicity to CRC 
cells  [24]. Anthocyanins also have a chemopreventive action against 
the CRC cells. Systematic study of the effect of chemical structure on 
their chemopreventive activities has also been carried out to confirm 
the role of nutraceuticals in the treatment of CRC. Monoglycosylated 
nonacylated anthocyanins were found to be more cytotoxic to cancer 
cells than their anthocyanin counterparts [25].

 b. Flavanols (flavan-3-ols): These are among the most complex flavonoid 
subclass. These include simple monomers like catechins, oligomers 
like proanthocyanidins, and polymers known as condensed tannins. 
Examples of anticancer flavanols include epicatechin, epigallocatechin, 
EGCG, and procyanidins obtained from apples, pears, legumes, tea, 
cocoa, and wine. EGCG is one of the most profound antioxidant in green 
tea. It has been found to affect multiple signaling pathways that play an 
important role in colon carcinogenesis. EGCG is also known to exert 
chemopreventive action by affecting extracellular signal-related kinase 
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(ERK)1/2, Akt, and alternative p38MAPK signaling pathways  [26]. 
EGCG has been found to induce apoptosis in HCT116, SW480, SW837, 
HT-29, and Caco2 colon cancer cells through epidermal growth factor 
receptor (EGFR) and human epidermal growth factor receptor-2 inhibi-
tion. HT-29 cells when treated with EGCG were found to induce apopto-
sis via G1 phase stasis. Transcriptional activity of the activator protein 1 
(AP-1), NF-kB, cyclinD1, and c-fos promoters were found to be inhib-
ited by EGCG. Synergism of 10  mg/mL of EGCG with 1  mg/mL of 
epicatechin was reported in one research, which indicates the possibility 
of synergism between several other catechins with EGCG [27,28].

 c. Flavanones: These polyphenolics are most commonly found in the 
solid parts of citrus fruits like orange, lemon, sweet lime, and grape-
fruit. Naringenin, a flavanone constituent present in grapefruit, is found 
to induce apoptosis and inhibit cancer cell proliferation, invasion, and 
migration in several cancer cell lines [29]. Activation of pro-apoptotic 
p38-dependent pathway by naringenin was studied in a research study 
performed by Song et  al.  [30]. Naringenein was found to induce cell 
apoptosis and reduce the cell viability in CRC cells. The mechanism of 
action was believed to be PARP cleavage and p38-dependent ATF3 over-
expression at mRNA and protein levels in a dose-dependent pattern [30].

 Hesperetin is the commonest form of flavanone present in fruits like 
orange. It has been found to decrease cancer cell proliferation and induce 
apoptosis by promoting intracellular ROS accumulation and inducing 
mitochondria-mediated cell apoptosis at a dose of 100–400 μM. Oral 
administration of hesperetin (20 mg/kg/day) has been found to reduce 
the formation of aberrant crypt foci and proliferating cell nuclear 
antigen in 1,2-dimethylhydrazine (DMH)-induced colon cancer rat 
model  [31]. Besides its chemopreventive action, it also showed anti-
proliferative and growth suppression effect in xenograft mice models 
as well as chemical-induced colon carcinogenesis models at a dose of 
20–40 mg/kg thrice a week on intraperitoneal administration.

 d. Flavones: These are mainly glycosides of apigenin, chrysin, and luteo-
lin that are obtained from parsely, celery, orange, onions, tea, honey, 
and other spices. Luteolin is an important flavone that is abundantly 
available from edible vegetables and plants such as artichoke, cel-
ery, perilla, and spices like thyme, green pepper, oregano, and sage. 
Anticancer activity of naturally extracted luteolin against CRC is clini-
cally proven  [32]. Luteolin has been reported to induce apoptosis in 
several cell line studies in vitro [33,34]. Luteolin is found to exert anti-
cancer activity against colon cancer cells due to decreased IGF-II pro-
duction and the resultant downregulation of IGFR-I receptor signaling, 
mediating the PI3K/Akt and ERK1/2 pathways in HT-29 human colon 
cancer cells, resulting in the suppression of sphingosine-1-phosphate 
synthesis and ceramide trafficking  [35]. The  research work of Abdel 
et al. has held sphingosine kinase 2 and ceramide transport to be the 
focal targets for luetolin’s ability to induce apoptosis in colon cancer 
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cells [35,36]. Moderate luteolin concentrations in a range of 20–100 μM 
has been evidenced to induce apoptosis and cell arrest in several colon 
cancer cell lines with no toxic effects on normal differentiated entero-
cytes. It has been found to suppress the overexpression of several anti-
apoptotic proteins and regulate the cyclin B1 and CDC2 (CDK1) kinase 
activity to cause G2/M transition cell-cycle phase arrest. Considerable 
reduction in tumor growth was observed in a human gastric xenograft 
model on luteolin treatment at a dose of 10 mg/kg/day (i.p.). The in vivo 
study found no apparent toxicity or weight loss following the luteolin 
therapy [37].

 e. Flavonols: These are most widely distributed flavonoids present 
in numerous foods but in very low concentrations  [38]. Quercetin, 
kaempferol, myricetin, isorhamnetin, and galangin are representa-
tive anticancer agents from this class of polyphenols. The anticancer 
activity of quercetin in CRC has been attributed to the AMPK path-
way suppression. A dose of 50 mg/kg/day intraperitoneally was found 
to reduce tumor volume in the HCT116 cell colon cancer xenograft 
model. Quercetin supplementation in the dose of 25  mg/kg/day in a 
mouse model of colorectal carcinogenesis was found to alleviate signs 
and symptoms of cancer cachexia and improve grip strength, muscle 
mass, and body weight  [39]. Moreover, the anticancer effect of quer-
cetin was found to be markedly more in hypoxic conditions than in 
normoxic conditions as evidenced in the study on HCT116 colon cancer 
cell line [40].

 Kaempferol in 0–60 μM concentration range was found to induce apop-
tosis in HT-29 cancer cells due to death receptor pathway activation 
and mitochondrial pathway [41]. Myricetin, a flavonol present in ber-
ries, walnuts, and herbs, exhibits its antiproliferative effects by causing 
cell-cycle arrest and apoptosis through Bax/Bcl-2-dependent pathway 
in HCT-15 human colon cancer cells [42].

 f. Isoflavonoids: Isoflavanoids is an important polyphenolic compound 
similar in structure to the phytoestrogen. Daidzein and genistein from 
soy are important representatives from this subclass of polyphenols [18]. 
Antiproliferative activity and proapoptotic effects were exhibited by 
genistein at a dose of 25–100 μM on colon cancer cells. The anticancer 
effects of genistein were observed due to the inhibition of oncogenic 
miR-95, Akt, and SGK, as well as phosphorylation of Akt. Oral admin-
istration of genistein was found to inhibit angiogenesis and metastasis 
to distant organs in mice [43].

 2. Phenolic acids: These polyphenolic compounds are present in a few edi-
ble sources and are classified into two main categories like hydroxyben-
zoic acid and hydroxycinnamic acid  [18]. Some important representative 
examples of hydroxybenzoic acids having anticancer activity against CRC 
are gallic acid and ellagic acid from grapes, pomegranate, walnuts, berries, 
chocolate, green tea, and wine. Ferulic acid and chlorogenic acid from cof-
fee and cereal grains are the phenolic acids belonging to hydroxycinnamic 
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acids category. The  proapoptotic effect of gallic acid was observed in 
HCT-15 colon cancer cells at the dose of 200 μM leading to reduced cell 
viability [44,45].

 3. Lignans: These polyphenolic compounds, being structurally similar to 
estradiol, exert their anticancer activity in hormone-dependent cancers like 
breast, colon, and prostate cancer  [46]. These phytonutrients are ubiqui-
tously present in sesame, flaxseed, and seeds of Arctium lappa. Sesamin 
and seciosolariciresinol diglucoside (SDG) are representative lignans that 
possess a strong anticancer activity against the above-mentioned cancers. 
SDG is converted into biologically more active lignans, that is, enterodiol 
and enterolactone, by human colonic bacteria that induce cell-cycle arrest 
and apoptosis. SDG exhibits cell growth inhibition, cytotoxicity, and cell-
cycle arrest at the S-phase [47,48].

 4. Stilbenes: These polyphenolic compounds exist in a limited number of 
plant families and have nutritional and medicinal properties. Resveratrol, 
pterostilbene, and picetannol are some of the important stilbenes having 
anticancer efficacy.

  Resveratrol is an important polyphenolic present in red wine, grapes, and 
berries. Resveratrol has been known to induce its anticancer action through 
modulation of varied targets, thereby inducing apoptosis. Resveratrol was 
found to induce its anticancer activity in HT‐29 and COLO 201 human 
colon cancer cells (IC50 150 μM and 75 μM, respectively) through ROS-
triggered autophagy mediated by caspase-3-  and caspase-8-dependent 
apoptosis  [49]. Other proposed mechanisms of anticancer action of res-
veratrol were reported to be indirect DNA-damaging effects due to ROS 
overgeneration and topoisomerase II poisoning [50,51]. Resveratrol has also 
been reported for being chemopreventive against CRC. The chemopreven-
tive role of resveratrol was found to be mediated by K-ras protein sup-
pression. A dietary supplementation of resveratrol (equivalent to 105 and 
210 mg daily for humans) was found to prevent K-ras mutation and thereby 
the development of sporadic colorectal cancer [52]. In addition to its chemo-
preventive and anticancer activity, resveratrol has also been known to pre-
vent MDR1-mediated drug efflux and emergence of resistance in CRC [53]. 
Resveratrol conjugates, viz., RSV‐3‐O‐glucuronide, RSV‐3‐O‐sulfate, 
and RSV‐4′‐O‐glucuronide, formed on resveratrol metabolism after its 
oral administration were found to exert synergistic anticancer action via 
the induction of DNA damage and thereby cell apoptosis in human CRC. 
This fact supported the high anticancer activity of resveratrol despite its low 
oral bioavailability and extensive first pass metabolism [54].

 5. Phenylpropanoids: Phenylpropanoids are a cluster of organic compounds 
synthesized by plants from phenylalanine and tyrosine amino acids [55].

 1́ -Acetoxychavicol acetate (ACA) is an important phenylpropanoid 
obtained from the rhizomes of blue ginger, that is, Alpinia galanga, which 
is a component of many traditional Asian condiments. ACA  has been 
extensively explored for its chemopreventive and chemotherapeutic action 
in several in vitro models of CRC and in animals. ACA has been found to 



86 Advances in Nutraceutical Applications in Cancer

inhibit DNA synthesis and cell proliferation in several CRC cell lines [56]. 
ACA was found to upregulate intranuclear Nrf2 and cytosolic p21 and pro-
mote glutathione-S-transferase (GST) and NAD(P)H:quinone oxidoreduc-
tase 1 activity, which resulted in increased intracellular glutathione levels in 
rat intestine epithelial cells (IEC6). ACA exhibited its anticancer action in 
azoxymethane (AOM)-induced colon cancer in rat model through suppres-
sion of proliferation biomarkers like ornithine decarboxylase and colonic 
mucosal polyamine content [57].

 6. Other polyphenols: Curcumin, a polyphenolic compound, is a bright yel-
low colored diferuloylmethane that is produced by Curcumn longa belong-
ing to Zingiberaceae family. Curcumin has exhibited anticancer activity 
against several types of cancers including CRC. Besides its anticancer 
property, it contributes to prevent CRC through its anti-inflammatory activ-
ity in ulcerative colitis, Crohn’s disease, tropical pancreatitis, and FAP, thus 
diminishing the risk factors that promote development of CRC. In a clini-
cal study on five patients with FAP, treatment with curcumin was found to 
reduce the polyp size by 50% and reduce their incidence by about 60% [58]. 
Curcumin has been extensively explored for its anticancer mechanism [59]. 
Out of several molecular targets of curcumin, downregulated activation 
of NF-kB is claimed to be the chief one. Curcumin has been known to 
have antiapoptotic, antiproliferative activity on cancer cells in addition to 
its antiangiogenic, antimetastatic, and anti-invasive action  [59,60]. Other 
important targets that are responsible for the anticancer effect of curcumin 
are STAT3 [61], HIF-1 [62], and PPARγ [63]. It is known to downregulate 
the expression of inflammatory mediators like 5-lipoxygenase (5-LOX), 
cyclooxygenase-2 (COX-2), IL-1, TNF, and IL-6 expression in cancer cells 
in addition to the inhibition of antiapoptosis-activating transcription fac-
tor [64], and EGF receptor signaling [65].

The safety of this nutraceutical was reflected through pharmacological observa-
tions from several articles that showed very high maximum tolerance dose [66]. 
In  a clinical trial undertaken by Sharma and colleagues  [67], pharmacokinetic 
and pharmacodynamic effects of orally administered curcuma extract in patients 
with advanced CRC were observed. The study was conducted in 15 patients with 
advanced CRC, refractory to the standard chemotherapies. The  patients were 
treated with curcuma extract daily for a period of 4 months and observed for its 
therapeutic effect, adverse effect, and side effects. There were no signs of dose-
limiting toxicity or drug intolerance. Significantly high, that is, about 59% reduc-
tion in lymphocytic glutathione-S-transferase (GST), activity was observed on 
administration of 440  mg of curcumin extract for 29  days. In  yet another trial 
conducted by the same group of researchers, a radiologically stable disease was 
observed in patients with advanced CRC when treated with curcumin. A  daily 
dose of 3.6 g of curcumin was found to reduce the inducible PGE2 production in 
blood samples by about 62% (1 day after dosing) and 57% (29 days after dose). 
In a pilot scale study by Plummer et al., a standardized curcuma extract formula-
tion was orally administered and evaluated in 15 patients with advanced CRC. 
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Reduced basal and lipopolysaccharide-mediated PGE2 production, signifying a 
dose-dependent COX-2 inhibition, revealed its anticancer efficacy [68].

However, curcumin still needs to be further explored for ensuring a clinically 
assuring molecule. Most challenging issues faced by curcumin are poor bioavail-
ability and biodistribution  [69]. The  fact that turmeric and not  curcumin is con-
sumed in countries having low CRC incidence rates, consumption of turmeric and 
not curcumin in combination with other anticancer spices like Piper nigrum (black 
pepper) and Zingiber officinale (ginger) question the efficacy of curcumin alone. 
The pharmacological activity of turmeric is different from that of curcumin alone 
when compared to the synergistic pharmacology of curcumin with tumerones and 
other phytoconsituents of turmeric [70,71]. Garcea et al. undertook a pilot trial in 12 
patients with hepatic metastasis from CRC who were treated with 450–3500 mg of 
curumin daily for 1 week prior to surgery in order to investigate the dose essential 
for eliciting pharmacological activity  [72]. Their findings concluded that the dose 
sufficient to exert pharmacological activity was not feasible to be administered to 
humans. To solve the above problems related to anticancer activity of this molecule, 
many combinations of curcumin with nanoformulations and other oncotherapeutics 
have been hypothesized.

4.4.2 terpenoids (terpenes)

Terpenes/isoprenoids are major phytoconsituents present in plant resin and essen-
tial oils. Terpenes are composed of a mixture of isomeric hydrocarbons having a 
general molecular formula of (C5H8)n, where “n” refers to the number of isoprene 
units. They are classified as mono, di, oligo, and polyterpenes. This class is the larg-
est class of phytonutrients that is present in green foods, soy plants, and grains. 
Terpenes exert antioxidant activity by partitioning themselves into fatty membranes 
with the help of their long carbon side chain and react with free radicals to inacti-
vate them [73]. Some important terpenes having potent anticancer activity in CRC 
are tocotrienols and tocopherols, carotenoids, limonoids, phytosterols triterpene, and 
steroidal saponins. 

 1. Tocotrienols and tocopherols: These terpenes, in addition to their vita-
min role, have potent antioxidant and anticancer actions. These terpenes are 
widely found in edible oils like palm tree oil, vegetable oils, wheat germ oil, 
barley, certain types of nuts, and grains.

  They  were reported to induce a p53-independent death pathway in 
human colon cancer RKO cells [74]. In a study by Eitsuka et al., tocotrienol 
(δ-tocotrienol) was found to inhibit the growth of human colon adenocarci-
noma cells through anti-telomerase downregulation. Wnt signal pathways, 
the β-catenin/Tcf pathways, were held responsible to execute the antican-
cer activity in HT-29 cells by Xu and colleagues. Paraptoptosis-like death 
was observed on treating SW620 colon cancer cells due to its activity on 
Wnt signaling pathways  [75]. γ-Tocotrienol was found to chemosensitize 
CRC cells to capecitabine and inhibit their growth through NF-kB pathway 
modulation in a xenograft mice model [76].
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 2. Carotenoids: These well-known antioxidants are highly pigmented sec-
ondary terpene metabolites that are ubiquitously present in numerous fruits, 
vegetables, and marine sources [77,78]. Their anticancer activity on colon 
cancer cells have been conferred to free radical scavenging ability and abil-
ity to maintain the integrity of cell membrane in addition to its antimuta-
genic potential [79].

  Carotenoids have been classified into two broad categories such as 
hydrocarbon carotenoids (alpha-carotene, beta-carotene, lycopene) and 
oxycarotenoids (halocynthiaxanthin, beta-cryptoxanthin, lutein, zeaxan-
thin, and astaxanthin).

  Lycopene, a hydrocarbon carotenoid derived from tomatoes, grapes, 
and papaya, has been known to exert anticancer action in colon cancer via 
suppression of phosphoinositide 3-kinase/Akt survival signaling pathway 
and downstream molecular targets. Besides this, lycopene was found to 
increase nuclear cyclin-dependent kinase inhibitor p27 (kip) abundance 
and inhibit retinoblastoma tumor suppressor protein in human colon can-
cer cells. Lycopene treatment in colon cancer cell line HT-29 was found to 
exert anticancer activity through increased phosphorylated form of beta-
catenin proteins and reduced promoter activity and cyclin D1 expression. 
The  IC50 value of lycopene was found to be 10 μM for HT-29 cells  [80]. 
Halocynthiaxanthin, a dietary carotenoid in combination with tumor necro-
sis factor related apoptosis inducing ligand (TRAIL), has been found to 
exert anticancer activity by interfering with microtubule formation and 
inducing apoptosis in DLD-1  colon cancer cells. Other apoptosis induc-
ing mechanisms activated by halocynthiaxanthin in colon cancer cells are 
mediated by poly(ADP-ribose)polymerase cleavage, nucleus condensation, 
and caspase inhibition.

  Astaxanthin, yet another carotenoid produced by an  unicellular 
green algae, Haematococcus pluvialis, crabs, and other marine ani-
mals, is known to exert anticancer activity on colon cancer cells. 
The  anticancer potential of astaxanthin was pharmacologically estab-
lished in a mice model wherein it was shown to induce apoptosis and 
inhibit proliferation of colon cancer cells by normalizing expression of 
inflammatory  mediators like NF-kB, MMP, IL-6, TNF-α, and COX-2. 
Supplementation of astaxanthin was observed to suppress the formation 
of colonic  mucosal ulcers and dysplastic crypts in animal model through 
its NF-kB-regulating ability. Astaxanthin has specific functional groups 
that target NF-kB. Post-transcriptional function of NF-kB signaling 
pathways is critical in the process of carcinogenesis in various organs 
including the CRC. In DMH-induced colon cancer rat model, astaxan-
thin was found to have chemopreventive action that was reflected by 
regulation of lipid peroxidation, enhanced antioxidant activity, reduc-
tion in the total number of aberrant crypt foci (ACF), cell proliferation, 
and diminished histological lesions [81].

  Siphonaxanthinis is another such marine algae (Codium fragile) 
derived anticancer agent that mediates its action through induction of 
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apoptosis in HL-60 cells via caspase-3 activation, Bcl-2 suppression, 
and increased GADD45α, and DR5 expression.

 3. Limonoids: These terpenes are present in citrus fruits and appear to exert 
their anticancer activity through phase I enzyme inhibition and induction 
of phase II detoxification enzyme activity in liver [82,83]. They are found 
to inhibit N-methyl-Nʹ-nitro-N-nitrosoguanidine-induced gastric cancer 
in rats and have been employed for treatment of CRC too. Nimbolide is 
an important triterpene limonoid derived from the leaves and flowers of 
neem (Azadirachta indica). It was found to induce apoptosis and inhibit cell 
proliferation in CRC cells via NF-kB and NF-kB-regulated tumorigenic 
proteins suppression. NF-kB inhibition was found to affect downstream 
signaling via NF-kB kinase (IKK) activation, IkBα phosphorylation, 
and p65 nuclear translocation. In vivo anticancer action of limonoids was 
observed after intraperitoneal injection of nimbolide at (5 and 20 mg/kg 
body weight) in a xenograft model of CRC, wherein it was found to down-
regulate tumor cell survival proteins like (Bcl-2, Bcl-xL, c-IAP-1, survivin, 
Mcl-1), proliferation mediators (c-Myc, cyclin D1), and invasion proteins 
like (MMP-9, ICAM-1). It was also observed for its antimetastatic effect 
through (CXCR4) inhibition and inhibition of angiogenesis through its 
effect on VEGF proteins. Limonoids have been found to exert inhibitory 
action on CXCR4 protein and VEGF proteins through which it was estab-
lished to have an antimetastatic potential [84].

 4. Phytosterols: Phytosterols/phytosterolids are plant-derived sterols and sta-
nols that share a structure that is similar to that of cholesterol. Phytosterols 
have been known for various health benefits in addition to their role in 
chemopreventive action in CRC. Basker et  al. have reported β-sitosterol 
to be effective in the treatment of DMH-induced colon carcinogenesis in 
rats [85]. Various studies have been conducted by several research groups in 
order to demonstrate the association of dietary phytosterol intake and CRC 
incidence [86].

 5. Triterpene and steroidal saponin: These terpene derivatives are triter-
pene glycosides that bear sapogenein in their aglycone part that is attached 
to a polar glycone (sugar) via an ether linkage. Diosgein and tubeimoside 
are the two most important anticancer agents belonging to this class of 
nutraceuticals having a proven activity against CRC [87,88].

4.4.3 alkaloids

Several nutraceuticals are important sources of many antiproliferative and antimeta-
static alkaloids. Camptothecin and vinblastine are plant-derived alkaloids having 
anticancer activity against several types of malignancies including CRC. Berberine, 
evodiamine, matrine, piperine, sanguinarine, and tetrandrine are some other impor-
tant alkaloids having anticancer action [89].

Berberine is an isoquinoline alkaloid that is derived from roots, rhizomes, stems, 
and bark of goldenseal, barberry, and oregon grape. Several clinical studies have 
exhibited the application of berberine in treatment and prevention of CRC. Berberine 
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was found to execute its anticancer activity by inducing apoptosis through cell-cycle 
arrest at G2/M phase, loss of mitochondrial membrane potential, cyt c release, Bcl-2, 
Bcl-xL, and c-IAP1 suppression, activation of caspases, and PARP cleavage [90,91]. 
JNK and p38 MAPK phosphorylation, increase in FasL and t-BID levels, and ROS 
generation also contribute to its apoptotic activity. Moreover, it was found to reduce 
incidences of drug resistance by inhibition of P-gp 170 expression and inhibition 
of arylamine N-acetyltransferase activity in a human colon tumor cell line [92,93]. 
Berberine was observed to inhibit increment in lipid peroxidation and protein-bound 
carbohydrate levels in addition to its enhanced antioxidant status in an AOM-induced 
colon cancer rat model  [94]. Berberine also selectively inhibited COX-2-activity-
mediated neoplastic transformation in AOM-induced rat colon carcinogenesis with-
out affecting COX-1 activity [95].

4.4.4 organosulfur coMpounds

Naturally occurring sulfur-containing organic compounds are known as organo-
sulfur compounds. Isothiocyanates, indoles, allylic sulfur compounds, and sulfur-
containing amino acids are some of the important dietary organosulfur compounds 
that are essentially active against colon cancer cells. Diallyl disulfides like allicin 
from garlic and sulforaphane from broccoli are important organosulfur compounds 
that are active against CRC cells. Besides this, acetylapoaranotin, a diketopipera-
zine disulfide derived from marine Aspergillus sp., is also an important anticancer 
agent [96]. These organosulfur compounds exhibit their anticancer activity through 
various modes of action that target molecules playing an important part in survival, 
proliferation, invasion, angiogenesis, and metastasis of the CRC cells.

4.4.5 fatty acids and structural lipids

Long-chain hydrocarbons with 10–30 “C” that are constituents of lipids are defined 
as fatty acids. Fatty acids are classified as saturated and unsaturated fatty acids that 
are constituent of many marine fishes, microalgae, seaweeds, fish oils, algae oil, and 
eggs. Eicosapentanoic acids (EPA) and docosahexanoic acids (DHA) are essential 
fatty acid supplementations that have proven their chemopreventive action against 
colon and breast cancer [97]. Omega-3 fatty acids reduce polyp formation and colon 
cancer progression in high-risk population. Tumor metastasis and growth have been 
demonstrated to be inhibited by regular supplementation with fatty acids. N-3 PUFA, 
conjugated linoleic acid (CLA), MUFA, sphingolipids, and lecithin are some of the 
important fatty acids that have chemopreventive and anticancer activity in CRC.

4.4.6 Micronutrients and Minerals

Amino acids like methionine, arginine, and glutamine, and microelements like cal-
cium, selenium, potassium, copper, and zinc are vital in the development and pro-
gression of CRC [98]. Besides these, vitamins like B6, B12, folic acid, ascorbic acid, 
A, D, and E have also been researched to possess anticolorectal cancer activity by 
several research groups [99,100]. Selenium is a trace element that is found in many 
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foods including sea food, lean meats, pork, beef, turkey, chicken, fish, shellfish, eggs, 
legumes (beans and peas), nuts, and seeds. The North Carolina Colon Cancer Study 
has depicted significant reduction in colorectal cancer development with higher sele-
nium and folate consumption. A strong association of calcium administration and 
vitamin D has been highlighted in many of the in vitro studies [101]. Calcium and 
vitamin D consumption has been found to reduce the fatty acids and secondary bile 
acid concentrations, thereby lowering their cytotoxicity in  vitro. A  blinded study 
has also proved their protective effect in subjects with higher risks of FAP, thereby 
reducing the recurrence of adenomatous polyps. Ascorbic acid (vitamin C) is an 
important dietary supplement that plays several pharmacological actions including 
anticancer and apoptotic actions. The anticancer role of ascorbic acid was made evi-
dent in the study by Kim et al., wherein it was found to induce apoptosis in HCT-8 
colon cancer cell line through enhanced translocation of Bcl-2-associated death pro-
moter protein (BAD) to mitochondria, increased Bcl-2-associated X protein (BAX) 
expression, and calcium influx in endoplasmic reticulum [102].

4.4.7 proBiotics

The strong association of gut microbiota and colon cancer has been established since 
long. Several mechanisms that lead to prophylactic and therapeutic anti-CRC activ-
ity have been discussed in detail by Uccello et al. [103].

Probiotics are basically living microorganisms like bacteria and yeasts that are 
acclaimed to have health benefit on their consumption, mainly by restoring gut 
microflora balance and avoiding dysbiosis. Some of the important strains of bac-
teria and yeasts that have been established for their probiotic property are Bacillus, 
Lactobacillus, Enterococcus, Bifidobacterium, Streptococcus, Saccharomyces, 
Pediococcus, Escherichia coli, and Leuconostoc. Several mechanisms that have been 
proposed for the anticolorectal property of probiotics are undigested food fermen-
tation, carcinogen inactivation, improved host immunoresponse against pathogenic 
and putrefactive microbes, altered intestinal microfloral metabolism, antiapoptotic 
and antiproliferative activity, and tyrosine kinase signaling pathway inhibition [104].

4.4.8 preBiotics

Prebiotics are dietary fibers comprising mostly complex carbohydrates, oligosaccha-
rides, dietary fibers, and resistant starch that are undigestible and beneficial for host 
due to their stimulatory effect on the growth of one particular species or a group of 
bacterial species in the colon [105]. Unlike the probiotics that include the intake of 
exogenous bacteria, prebiotics enhance the proliferation of selective existing com-
mensal flora [106].

Consumption of whole grains, vegetables, and fruits containing high fiber content 
has been associated in reducing CRC risks in several research works (plants, fiber, 
and colon cancer). There are several proposed mechanisms that are believed to be 
responsible for their chemopreventive action. Dietary fibers help in increasing fecal 
weight while reducing gastric transit time to reduce the carcinogen-mucosal lin-
ing contact time [107]. In addition to this, they prevent polyp recurrence and tumor 
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promoter gene expression. Soluble fibers enhance the excretion of tumor promot-
ers like the secondary bile acids. Besides this, short chain fatty acids are formed 
on the digestion of dietary fibers that induce differentiation and apoptosis of colon 
tumor cells via decrease in fecal pH, which in turn affects bile acid conversion [107]. 
The prebiotics and probiotics are collectively referred as “synbiotics.” They help in 
the recuperation of patients with CRC [103].

4.5  FORMULATION ASPECTS FOR DELIVERY 
OF NUTRACEUTICALS

Many of the nutraceuticals in spite of having high anticancer potential in vitro fail 
to be successful in vivo due to their poor bioavailability. Poor bioavailability can be 
attributed to several factors like (i) hampered drug release from the constitutional 
food matrix [108], (ii) interaction with the components of GIT to form insoluble or 
less bioavailable complexes, and (iii) enzymatic biotransformation or metabolism in 
the GIT rendering many nutraceuticals inactive [109–111]. Recent advances in the 
delivery of nutraceutical have led to development of a classification system called 
nutraceutical biopharmaceutical classification scheme (NuBACS) that is akin to the 
biopharmaceutical classification system (BCS) [112]. The main objective of develop-
ment of this system was to realize and characterize the factors impeding the bio-
availability of different types of nutraceuticals. Colon-targeted drug delivery system 
is yet another prevalent approach that has provided promising therapeutic outcomes 
for the treatment of CRC [113,114]. The application of such an approach for nutraceu-
tical delivery in CRC is still being envisaged.

Out of several pharmaceutical approaches, nanotechnology is one of the most 
advanced approaches that can be used to solve the above-mentioned problems. 
Nanocarriers have unique colloidal properties due to their high surface-to-volume 
ratio, nanoscale size, and favorable physicochemical characteristics [115]. Nanoscale 
drug delivery systems have been applied to enhance the aqueous solubility, extend 
shelf-life, modify drug release, taste masking, flavor enhancement, and nutraceuti-
cal stability against various environmental factors, and biological milieu. Modified 
nanocarriers have been applied to modulate the pharmacokinetics as well as phar-
macodynamics profiles of several nutraceuticals [115].

Nanocarriers exhibit an effect termed as “enhanced permeation and retention 
(EPR)” that facilitates selective passive targeting of the payload to the tumor site. 
This passive targeting of nanocarriers is based on the fundamental of leaky tumor 
vasculature that facilitates nanocarrier entry selectively into these “leaky” endothe-
lial gaps [115]. Also, these nanocarriers may be surface modified to be applied for 
active drug targeting via overexpressed receptors like the hyaluronic acid, folic acid, 
RGD peptides, and so on [116–119].

Nanocarriers of several types like polymeric nanoparticles, micelles, liposomes, 
lipid nanocarriers, dendrimers, metal-based nanoparticles, phytosomes, and so 
on have been employed for the delivery of several types of nutraceuticals. Some 
nutraceuticals like albumin, chitosan, vitamin E, fatty acids, and so on that are used 
as excipients for nanoparticle fabrication also can modify anticancer nutraceuti-
cal’s bioavailability by enhancing its physicochemical properties. D-α-Tocopheryl 
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polyethylene glycol 1000 succinate (Vitamin E TPGS) is one such nutraceutical-
derived nonionic surfactant that modulates the pharmacokinetics of many P-gp 
substrate drugs by ATP-mediated P-gp inhibition  [120]. Several researchers have 
reported the use of nanocarriers to increase the nutraceutical bioavailability. To con-
fine to the limitations of the present chapter, only few such examples have been 
discussed below.

Nanoliposomes composed of phospholipids, cholesterol, and Tween 80 encap-
sulating EGCG were found to reduce its degradation in simulated intestinal fluid 
by almost 10 folds due to extensive protection offered by its constituents against 
the adverse GI interactions [121]. Several nanoformulations of curcumin have been 
devised for facilitating the delivery of this molecule, thereby solving issues related 
to its safety and bioavailability. Curcumin nanocrystals and conjugates, curcumin 
emulsions, liposome, and phospholipid formulations, curcumin-encapsulated poly-
mer NPs, curcumin self-assemblies, and nanogel, in addition to several other novel 
nanoformulations, have been developed by several research groups [122]. A wealth 
of relevant literatures reporting use of nanotechnology for nutraceutical delivery 
exists. The details of which have been described elsewhere [123].

4.6 FUTURE DIRECTIONS

Nutraceuticals derived from plant, microbial, marine, animal, and mineral 
sources have an added advantage of being relatively very less toxic over other 
anticancer medications. Several nutraceuticals have been researched extensively 
for their preventive and therapeutic applications in CRC till date. In spite of being 
explicit anticancer tools, most of the nutraceuticals have failed to reach the clini-
cal trials with some exceptions. There are several encumbrances in the path of 
clinical approval of nutraceuticals, but it would be sufficient here to reiterate the 
following major ones. (i) Several nutraceuticals can act on a particular molecu-
lar target in opposite ways to cause complication in data interpretation so as to 
conclude its antitumor or tumorigenic property [124]. (ii) Concerns about tumor 
selective cytotoxicity of nutraceuticals, (iii) mere in vitro/preclinical evidence for 
anticancer efficacy renders it insufficient to count for clinical efficacy, (iv) forma-
tion of bioactive intermediates that may draw misleading conclusions and render 
the in vitro data unreliable, (v) low potency and poor bioavailability of nutraceu-
ticals, and (vi) inability to confront tumor resistance due to ignorance about the 
molecular mechanism of action of nutraceuticals and pathological changes due to 
disruption of a particular pathway [124]. The issues enlisted above present a real 
challenge to bring bench-to-bedside transition in clinical application of nutraceu-
ticals. Toiling to solve these issues can truly help transform the existing picture 
of CRC treatment.

In  order to get an armada of natural, potent, relatively safe, and economical 
nutraceuticals approved for their anti-CRC activity, the scientific community 
should put efforts to elucidate their exact molecular mechanisms of action and 
establish their safety and efficacy through in vivo trials. Exploring, expanding, and 
assembling the pharmacological aspects of nutraceuticals can evidently emerge 
as an extremely powerful weapon to mitigate and treat several types of cancers 



94 Advances in Nutraceutical Applications in Cancer

including the CRC. The use of several nutraceuticals in combination with existing 
chemotherapy has also been researched extensively as a better treatment option 
for CRC. Such a combination approach may help in reducing the dose of cyto-
toxic drugs while enhancing their efficacy. Furthermore, to enhance their clinical 
efficacy and safety, we may use several pharmaceutical technologies like nano-
technology. Appropriate efforts in this direction may vouch a better therapeutic 
development scenario, ameliorating the existent prevention and therapeutic strate-
gies for several cancers including CRC.
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5 Nutraceuticals’ 
Role in Proliferation 
and Prevention of 
Breast Cancer

Sadaf Aslam and Beata Casanas

5.1 INTRODUCTION

Several epidemiological and preclinical studies have shown the role of healthy 
foods and nutrients in maintaining the overall health and functioning of our body. 
Healthy foods are known for providing key biomolecules that participate in various 
physiological processes and reduce the risk of many chronic diseases. There was 
no specific definition for nutraceuticals, before 1989, when Dr.  Stephen  Felice 
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for the first time defined nutraceuticals as foods or food products apart from basic 
nutrition that might have a role in preventing and treating diseases. The  term 
nutraceuticals is used sometimes interchangeably with food supplements, func-
tional foods, vitamins, micronutrients, herbal products, and so on. Nutraceuticals 
are medicinal foods that play a vital role in boosting immunity and helping in the 
prevention and cure of some diseases. Many epidemiological, in vivo, and in vitro 
studies have investigated the efficacy and safety of nutraceuticals. The  under-
standing of the potential mechanisms of action of active substances found in 
nutraceuticals is the challenge to be considered as a preventive and therapeutic 
tool in treating and managing certain chronic diseases. Recently, there has been a 
global interest in investigating the true role of nutraceuticals and their efficacy in 
the prevention and progression of breast cancer, along with their synergistic role 
with chemotherapy and radiation. Despite scientific evidence that cancer patients 
can benefit from any specific nutraceutical, there is still physician’s resistance on 
its application and inexplicable controversies on its overall efficacy and associ-
ated risks. It is not clear, what type of nutrients and vitamin supplements would 
work best in the prediagnostic stage and after the diagnosis of breast cancer. 
In  this chapter, the role of food and nutrients in the prevention and manage-
ment of breast cancer will be discussed with the hope of allaying physician’s 
reluctance.

5.2 EPIDEMIOLOGY

Breast cancer is the most common cancer and a leading cause of cancer-related deaths 
in women. According to a report by the World Health Organization in 2018, around 
2 million new cases and half million deaths related to breast cancer are registered 
annually  [1]. It  is estimated that every year approximately 252,710 new cases of 
invasive breast cancer and 63,960 new cases of noninvasive breast cancer in women 
are diagnosed in the United States, and more than 40,000 women die of cancer [2]. 
Breast cancer is not  that common among men; however, it is estimated that more 
than 2470 men will be diagnosed with breast cancer and approximately 460 will die 
each year [2]. Breast cancer patients undergo intensive surgery, chemotherapy, hor-
monal therapy, and radiation. The quality of life is compromised with all the above 
mentioned treatment strategies. It  is not surprising to see a huge number of people 
seeking help through nutraceuticals as an alternative or as adjunctive therapy. These 
patients see a wide array of physicians or healthcare providers for their treatment and 
follow-up along with getting the guidance on the management of the side effects and 
complications of chemotherapy and radiation. The patients expect that healthcare pro-
viders will provide them some evidence-based guidance on the use of nutraceutical.

More recently, nutritional research has specifically investigated the effects of 
weight, diet, and healthy lifestyle in reducing the risk of breast cancer, improving 
survival, reducing comorbidities, and maintaining patients’ overall health. Most 
of the time, primary care physicians provide long-term care for breast cancer 
survivors and possibly can also implement nutritional strategies that can help in 
chemoprevention.
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5.3 CATEGORIZATION OF BREAST CANCER

Before the details of the nutrients and dietary supplements are discussed in this 
chapter, it would be important to elaborate on the types of breast cancer, as each 
type has both modifiable and nonmodifiable risk factors that contribute toward 
individual disease manifestation. The majority of all breast cancer types carry 
nonspecific characteristics based on the exogenous and endogenous factors such 
as oxidizing agents present in food, air, and water, reproductive factors, use of 
oral contraceptives, hormone replacement therapy, diabetes, and obesity  [3]. 
The familial breast cancer subtype related to gene BRCA1 and BRCA2 mutations 
account for only 5%–10% [3].

Breast cancer is considered a very heterogeneous disease based on their indi-
vidual response to different treatments and ultimate prognosis. Before 1990, three 
receptor proteins (estrogen receptor, progesterone receptor, and human epider-
mal growth factor 2 (HER2)), tumor size, and number of involved lymph nodes 
predicted the prognosis and response to treatment [4]. Although more categories 
were proposed later such as expression-based categories, luminal A type, luminal 
B type, HER2-positive, and basal-type cancers, the traditional receptor-based cat-
egories are still used in most oncology clinics [4]. Basal-type cancer, also known 
as triple-negative breast cancer, does not express biomarkers such as estrogen and 
progesterone receptors or HER2 genes and poses challenging treatment strategies 
because of its nonresponsiveness to endocrine therapy or other targeted chemo-
therapeutic agents.

5.4 PATHOPHYSIOLOGY OF BREAST CANCER

Breast cancer develops when cells start losing their differentiation and there is 
no growth control over the tumor cells. Like many other cancers, several fac-
tors such as hormones, genes, growth factors, and environmental toxins play a 
role in the development of cancerous cells. Family history of ovarian and breast 
cancer, gene mutations, late menopause, and early menstruation, or prolonged 
use of oral contraceptives are also factors specifically linked to breast cancer in 
women. Experimental studies have shown a linkage between estrogen exposure, 
DNA damage, and genetic mutations. There are several signaling mechanisms of 
growth factors and markers that interact between cells, and any defect or inter-
ruption in the signaling mechanism can also lead to the formation of cancerous 
cells. It is estimated that 75% of all BCs have an expression of estrogen and pro-
gesterone receptors, while 20% have an overexpression of HER2 receptors [5]. All 
these receptors coexist, and there is a crosstalk between these receptors through 
nuclear and non-nuclear pathways, which, in turn, activates the RAS-MAPK 
and P13k/Akt pathways, leading to the proliferation and progression of cancer 
cells [6]. Genetic predisposition to the genes such as BRCA1, BRCA2, and P53 in 
some people has also been linked to breast cancer. Other factors such as defective 
immune system can also predispose to breast cancer when damaged DNA and 
cancer cells are not destroyed by a weak immune system.
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5.5  MECHANISM OF ACTION OF NUTRACEUTICALS 
IN CHEMOPREVENTION FOR BREAST CANCER

For an effective prevention of cancer and cancer-related deaths, it is imperative to 
keep a balance between positive and negative effects of nutraceuticals and to sustain 
the genetic make-up of our cells. It is now quite well-established through epidemio-
logical studies that by modifying risk factors through natural diet, supplements, and 
lifestyle changes, we can prevent many types of cancers.

Several in vivo and in vitro studies have been published looking into the possible 
mechanisms of action of nutraceuticals in the prevention, progression, and metasta-
sis of breast cancer (Table 5.2). However, due to the variegated structural differences 
and doses used in these compounds, some studies have varying conclusions. More 
recently, many nutraceuticals have been studied in clinical and epidemiological studies 
and their role is better defined in terms of their targeting underlying molecular mecha-
nisms. A number of different pathways involved in carcinogenesis such as suppression 
of tumor cell proliferation, apoptosis, and angiogenesis have been studied in depth 
and currently provide sufficient evidence for the beneficial effects of nutraceuticals. 
Additionally, nutraceuticals may have a positive role in the processes of cell signaling 
pathways, regulation of cell cycles, reduction in oxidative stress and inflammation. 
Carotenoids, flavonoids, organosulfur compounds, and polyphenols have been stud-
ied for their role in preventing and slowing down the carcinogenesis. Polyphenols are 
found in a variety of plant-based foods, the seeds and skins of fruits, and many leafy 
vegetables (Figure 5.1).

FIGURE 5.1 Effect of nutraceuticals on different pathways.
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5.6 APOPTOSIS AND ITS ROLE IN BREAST CANCER

Apoptosis remains the most vital part of normal and abnormal cells. A defect in 
apoptosis is considered to be the main cause of cancer. The literature is full of stud-
ies investigating the reason for defective apoptosis that can be due to defect in the 
apoptotic pathway, such as enhanced mutation of genes, inactivation of death recep-
tors, and so on. Nutraceuticals of plant origin that are mostly part of our diet and 
nutrition have shown to have tremendous anticancer properties as studied in many 
in vitro experiments (Table 5.2). Foods such as soy, ginger, garlic, green tea, and 
spices curcumin, cinnamon, among others have shown encouraging results due to 
their effect on prompting apoptotic activity for cancerous cells as well.

5.7  ROLE OF ANTIOXIDANTS IN BREAST CANCER 
PREVENTION, POSTDIAGNOSIS, AND PROGNOSIS

Antioxidants such as vitamin A, α- and β-carotene, lycopene, vitamin C, and 
 vitamin E have shown their neutralizing effect by trapping the free radicals or oxy-
gen reactive species and preventing the cellular damage [7]. When the concentration 
of free radicals increases within the cell and is not neutralized by antioxidants and 
enzymes present in our body or as exogenous dietary antioxidants, this situation can 
lead to the damage of DNA and cell membranes. Damaged cells then can proliferate 
and initiate carcinogenesis. In case of breast cancer, there is a link between damage 
to the DNA and cell membrane and proliferation of cancer cells. A large number of 
studies have looked into the benefits and harms of using antioxidants postdiagnosis 
for progression, survival, and recurrence; however, the results have been inconsis-
tent. This  is most likely due to the heterogeneity of the population, age, exposure 
to toxins, comorbid conditions, combinations, types and doses of the supplements, 
and duration of treatment before and after diagnosis. For example, improved breast 
cancer survival was observed in a meta-analysis of cohort studies where patients 
used vitamin C supplementation after diagnosis [8]. Similarly, a large cohort study 
data analysis by Greenlee et al. showed that although vitamin C was associated with 
decreased mortality and recurrence, in postdiagnosis cancer patients who used com-
bination carotenoids had an increased risk of death, but there was no increase in the 
risk of recurrence [7].

The  use of supplements, specially antioxidants such as vitamins A, C, and E, 
has been criticized for causing interference in the effect of chemotherapy or radia-
tion therapy and has always posed a question for the treating physicians and peo-
ple practicing alternative therapies. It  is not  clear if antioxidants actually protect 
only normal tissue and, therefore, decrease the toxicity of the cancer therapies or if 
equally protect the cancer cell. If it can be shown with evidence that antioxidants 
can protect normal tissues from chemotherapy-induced damage but does so without 
decreasing the efficacy of the chemotherapy, then its use might play a vital role in 
chemoprevention. One study using the data from a large-cohort study concluded that 
postmenopausal women with breast cancer have poor prognosis with concurrent use 
of antioxidants and suggested to avoid the use of antioxidants during their treatment 
phase with chemotherapy [9].
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However, vitamin C is the most commonly used dietary supplement known to 
influence cancer cell through its antioxidant properties and neutralization of free 
radicals in breast cancer patients. Several studies including in vitro, observational, 
and clinical trials suggest that vitamin C during chemotherapy and radiation therapy 
may protect cancer cells as well as protect the normal cells. On the other hand, results 
from some observational studies suggest that vitamin C intake and survival postdiag-
nosis can reduce the risk of mortality and improve survival [7,10]. Harris et al. stud-
ied the association between vitamin C and mortality in breast cancer patients based 
on the factors related to reactive oxygen species such as obesity, age, and history 
of smoking. The group observed that vitamin C had a stronger inverse relationship 
with mortality in breast cancer patients who were 65 years and older (Table 5.1) [10]. 
Vitamin C has been shown to demonstrate cytotoxicity at higher doses without exert-
ing its negative effect on normal cells. A recent study published in 2019 concluded 
that higher doses of vitamin C combined with chemotherapeutic agents can be harm-
ful to cancer cells and can have therapeutic advantages. According to the study, high 
dose of vitamin C >10 mM significantly reduced the cell viability of specifically 
MCF-7 cells (human breast adenocarcinoma cell lines) and almost in all other breast 
cancer cell lines and also the same effect was seen when high dose of vitamin C was 
combined with tamoxifen [11].

5.8 ROLE OF SOY PRODUCTS

For centuries soy products have been used for potential health benefits. Although 
most of the soy products have been used by people with chronic diseases such as dia-
betes, hypertension, and heart diseases; however, its benefits are also linked to breast 
cancer survival. The evidence for its true benefit on breast cancer is still conflicting. 
Soy products are popular and considered a healthier option than meats. People have 
shown some concerns due to its hormonal mimetic estrogenic properties. Natural soy 
foods that are plant derivatives are full of fibers and essential minerals and nutrients.

Soy contains isoflavinoids, which are considered to be similar to estrogen. Several 
epidemiological studies have been conducted and showed an association between 
soy and risk of developing hormone-sensitive breast cancer. On the contrary, some 
argue its antiestrogenic properties as well. Current research, although not consistent, 
does not support avoiding soy foods as it has other benefits that can lower the cancer 
risk and recurrence. There are a few studies that have examined the relationship of 
isoflavinoids on the outcomes of soy before and after the diagnosis of cancer [12,13]. 
The question then is: if women who are diagnosed with BC should take soy or iso-
flavinoids or more specifically only women who receive hormonal therapy such a 
tamoxifen. Several studies conducted in Asian countries provide evidence on the 
benefit of using isoflavinoids in lowering the mortality and recurrence. The evidence 
provided by studies conducted in Western countries involving population such as 
Caucasians, Latinos, and African Americans are still unclear (Table  5.1). In  one 
study, Zang et al. observed that high intake of isoflavones is associated with decrease 
in all-cause mortality in women who did not receive hormonal therapy for the estro-
gen receptor negative tumors [14]. According to the study, only postdiagnosis time 
period showed inverse relationship with soy intake.
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5.9 ROLE OF FOLIC ACID AND VITAMIN B12

In  a study conducted on folic acid intake and breast cancer risk in BRCA  muta-
tion carrier suggested a protective role of moderate intake of folic acid and vitamin 
B12 in BRCA-associated breast cancer [15]. Women with daily dietary folate intake 
between 153 and 400 μg showed a significant reduction in breast cancer risk com-
pared with those showing daily intake of <153 μg [16]. The study also suggested a 
preventive effect of folate on breast cancer risk in people with higher alcohol con-
sumption. The dose and timings of folate intake are vital to its preventative effects, 
and more clinical studies are needed.

5.10 ROLE OF VITAMIN D IN BREAST CANCER

Vitamin D can be taken in many forms including natural foods such as dairy and 
supplements or through sunlight exposure where 7-deoxycholcalciferol is converted 
to vitamin D. Vitamin D is then converted to 25(OH) cholecalciferol, which is found 
in the circulation and is considered the best indicator for vitamin D status. The inac-
tive form 25(OH) cholecalciferol is converted to an active form as 1-25 di (OH) vita-
min D. This active form binds to the vitamin D receptors of several tissues including 
breast tissue. Vitamin D is known for its anticancer properties through its effects 
on regulation of cell differentiation, proliferation, and apoptosis. Vitamin D exists 
in circulation as 25(OH) D form, and to convert it to its active form 1-25 (OH) D, 1 
αhydroxylase enzyme is needed. Like many other tissues, breast tissues also have 
1-α-hydroxylase and converts inactive form of vitamin D to active form. Since cal-
cium and vitamin D both have been studied for their regulatory role in estrogen-
related cell proliferation, it is observed that the intake of both nutrients might have 
different effect on pre- and postmenopausal women diagnosed with breast cancer. 
In a prospective cohort study conducted by Lin et al., it was shown that in premeno-
pausal women, high intake of vitamin D and calcium was associated with a lower risk 
of breast cancer, more so in more aggressive breast tumors. Additionally, no associa-
tion of vitamin D and calcium with postmenopausal breast cancer was observed [17]. 
In  a randomized controlled trial, it was shown that another endogenous estrogen 
receptor modulator, 27 hydroxy cholesterol (HC), has agonistic properties on ER+ 
breast cancer. It was suggested that vitamin D supplementation can reduce 27 HC, 
as its inhibition is regulated by vitamin D [18]. Additionally, de novo vitamin D can 
be associated with lower mortality in the postdiagnosis state and is considered as a 
potential inexpensive and nontoxic source to improve patient survival [19]. So, in a 
nutshell, it can be concluded that vitamin D supplements and vitamin D can be used 
to suppress 27 HC-mediated ER+ breast cancer in high-risk patients and have preven-
tive effect on ER+ breast cancer.

Vitamin D has also been studied for its effect on breast density of premenopausal 
women. Breast density being the strongest indicator for cancer risk because it masks 
mammography findings and is estimated to be four to six  times higher in women 
with high density  [20]. In  a double-blinded randomized controlled trial, Brisson 
et al. studied the effect of vitamin D3 in the doses of 1000, 2000, and 3000 IU/day 
for one year and found no reduction in breast density in premenopausal women [20].
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5.11 CAROTENOIDS IN BREAST CANCER PREVENTION

Carotenoids are considered as micronutrients in our food. The bright orange pig-
ments of carrots, lutein, lycopene, and some others all belong to the carotenoid 
family. Most of the carotenoids are present in fruits and vegetables readily avail-
able as part of our diet. Carotenoids act mostly due to their important antioxidants 
properties. By neutralizing oxidative processes that can damage DNA and inter-
fere with the normal functioning of cells, carotenoids have been found to prevent 
cancer and its progression. Carotenoids have been linked to block cancer progres-
sion and reduce proliferation of estrogen receptor positive ER+ and negative ER− 
breast cancers. One study conducted at Harvard University (Nurses Health Study) 
has pooled data from eight prospective cohort studies including 3055 breast can-
cer cases with matched controls and concluded that higher total carotenoids and 
high concentration of some specific carotenoids such as α- and β-carotene and 
lycopene had statistically lower risk of breast cancer, and more so in ER– breast 
cancer [21]. This study also looked into breast cancer recurrence and mortality 
and found an inverse association with carotenoid concentrations in the blood. 
In  this large study, the relative risk for β-carotene from very highest to lowest 
concentrations was found to be 0.32 (confidence interval  [CI] 95% P  <  0.001), 
suggesting that women with higher levels of β-carotene were at reduced risk of 
developing breast cancer  [21]. These findings are similar to many other studies 
concluding that the increased consumption of fruits and vegetables rich in carot-
enoids along with other healthy lifestyles is beneficial in the prevention and pro-
gression of breast cancer. However, one cannot confirm these associations very 
strong as carotenoids found in fruits and vegetables exists with other nutrients as 
well such vitamins and minerals that may have a protective role in breast cancer 
prevention and progression.

5.12 OTHER NUTRACEUTICALS LINKED TO BREAST CANCER

High intake of fruits and vegetables has shown a possible benefit in the reduc-
tion of breast cancer risk. Cruciferous vegetables such a broccoli, cabbage, cau-
liflower, and Brussel sprouts contain high content of glucosinolates, and when 
eaten as raw vegetables, or chewed, an enzyme called myrosinase is released that 
converts glucosinolates into isothiocyanates [22]. This compound is known for its 
chemoprotective activity in cancer including breast cancer. The isothiocyanates 
are of different types and act in different ways; for example, benzyl isothiocya-
nate induced inhibition is associated with apoptotic cell death. The underlying 
mechanism of isothiocyanates seems to be mainly through the downregulation 
of ER and their signaling as well as apoptosis and cell cycle arrest, thus prevent-
ing the spread of cancer cells.

Organosulfur compounds found in many plant-derived foods including cru-
ciferous vegetables are also considered beneficial, as they protect important 
biomolecules from oxidative damage. In vitro studies have also shown their anti-
proliferative activity on various cancer cell lines including breast cancer cell lines 
(Table 5.2).
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5.12.1 garlic

Garlic belongs to the Allium class of plants with bulbs and includes other vegeta-
bles as well such as onions, scallions, and chives. Garlic is very commonly used in 
Mediterranean and Asian diets mostly for flavoring. Garlic is considered beneficial 
due to its high sulfur content; however, it has other beneficial contents such as flavo-
noids, selenium, and arginine. Garlic has antibacterial properties and has shown to 
inhibit the activation of cancer-forming substances and enhance DNA repair, reduce 
cell proliferation, or induce cell death [23].

The National Cancer Institute suggests garlic as one of several vegetables with 
potential anticancer properties and does not  recommend the use of other supple-
ments for cancer treatment. The  exact amount of garlic that can have protective 
effect is hard to determine. The active compound present in garlic may lose their 
effectiveness with time, handling, and processing. The doses and effectiveness of 
garlic either in raw form or garlic powder tablets have not been established. There 
are different sources of evidence for generally recommended doses; for example, in 
adults approximately 4 g (found in 1–4 cloves) of raw garlic per day, or one tablet 
of 300 mg dried garlic powder two to three times per day, and approximately 7.2 g 
of dried garlic extract have been used as an anti-oxidant and anti-carcinogenic [24].

5.12.2 curcuMin in Breast cancer

Curcumin is one of the most extensively studied natural products that has been 
in use for centuries in ancient medicine for its various health benefits. It has been 
known to exert many pharmacological effects via processes such as antiprolifera-
tion, anti-inflammation, cell death, and anti-angiogenesis as well as acting as an 
antioxidant. Curcumin extracted from a plant Curcuma longa has shown inhibi-
tory effect on the proliferation of tumor cells in culture, growth of human tumor 
cells in xeno-transplant animal models, and the same effect was observed when 
used in combination with chemotherapeutic agents or radiation in animal and 
rodent models [25].

A known tumor suppressor gene p53 is considered to be involved in many meta-
bolic processes such as in inducing apoptosis and arrest in cell cycle and repairing 
DNA damage. Curcumin upregulates p53 expression followed by an increase in p21, 
which causes arrest at G0, G1, and G2/M phases of the cell cycle and upregula-
tion of Bax expression eventually inducing apoptosis  [26]. More recently, another 
mechanism known as oncogene induces senescence (OIS) has been gaining atten-
tion. The OIS is another tumor suppressing defense mechanism that may be compro-
mised during cancer cell proliferation. The process of OIS was also observed in a 
breast cancer cell line, where curcumin was shown to inhibit phosphorylation of Akt 
within the MAPK/PI3K pathway [27].

5.12.3 capsaicin

Capsaicin found in red chili pepper is also a well-known spice that has shown anti-
inflammatory and antiproliferative activity in breast cancer cells. The suppressive 
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activity of capsaicin has been observed in several in vivo and in vitro studies. One 
study conducted on rats showed the suppressive activity of capsaicin against mam-
mary carcinoma that was induced by N-nitrosomethylurea (NMU). Rats treated with 
NMU and protected with capsaicin improved the histopathological changes in mam-
mary tissues [28].

5.13  SYNERGISTIC EFFECTS OF NUTRACEUTICALS 
WITH CHEMOTHERAPY AND RADIATION

Some nutraceuticals have shown their synergistic effect by reducing the side effects 
and enhancing the therapeutic effects by acting on different cell signaling path-
ways, chemosensitization, enhancing apoptosis, and inhibition of cell proliferation. 
For  example, a combination of a bioactive compound in soy called genistein and 
doxorubicin has shown synergistic effects on breast cancer cells by increasing the 
accumulation of doxorubicin to exert its anticancer effect along with suppressing the 
expression of HER2 [29].

5.14 CONCLUSIONS AND FUTURE PERSPECTIVES

Chemoprevention and management through nutraceuticals has become an accept-
able strategy specially in the prevention of breast cancer. The  intake of certain 
foods and supplements has shown inverse correlation with the risk of breast can-
cer in several observational and experimental studies. Additionally, several nutra-
ceuticals have shown synergistic activity with chemo- and radiotherapy. However, 
review of some studies suggests to possibly avoid use of certain supplements spe-
cially soy and antioxidants postdiagnosis in postmenopausal women undergoing 
therapy.

Some of the most well-known and studied nutraceuticals are carotenoids, citrus 
fruits, soy foods, vegetables, certain herbs, and spices. Their role in chemopreven-
tion and treatment has been studied extensively while understanding their mechanism 
of action through different pathways and their role in the inhibition of proliferation, 
metastasis, and angiogenesis in inducing apoptosis and cell cycle arrest. It should be 
noted that pharmacokinetics, bioavailability, and efficacy studies are not that simple to 
conduct. Although we have valid data from in vivo and in vitro studies, more clinical 
studies are needed to further completely understand their role. We need to establish 
optimal conditions, personalized treatment regimens, and patient stratification based 
on genotyping and phenotyping. The  cost-effectiveness should also be considered 
while providing chemoprevention. Additionally, if more bioactive compounds can be 
isolated from dietary and natural products to study and understand their mechanism 
of action, efficacy, toxicity, and adverse effects; these compounds could become the 
next established potential sources for the prevention and treatment of not just breast 
cancer but all other cancers. More comprehensive and organized approach is needed 
for future studies, and breast cancer patients should make an informed decision 
regarding the use of nutraceuticals specially in postdiagnosis state.
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Observational, in vitro, and in vivo studies on nutraceuticals effects and pos-
sible mechanism on breast cancer risk prevention and progression are given in 
Tables 5.1 and 5.2.
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Cancer is a disordered condition between cell proliferation and cell death. Factors have 
been identified that are involved in the process of invasion and metastasis of tumors 
and cause resistance to treatment. A huge effort has been made in the past 20 years to 
provide the data to design more effective, individualized, and target-oriented advance 
treatment strategies. Regardless of the development of various new treatment regimes, 
cancer still causes a large number of deaths in the United States, according to the 
American Cancer Society  [1]. It  is now concluded by various studies that lifestyle 
is a major factor behind 90%–95% of all cancers, whereas faulty genes are involved 
in 5%–10%. A number of research studies have shown that inclusion of foods rich in 
fruits and vegetables decreased the occurrence of cancer. As per the studies, nutrition 
could prevent a large number of cancer deaths and a great likelihood of certain cancers 
could be avoided by dietary modifications [2]. The roles of dietary agents and lifestyle 
have already been studied for various cancers such as colorectal, skin, prostate, breast, 
ovarian, cervixal, vaginal, lung, and gastrointestinal tract [4].

It  is concluded by studies that occurrence of cancer can be controlled by 
 improving diet, quitting tobacco use, regular exercise, and maintaining body weight. 
Pharmaceutical companies and various research centers have been working to 
develop multitargeted therapies. Various nutraceuticals have properties to act as mul-
titargets. In addition, they are cost-effective, safe, and readily available [3]. There are 
some nutraceuticals that are in clinical trials, but various other nutraceuticals have 
got approved for clinical use [4].

6.1 GYNECOLOGICAL MALIGNANCIES

Gynecologic cancer is an uncontrolled cell growth and distribution of abnormal cells 
that spreads from the reproductive organs. There are various kinds of gynecological 
cancers, which include cervical cancer, cancer of the cervix, ovarian cancer, gesta-
tional trophoblastic disease (GTD), primary peritoneal cancer, fallopian tube cancer, 
uterine/endometrial cancer, vaginal cancer, and vulvar cancer, that are the cause of 
not only mortality in cancer but also morbidity all over the world. The fallopian tube 
cancer, choriocarcinomas, vaginal cancer, and vulvar cancer are quite rare, but rela-
tively common cancers are ovarian cancer, cervical cancer, and endometrial cancer. 
The third very common cancer in women around the world is cervical cancer, the first 
two are breast and colorectal cancers; overall, it is the seventh most common cancer. 
Less-developed regions of the world reported greater than 85% of the total cases of 
cervical cancer globally and 13% of all cancers in women [5]. Regular screenings 
and self-examinations can detect these cancers in their early stages, which improves 
the chances of successful treatment and complete cure [6].

6.2 CERVICAL CANCER

Adenocarcinoma and squamous cell carcinoma (SCC) are the two main histologi-
cal types of cervical cancers present. The large number of cervical cancer cases are 
associated with HPV types (the human papillomavirus types 16, 18, 31, 33, 35, and 
more); worldwide, the persistent infections with HPV16 and 18 cause about 70% of 
total cervical cancers [6]. Other carcinogenic exposures to the cervix are exposure to 
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diethylstilbestrol, use of oral contraceptives combined with estrogen and progestogen, 
HIV1 infection, and tobacco smoking. In general, the cervical cancer can be controlled 
through early detection, supported by Pap test or an HPV test. Cervical cancer can 
also be prevented by HPV vaccines. Current line of treatment for cervical cancer is 
Papanicolaou test (PAP test) and it is used to detect potentially precancerous and can-
cerous processes in the cervix. In late stages, chemotherapy for, for example, cisplatin 
and topotecan, radical trachelectomy, and/or radiation therapy as radioactive implants 
are used. In addition, pelvic exenteration is also done, where the urinary bladder, ure-
thra, rectum, and anus are removed, if radiation therapy leaves cancer in pelvic [7].

6.3 UTERINE CANCER

Postmenopausal women get affected more often with endometrial cancer. The his-
tological subtypes of endometrial cancer are of epithelial origin, which are further 
categorized as Type I, adenocarcinomas of endometrioid type, or Type II, adenocar-
cinomas of nonendometrioid type. Type I endometrial cancer is typically hormone 
sensitive and common in women exposed to estrogens unopposed by progesterone. 
Type II endometrial cancer generally originates from atrophic endometrial tissues, 
with poor differentiation. It is not linked with estrogen or progestogen stimulation 
and shows high chances of metastasis [8]. Estrogen and estrogen–progestogen hor-
mone replacement therapy is one of the major causes of uterine cancer [9]. Current 
line of treatment for uterine cancer is surgery, radio- and chemotherapy, which can 
be used separately or in combination. In surgery, salpingoophorectomy, laparoscopic 
surgery, supracervical hysterectomy, total, and radical hysterectomy can be impli-
cated. The commonly used chemotherapeutic drugs in uterine cancers are carbopla-
tin, cisplatin, doxorubicin, and paclitaxel [8].

6.4 OVARIAN CANCER

According to the American Cancer Society, ovarian cancers are the cause for more 
deaths among all gynecological cancers. Ovarian cancers are classified as per the cell 
types they originate from: about 90% from epithelial cells, 5% from stromal cells, and 
less than 5% from germ cell. Estrogen by hormone replacement therapy and smok-
ing tobacco are one of the major causes for epithelial ovarian cancer. Estrogen by 
hormone replacement therapy and smoking tobacco are one of the major causes for 
epithelial ovarian cancer, especially in individuals who are carrier of mutant BRCA1/
BRCA2 genes [9]. Current line of treatment for ovarian cancer is treatment by using 
surgery and targeted therapy. Radiotherapy is not much significant, while chemother-
apy consists of paclitaxel combined with carboplatin, bleomycin, cisplatin, etoposide, 
bevacizumab, docetaxel, liposomal doxorubicin, gemcitabine, and topotecan [10].

6.5 VAGINAL, VULVAR, AND FALLOPIAN TUBE CANCER

Some rare gynecological cancers are vaginal and vulvar cancers. Ninety percent of 
vaginal and greater than 50% of vulvar cancers are linked to HPV infection, simi-
lar to cervical cancer. HPV vaccines can be useful for preventing vaginal and vulvar 
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cancers. Clear cell adenocarcinoma caused by diethylstilbestrol in the vagina of in 
utero exposed women [11]. Prior or simultaneous gynecological cancers can be the 
risk factor for women who have been pre exposed to pelvic irradiation [9,12]. Current 
line of treatment to manage the vulvar cancer is radical vulvectomy. Other procedures 
available for vaginal cancers surgery are radical hysterectomy, upper vaginectomy, and 
pelvic lymphadenectomy [13]. For vaginal and vulvar cancers, the most used chemo-
therapeutic agents are cisplatin, paclitaxel, and 5-fluorouracil (5-FU). In the first tri-
mester of pregnancy, while organogenesis progresses, these agents cause miscarriage 
or structural abnormalities in fetus [14]. The use of brachytherapy (by using radioactive 
implants) is suggested in primary vaginal cancers to avoid radiotherapy during preg-
nancy because of the risk of detrimental effects [7,15]. In case of fallopian tube cancer 
too, surgery is the first line of effective treatment with the removal of uterus and ova-
ries, fallopian tubes, adjacent lymph nodes, and surrounding tissues. The use of radio-
therapy is rare; however, chemotherapy can begin with carboplatin and paclitaxel [7].

6.5.1 hydatidiforM Mole

It  is a growth of an abnormal fertilized egg or an overgrowth of tissue from the 
placenta; common in young age, the symptoms of hydatidiform mole (HDFM) are 
feeling pregnant, severe nausea, vomiting, vaginal bleeding, sepsis, shock, and pre-
eclampsia, or eclampsia are the symptoms in HDFM. It may metastasize to other 
parts of the body. Current line of treatment is surgery, hysterectomy, and chemo-
therapy with methotrexate and/or dactinomycin, etoposide, methotrexate, cyclophos-
phamide, actinomycin-D, vincristine, and oral contraceptives [10].

6.5.2 physiological MechanisM of gynecological cancers

There are various ways of defining the proliferation of gynecological cancers: the hypo-
thalamic decapeptide luteinizing hormone-releasing hormone (LHRH) plays a key role 
in the control of mammalian reproduction by stimulating the synthesis and release of 
luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Probably the phys-
iology of LHRH contributes to a number malignant tumor such as breast cancer, ovary, 
endometrium, and prostate cancer [16,17]. In addition, specific binding sites with high 
affinity for LHRH and the mRNA expression for the pituitary LHRH receptor have 
been reported in breast, endometrial, and ovarian cancer cell lines, which is confirmed 
by the biopsy specimens [18,19]. Analogues of LHRH, whether agonistic and antago-
nistic, inhibit the multiplication of breast, endometrial, ovarian cancer cell lines, which 
express LHRH receptors. The LHRH receptor interacts with the MAP kinase pathway 
and causes the reduction in cancer cell proliferation. In addition, LHRH sensitizes the 
nuclear factor kB and prevents the apoptosis in the cancer cells [17].

6.5.3 nutraceuticals

One of the definition of A nutraceutical is “any nontoxic food component that has scien-
tifically proven health benefits, including disease treatment or prevention” [20]. Stephen 
DeFelice, who was the founder of Foundation for Innovation in Medicine (FIM), 
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New Jersey, USA, had originally coined the term “nutraceuticals” in the 1989  [21]. 
The term refers to the bioactive components that may be found in normal foods, enriched 
foods, and dietary supplements and has since been used to describe a wide variety of 
nonpharmaceutical compounds that may have an impact on health and disease states, 
general well-being, and performance. Nutraceuticals are commonly used synonymously 
for designer foods, health foods, fortified foods, medifoods, vita foods, pharma foods, 
functional foods, and dietary supplements. The term is vaguely explained and utilized 
by users, producers, and even healthcare personnel to refer to variety of compounds, 
including substances from natural sources, dietary supplements, plant extracts, phytonu-
trients, vitamins and minerals, and even (modified) whole foods [22].

6.5.4 classification

Although there are several systems for classification of nutraceuticals, they are 
mostly classified on the basis of their natural source such as plants, animals, min-
erals, or microbial sources, as per chemical composition or the pharmacological 
aspects of the products. The  nutraceuticals can be obtained from various natural 
food sources and can be classified as probiotics, dietary fiber, polyunsaturated fatty 
acids, prebiotics, antioxidant, polyphenols, vitamins, and spices [23]. On the basis 
of chemical constituents, nutrachemicals can be categorized as nutrients, including 
vitamins, minerals, amino acids, and fatty acids, which have established nutritional 
functions; herbals, concentrates or extracts obtained from herbs or botanical prod-
ucts; and dietary supplements, substances obtained from other sources having spe-
cific functions such as nutrition for sports, fortified conventional foods, supplements 
for weight loss, and meal replacements, for example, pyruvate, chondroitin sulfate, 
and steroid hormone precursors [24].

A  large number of nutraceuticals ingredients have been identified. Some very 
important nutraceuticals ingredients include are quercetin, silibinin, allicin, butein, 
resveratrol, catechin gallate, capsaicin zerumbone, fisetin, epigallocatechin gallate 
(EGCG), sulforaphane, berberine, curcumin, gambogic acid, plumbagin, apigenin, 
caffeic acid, sanguinarine, flavopiridol, taxol, genistein, γ-tocotrienol, and celastrol. 
These have shown positive effects in relation to the specific processes involved in 
tumor formation, survival, proliferation, invasion, angiogenesis, and metastasis of 
cancer tumors.

Chronic inflammation is one of the components for tumor growth, and NF-kB 
is a chief inflammatory transcription factor known to play a key role in tumor cell 
development; therefore, it is important to know that how a nutraceutical can sensi-
tize NF-kB and can thus affect tumor growth [4]. Dietary supplements are products 
that tend to complete the daily nutritional requirement and do not cure a disease, 
whereas nutraceuticals have more pronounced outcomes of either preventing or treat-
ing a disease [24,25]. The dietary phytochemicals intervene with cell multiplication 
and regulation by involving in multiple communication pathways involved in tumor 
initiation, growth, and propagation [25,26]. The significance of polyphenols in the 
treatment of different types of cancers are already established [27]. Green tea poly-
phenols and curcumin are the most frequently studied dietary compounds in human 
and animal cervical cancer cells [6–28].
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6.5.5 nutraceuticals in cancer prevention

Soy protein intake is inversely associated with breast cancer recurrence and mor-
tality  [29]. Similarly, in mice models, soy milk treated with various bacterial 
strains inhibited the ER-positive MCF-7 breast cancer [30]. Another compound 
found in plant cell membranes is phytosterols, which increase the antioxidant 
enzyme activity and inhibit carcinogen, ROS, and proinflammatory cytokine pro-
duction, so they are antiangiogenic [31]. Phytosterols are proapototic by increasing 
caspase-3 and mitogen-activated protein kinase enzymes, decreasing prostaglan-
din series 2, Bcl2, phosphotidyl inositol-3-phosphate kinase, and protein kinase 
B [31]. Berries such as raspberries and strawberries containing polyphenols are 
antiestrogenic and modulate breast cancer development pathways from adoles-
cence through late menopause, including growth factor receptor (GFR) activa-
tion [32]. Another set of agents such as apigenin- and luteolin-rich celery heart, 
parsley, and thyme; quercetin-rich apple and onion; EGCG and ellagic acid-rich 
green tea; ellagic acid-rich freeze-dried organic berry; genestein-rich soybean; 
curcumin-rich turmeric; and oridonin-rich Rabdosia rubescens would be recom-
mended as part of an ovarian cancer prevention diet [33]. A diet high in carot-
enoids, fiber, lignans as coffee, carrots, cucumbers, and strawberries, poultry, and 
stigmasterol are known to be chemoprotective for ovarian cancer [34]. In agree-
ment with this result, researchers have analyzed that a diet rich in vegetable, fruit, 
nut, fish, and unsaturated fats; moderate alcohol; and diet with low amount of 
meat, dairy, cereals, and potatoes can reduce endometrial cancer risk [35]. Green 
Tea, is studied as a complimenting ingredient for preventing side effects due to 
chemotherapy in breast cancer, fibrosarcoma, gastric cancer, glioblastoma, head 
and neck cancers, neuroblastoma, and prostate cancer. It is reported that it inhib-
its VEGF, NF-kβ, c-fos, and cyclinD1 promoter activity, Bax, and stabilizes p53 
due to polyphenols present in the green tea. The combination of EGCG 200 mg, 
epigallocatechin 37 mg, and epicatechin 31 mg, as an oral capsule and/or vaginal 
ointment, achieves a mean 69% clearance of HPV-related cervical lesions [36]. 
Kaemferol, a flavanol polyphenol, is chemopreventive for ovarian cancer through 
COX-2 and IL-4 inhibition, Src kinase suppression, and NF-kβ downregula-
tion [37]. Oleanolic acid, a pentacyclic triterpene found in apples, dates, etc., has 
shown in  vitro antiproliferative potential against breast cancer and melanoma 
cell lines as MCF-7, MDA-MB-231, and Hs578T by increasing AMPK expres-
sion, upregulating p53 and p21WAFI/CIP1 expression, while downregulating 
ERα expression, inhibiting mTORC1, mTORC2, regulatory-associated protein 
of mTOR (RAPTOR), rapamycin-insensitive companion of mTOR (RICTOR), 
and mTOR/ FRAP1 [38]. Oleanolic acid also inhibits MDA-MB-231 cell inva-
sion and migration by decreasing breast tumor kinase (Brk), paxillin, and Ras-
related C3 botulinum toxin substrate 1 phosphorylation  [38]. Curcumin is a 
cervical cancer chemopreventive for 25% of women. Vaginal capsules and vagi-
nal cream have been tried with 81.3%–87.7% HPV clearance rates, respectively. 
The cruciferous indole I3C and its metabolite DIM promoted beneficial estrogen 
metabolism, in turn protecting against estrogen-enhanced breast, cervical, and 
endometrial cancers [39,40].
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6.6  REGULATION AND MECHANISM OF INFLAMMATORY 
PATHWAYS AND NUTRACEUTICALS

The tumor initiation and progression is proved to be associated with inflammation. 
Much support has emerged, pointing that proinflammatory transcription factor, 
nuclear factor-kappa B (NF-kB) is one of the very important connections between 
inflammation and cancer.

NF-kB as a nuclear factor was found to bind to the enhancer element of the immu-
noglobulin kappa light chain of activated B cells (hence abbreviated NF-kB) [41]. 
The  five members of NF-kB group of proteins identified are RelB, p65 (RelA), 
NF-kB1 (p105/p50), NF-kB2 (p100/p52), and c-Rel [42–45]. The expression of genes 
involved in the various processes of transformation and development of tumor cells 
is regulated by the transcription factor NF-kB by various proinflammatory stim-
uli such as TNF-α, lipopolysaccharide, IL-1b, and oxidative stress, which induce 
expression of multiple genes encoding proinflammatory cytokines, growth and 
angiogenic factors, chemokines adhesion molecules, such as ICAM-1 and e-selectin 
VCAM-1, and inducible enzymes like iNOS and COX-2 [46]. The apprehension that 
the c-rel, which is a cellular homologue of the oncogene v-rel, encodes for a NF-kB 
subunit and binds to the same DNA  binding domain has given the first proof of 
link between NF-kB and cancer  [47]. In  addition, the detection of active NF-kB 
in cancer tissues of the patients, including those with lymphoma and leukemia and 
cancers of breast, prostate, pancreas, oral cavity, colon, liver, and ovary support the 
link between NF-kB and cancer [48]. All these point to the relevance or importance 
of NF-kB pathway in cancer, and so this pathway has been manifested as a favored 
target for therapeutic development.

6.6.1 nf-κB in ovarian cancer initiation and progression

The  various inflammatory processes such as repeated ovulation, endometriosis, 
and pelvis infections are associated with carcinogenesis in the ovary. NF-kB is the 
molecular link between inflammation and cancer [49]. Various important processes 
involved in the tumor growth and proliferation like activation of the genes involved 
in the progression of cell cycle and antiapoptotic genes [50], secretion of growth-
enhancing factors such as interleukin (IL) 6 and tumor necrosis factor (TNF) α [49], 
and enhanced production of IL-8 and VEGF, which promotes a proangiogenic envi-
ronment [51], are controlled by the NF-kB group of proteins. Inhibition of NF-kB 
activates the growth of ovarian cancer cell line derived from a papillary serous car-
cinoma, and inhibition in endometrial tissue results in an increased growth rate of 
ovarian tumors [52].

6.6.2 nf-κB signaling network in cervical cancer

There is a link between various types of human papillomavirus (HPV) and cervical 
cancer. The inhibitory activity for the replication of the virus triggered by the immune 
system is terminated by the downregulation of NF-kB by the virus, which, in turn, 
leads to a state of persistent HPV infection. In solid tumors, mutations in the NF-kB 
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gene are not a common phenomenon, but elevated NF-kB signaling is visualized as 
a result of mutations of active signaling molecules such as EGFR, RAS, HER2, and 
PGF. The stimulation of transcription of genes regulating proliferation like c-myc 
and cyclin D1 genes involved in metastasis and VEGF-dependent angiogenesis can 
be induced by NF-kB. A link between the NF-kB signaling pathway and mutagenic 
characteristic of cervical cancer is provided by the fact that NF-kB sensitization can 
also result in the expression of cytidine deaminase (AID) and the APOBEC proteins 
((“apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like”) is a family 
of evolutionarily conserved cytidine deaminases)  [53]. A tumor-activating role for 
NF-kB in cervical cancer is suggested, as there is a downregulation in the antipro-
liferative functions of the NF-kB pathway during cervical cancer progression and 
shows protumorigenic effects [53].

6.6.3 nf-κB regulate the proliferation of endoMetrial cancer cells

The role of NF-kB in this cancer is almost the same as that in ovarian and cervical 
cancers, as it also regulates the endometrial cancer cell proliferations [54].

6.6.4 nf-κB signaling pathway

During the resting state, NF-kB remains in the cytoplasm as a heterotrimer consisting 
of 2 subunits p50 and p65 and an inhibitory subunit IkBα. The IkBα protein under-
goes a process of phosphorylation, then ubiquitination, and degradation, thereby 
releasing p50 and p65 subunits, which are then moved to the nucleus and the tran-
scription process is initiated as they recognize and bind to specific DNA sequences 
present in the promoter region of various genes. NF-kB communication pathway 
includes the involvement of a number of proteins [4].

6.6.5 anticancer activity By nf-κB inhiBitors

An interruption in the NF-kB activation pathway results in anticancer activity and 
more than 700 compounds having the potential to reduce this NF-kB pathway are 
reported, which includes, small DNA/RNA, peptides, antioxidants, microbial and 
viral proteins, engineered and active polypeptides, and small molecules [55]. During 
the past two decades, there have been many research studies showing that nutraceuti-
cals exert their antimalignant activity by inhibiting the NF-kB signaling pathway [4].

6.6.6 nutraceuticals as nf-κB inhiBitor

Curcumin is found to be a potent inducer of apoptosis in cancer cells by inhib-
iting the NF-kB activation. Through the downregulation of NF-kB-inducing 
kinase and IkB kinase (IKK), curcumin acts by inhibiting IkB degradation. By 
suppression of the IkBα phosphorylation and subsequent degradation, curcumin 
also represses the TNF-α-induced nuclear translocation and DNA  binding of 
NF-kB in a human myeloid leukemia cell line [56]. In humans, many myeloma 
cells and melanoma cells in murine, it is reported that curcumin has shown the 
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decrease in IkBα phosphorylation through oppression of IKK activity, which 
is involved in its proapoptotic, antiproliferative, and antimetastatic activities. 
Guggulsterone, which is obtained from the Commiphora mukul tree, exerts the 
anticancer activity by suppressing the activation of NF-kB through the suppres-
sion of IkB kinase-dependent IkBα degradation [57]. A phytoalexin, resveratrol, 
present in grapes has been reported to possess anticancer activity and shown to 
induce apoptosis in tumor cell lines and suppress constitutive NF-kB in human 
breast cancer MCF-7 cells. The preponderance of evidence has shown chemopro-
tective and chemopreventive effects of capsaicin, from the pepper, Caffeic acid 
phenethyl ester, which is obtained from propolis, sanguinarine, a quaternary 
ammonium salt from plants like bloodroot (Sanguinaria canadensis), Mexican 
prickly poppy, Argemone mexicana, Chelidonium majus, and Macleaya cordata, 
and emodin, an active ingredient in the root and rhizome of Rheum palmatum 
(Polygonaceae) and aloe vera, by blocking the degradation of IkBα, which may 
happen in response to various factors like TNF, interleukin (IL)-1, phorbol ester, 
or okadaic acid stimulation [4,58].

Another nutraceutical, gallic acid, which is obtained from gallnuts, green tea, 
oak bark, and sumac, was recently explained to possess antihistone acetyltransferase 
activity by downregulating NF-kB activation by possessing the antihistone acetyl-
transferase activity [59]. Thus, nutraceuticals evince their anticancer effect by block-
ing some steps in this signaling pathway like the suppression of IkB kinase activity, 
nuclear translocation of p65, phosphorylation of IkBα, acetylation of p65, and p65 
DNA binding [4].

6.7  REGULATION OF TUMOR CELL 
DEVELOPMENT BY NUTRACEUTICALS

The human body is furnished with several mechanisms, whereby it eliminates unnec-
essary, injured, misplaced, and aged cells from the body and maintains the homeo-
stasis. Caspases, proapoptotic factors, cytochrome c, antiapoptotic Bcl-2 (B cell 
lymphoma) family proteins, and Apaf (apoptotic protease activating factor)-1 are 
the array of proteins involved in the pathway. Activation of caspases, induction 
of proapoptotic proteins, and downregulation of antiapoptotic proteins are some 
of the most common ways by which nutraceuticals hinder the survival of tumor 
cells. Through a casp-3-dependent increase in apoptosis, acetoxychavicol acetate 
derived from Alpinia galanga belonging to the Zingiberaceae family decreased 
the  viability of cancer cells in breast-tumor-derived MCF-7 and MDA-MB-231 
cells [60]. The gambogic acid, a xanthonoid that is derived from the brownish or 
orange resin from Garcinia hanburyi, produces its effect through upregulation of 
p53 and downregulation of Bcl-2 and thus inducing apoptosis in MCF-7 cancer 
cells [61]. Through upregulation of death receptors (DRs), some nutraceuticals have 
been shown to induce apoptosis. In human breast cancer cells, celastrol, the root 
extract of Tripterygium wilfordii and Celastrus regelii, through the downregulation 
of cell survival proteins and upregulation of death receptors 4 and 5, potentiates 
TRAIL-induced apoptosis [4,62].
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Majority of nutraceuticals with antioxidant activity inhibit NF-kB-regulated anti-
apoptotic proteins target by inhibiting NF-kB activation. Garcinol causes apoptosis 
in human breast carcinoma, MDA-MB-231 and MCF-7, cells through the  activation 
of caspase and NF-kB-regulated genes down  regulation  [63]. γ-Tocotrienol, 
 acetoxychavicol acetate, evodiamine, thymoquinone, noscapine  have shown inhibit-
ing plumbagin-induced apoptosis with related  inactivation of DNA   binding activ-
ity of NF-kB and Bcl-2 in breast tumor cells [64]. Isodeoxyelephantopin,  anacardic 
acid, indirubin, coronarin D, β-escin, and withanolides, are some of the most popular 
among nutraceuticals reported to have  antioxidant activities for cancer treatment [4].

The cancer cells have abilities to produce their own development signals and resist 
inhibitory signals to promote their growth, and nutraceuticals have shown to regu-
late the tumor cell proliferation by manipulating this ability of cancer cells [65]. Cell 
growth is mainly restricted by cell cycle regulators like cyclins and cyclin-dependent 
kinases (CDKs). CDK becomes active only when cyclin binds with it, whereas p21 
and p27 act as CDK inhibitors (CKIs) preventing CDK activity and preventing cell 
cycle progression. The transition of G1 to S phase and cell cycle succession at the G1 
phase is controlled and blocked in response to DNA damage by the well-characterized 
tumor suppressor p53 [65]. Most of the nutraceuticals inhibit the transition of malig-
nant cells from the G1 to S phase by acting through the tumor suppressors p53 or Rb. 
Acetyl-keto-beta-boswellic acid was shown to inhibit cellular proliferation in colon 
cancer by affecting the cell cycle at the G1 phase by decreasing the expression of 
cyclin D1, cyclin E, CDK-2, CDK-4, and pRb and increasing the expression of p21. 
In  breast cancer cells, a derivative of rotenone, deguelin, evinced an antiprolifera-
tive effect by blocking cells at the S phase [66]. Through the decrease in free E2F-1 
and pRb, an increase in Rb and arrest of cell cycle in the G1 phase, sulforaphane, a 
compound obtained from cruciferous vegetables such as broccoli and cabbages, was 
shown to suppress the proliferation of cells in epithelial ovarian cancer. There  are 
few nutraceuticals that regulate the proliferation of tumor cells by targeting one or 
more steps in the activation of NF-kB. Another study demonstrated that the antiprolif-
erative activity of curcumin was associated with a decrease in cyclin-D1 and CDK-4 
 expression in breast tumor cell lines BT-483 and MDA-MB-231 [4].

6.8  NUTRACEUTICALS IN REGULATION 
OF CANCER CELL INVASION

Cancer cell invasion and metastasis are interconnected processes. Nutraceuticals are 
natural bioactive products and have shown to suppress cancer cell invasion and metas-
tasis by targeting many molecules. S-Allylcysteine and S-allylmercaptocysteine, 
obtained from garlic, have been shown to suppress the growth and ability to invade 
invasive prostate cancer cells, which are androgen-independent, by the reinstatement 
of E-cadherin expression. Acting through the HER2/HER3/PI3K/AKT pathway, 
apigenin, a flavone class, shows its importance in inhibiting the adhesion and motil-
ity of transformed cells in breast carcinoma [4,67].

Recent studies showed that a polyphenolic compound (Butein) obtained from the 
bark of the stem of cashews inhibited migration and invasion of the cancer cells through 
various signaling pathways like NF-kB and ERK-1/ERK-2 in tumor of bladder [4].
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The chemokine receptor CXCR4, with its unique ligand, CXCL12 (CXC chemo-
kine ligand 12), performs an important function in the metastasis of breast tumor 
cells. Antimetastatic ability of MCF-7 and MDA-MB-231 breast cancer cells shown 
by 3,3′-diindolylmethane through lowering CXCR4 and CXCL12 levels. C-erbB-2 
is a chief molecule for metastasis in breast cancer. The overexpression of c-erbB-2 
results in increased MMP secretion and is correlated with its metastatic potential in 
breast tumor cells [4]. The secretion of MMP-9 and MMP-2 in the breast carcinoma 
cells was found to be inhibited by flavopiridol and connected with major downregu-
lation of c-erbB-2 and inhibition of cell invasion [4]. Ganoderic acids isolated from 
Ganoderma lucidum inhibit the invasion of breast tumor cells by suppressing AP-1 
and NF-kB activity and thereby inhibiting u-PA secretion [4]. Genistein suppresses 
the secretion of urokinase plasminogen activator (u-PA) from tumor cells inhibited 
by suppressing the transcriptional activity of NF-kB and AP-1 and thus prevents the 
cell adhesion by vitronectin (VTN, which promotes the cell adhesion by binding 
to the integrin alfa-V beta 3) and cell migration of invasive breast tumor cells [4]. 
Sanguinarine, by decreasing the activity of MMP-2 and MMP-9, suppressed the 
invasive behavior of MDA-MB-231 human breast cancer cells. A Southeast Asian 
ginger sesquiterpene, zerumbone downregulates the expression of the chemokine 
receptor on HER2-overexpressing breast tumor cells in a time- and dose-dependent 
manner [4].

The major events involved in the angiogenic surge of tumor growth include the dis-
charge of angiogenic factors, the binding of the released factors to receptors on ECs, 
activation of EC, proteases-mediated degradation of the basement membrane, and 
migration and proliferation of ECs, and are finally or dered into a new arrangement 
of blood vessels  [4]. Vascular endothelial growth factor (VEGF), platelet-derived 
growth factor (PDGF), fibroblast growth factors (FGFs), epidermal growth factor 
(EGF), ephrins, angiopoietins, endothelins, integrins, cadherins, and notch are the 
major signaling mediators involved [4]. By affecting various steps in the  signaling 
pathway, many nutraceuticals have shown to exhibit angiogenesis- modulating 
 properties. Antiangiogenesis efficacy of alliin, a constituent of fresh  garlic, was 
demonstrated in a chick chorioallantoic membrane (CAM) model through its ability 
to suppress FGF-2-mediated human endothelial cell (EC) tube formation and angio-
genesis. An active compound obtained from Gamboge hanburyi, gambogic acid 
inhibited angiogenesis in human umbilical vein endothelial cells (HUVECs) and 
human prostate cancer cells (PC3) by suppressing activation of VEGF receptor 2 and 
downstream kinases such as FAK, c-Src, and AKT [68]. Resveratrol has been shown 
to have the potential to suppress the formation of new blood  vessels in animals. 
Through suppression of phosphorylation of MAPK in ECs, it can directly inhibit 
capillary endothelial cell growth and block angiogenic responses mediated through 
VEGF and FGF receptors  [4]. Rosmarinic acid (RA) is a water-soluble polyphe-
nolic compound with antioxidant and anti-inflammatory properties. Antiangiogenic 
potential of RA is associated with its ability to decrease the ROS level within the 
cell, reduce H2O2-dependent VEGF expression, and reduce IL-8 release of ECs [4]. 
Sanguinarine exhibited antiangiogenic activity through downregulation of VEGF-
induced AKT activation and in doing so it suppresses the proliferative effect of 
VEGF on ECs [4].
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6.9 NUTRACEUTICALS: ADVERSE EFFECTS

Integrative medicine synergism raises conventional cancer treatment efficacy. 
However, nutraceuticals can also negatively affect conventional cancer treatment. 
For instance, antioxidant harm has been substantiated for smokers receiving radio-
therapy. Lung and prostate cancer risk is significantly raised by vitamin E and high 
dose of β-carotene. Genistein can be proestrogenic in breast cancer, so it should be 
avoided by breast cancer patients. The antiestrogens anastrazole, exemestane, letro-
zole, and tamoxifen were used by 38% of Scottish breast cancer patients along with 
chamomile, echinacea, garlic, ginseng, grapefruit, pomegranate, or peppermint, all 
of which affect cytochrome P450 (CYP450) [69]. Ellagic acid is a CYP450 inhibitor 
capable of reducing anastrazole, exemestane, letrozole, imatinib, and irinotecan lev-
els, while increasing tamoxifen levels. Cell repair, including poly ADP-ribose poly-
merase 1 (PARP-1)-mediated cell repair and signaling pathways, can be negatively 
affected by nutraceuticals. Some studies found that integrative medicine use was 
significantly associated with increased vaginal dryness, fewer hot flushes, and more 
uncategorized adverse effects. Minor adverse effects associated with polyphenols 
are abdominal pain, diarrhea, fatigue, insomnia, and nausea. Adverse effects can be 
dose and comorbidity dependent [40].

6.10  ROLE OF NUTRACEUTICALS IN PREVENTING 
THE ADVERSITY OF CANCER TREATMENT IN 
MAJOR GYNECOLOGICAL CANCERS

Nutraceuticals and phytochemicals play a role in preventing and limiting the adverse 
sequelae of chemotherapy and radiotherapy, without reducing the chemotherapeutic 
and radiotherapy effectiveness [40].

The compounds acting as potential inhibitors of breast cancer include derivatives 
of allium, β-carotene, and other carotenoids, dried green coffee, catechin, dithi-
olthiones, curcumin, coumarin glucosinolates and indoles, isolavones, d-Limonene, 
glycirrhizic acid, kahweol palmitate, lignans, orange oil, protease inhibitors/
Bowman–Birk inhibitor (BBI), selenium/organoselenium compounds, and rosemary 
extract [70]. Green tea bromelain, curcumin, coenzyme Q10, intravenous artesunate 
and melatonin, ascorbic acid, vitamin D3, mistletoe injections, Trametes versicolor 
mushroom, and Wobenzyme TM digestive enzymes are some of the agents used in 
the treatment of advanced breast cancer, but the factor that limits the use is that it is 
a costly affair [71]. In murine studies using BITC (benzyl isothiocyanate) has shown 
that by p53-LKB1 and p73-LKB1 (LKB1 is a mediator of p53 and p73 death path-
ways) pathway activation, which enhances p53 signaling, BITC could inhibit MCF7, 
a breast cancer cell line, and HBL-100, an epithelial cell line from human milk. 
In breast cancer cells, it was demonstrated that BITC increases p53, Erk, and cyclic 
adenine monophosphate-response element-binding protein (CREB) phosphoryla-
tion, whereas it decreases phosphorylation of Akt [71].

Caffeic acid phenethyl ester from propolis has strong cytotoxicity against Hs578T 
and MDA-MB-231 breast tumor cells [71]. Caffeic acid phenethyl ester by NF-kβ 
inhibition induces caspase-3  dependent apoptosis, prevents cell proliferation, and 
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also increases the Bcl-2:Bax ratio. Curcumin and sulforaphane also exhibit antipro-
liferation action on breast cancer cells by modulating HDACs. Moderate cytotoxic 
effect was shown by triterpenoids obtained from bitter gourd to MDA-MB-231 and 
MCF-7 breast tumor cells. Triterpenoids of bitter gourd have number of mechanisms 
including caspase-dependent apoptosis, downregulation of Akt-NF-kB signaling, 
activation of protein kinase by p38 mitogen, and upregulation of p-53, generation 
of ROS and increased cytoprotective autophagy, and decreased expression of his-
tone deacetylases (HDACs) protein. In  some other cases, they act by modulation 
of apoptotic peroxisome proliferator-activated receptor (PPAR) γ-targeted gene 
products [71,72].

In murine studies, inhibition of triple-negative breast cancer (TNBC) cell lines 
HCC1806 and HCC1937 was brought about by a synthetic analogue of oridonin 
(obtained from Rabdosia rubescens), CYD-6-28. CYD-6-28 induces cleavage of 
p21, Erk, PARP, caspase-3, -7, -8, and arrest of cell cycle at G2/M-phase and causes 
apoptosis mediated by death receptor 5 (DR5). CYD-6-28 is also shown to have the 
potential to inhibit Akt, cyclin D1, FLIPL, STAT3, and XIAP. Phaleria macrocarpa 
(Scheff.), one of the Indonesian traditional medicine, has lavonoid, lavonol, saponin, 
phenol, and terpenoid as its derivatives. Methanol extracts of P. macrocarpa have 
strong cytotoxic effect, which is comparable to standard gallic acid. Gallic acid is 
proven to be cytotoxic to the transformed cell lines of breast, cervix, esophageal, 
colon, brain, and gastric cancers. Through induction of ROS, the ethanolic extract 
obtained from mango seed may be apoptotic to the MCF-7 cells. Lavone, chloro-
form-extracted luteolin from Eclipta alba (Bhringraj), showed selective activation 
of intrinsic apoptosis, caspase-9 inhibition, sensitization of heat shock protein 60 
(Hsp60), a proapoptotic molecular chaperone, and downregulation of antiapoptotic 
protein XIAP in MDA-MB-231 and MCF-7 cells [71].

6.10.1 cervical cancer

In U14 cervical carcinoma cells in mice exposed to betulinic acid as a food sup-
plement have shown antitumor activity. Ethanolic extract of Conium maculatum 
(hemlock) inhibits the proliferation of cells within 48 hours by arresting the cell 
cycle at sub-G stage. Methanol extracts and ethyl acetate of M. pajang kernel and 
chloroform and crude petroleum ether extracts of the stem bark, respectively, have 
produced strong cytotoxic activity against the HeLa cervical carcinoma cell line 
[72]. Oridonin has the potential to inhibit the P13K-Akt pathway in HeLa cell line. 
Emodin and curcumin have the ability to downregulate P-Smad3, Smad4, and TGF-
β receptor II, which, in turn, suppress the migration and invasion induced by TGF of 
cell lines in HeLa and SiHa cervical cancers [71]. Curcumin and emodin suppresses 
the CyclinD1, p15, p16, p21, p27, CDK6, and Pin1 expression by upregulating the 
Bax:Bcl-2 ratio, thereby suppressing the Wnt/β-catenin in HeLa cells. SiHa cells 
were chosen for TGF-β resistance, as they lack remarkable growth inhibition when 
treated with TGF-β [71].

The phenolic compound naringin changes GM3 ganglioside, thereby affecting 
the signaling of EGFR and resulting in the inhibition of HeLa [71]. Taxifolin from 
Siberian larch is shown to possess a synergistic effect when used with a diterpenoid 
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lactone, andrographolide, against HeLa cells by diminishing protective autophagy 
induced by andrographolide, whereas it increases the mitochondrial outer-membrane 
permeability and also caspase-dependent and -independent cell death. Various stud-
ies have shown that Withaferin A, from Withania somnifera, given in vivo to athy-
mic nude mice models (a murine strain bearing spontaneous deletion in the Foxn1 
gene that causes deteriorated or absent thymus), reduced CaSki–HPV type 16 and 18 
positive cervical tumor cell lines effectively [71].

6.10.2 ovarian cancer

There are different types of ovarian cancer based on the type of cell from which 
they originate, among which epithelial ovarian cancer (EOC) is the most common 
and also the most lethal of all gynecological malignancies. The methanol extract 
obtained from an original Indonesian plant P. macrocarpa has shown excellent 
cytotoxic effect against SKOV-3 cells in ovarian cancer. Withaferin A is a steroidal 
lactone derived from Acnistus arborescens, Withania somnifera, and other mem-
bers of Solanaceae family. It has the potential to downregulate Notch1 and total and 
phosphorylated Akt, Cdc25C, and bcl-2 proteins, thereby inducing early cell death 
by apoptosis and cell cycle arrest at G2/M phase. Thus, it inhibits adenocarcinoma 
cell lines CaOV3 and SKOV3 of the ovary [11,73].

6.11 SUMMARY AND FUTURISTIC VIEWPOINT

Tumor generation is a process that involves multiple steps that are controlled by vari-
ous cell communication pathways and becomes the target or site of action for many 
anticancer agents. Nutraceuticals have the advantages of being inexpensive, safe, 
and readily available and also have multiple targets for their action and has already 
reached from the counter to the bedside in the treatment of many cancers.

However, sufficient consideration must be taken into account to explain the fol-
lowing important points. First, there are various agents that can inhibit and poten-
tiate tumor generation, which depends upon the cell type, stimulus, and NF-kB 
subunit involved it, and induce apoptosis under special circumstances [4]. Second, 
even most of the studies have suggested that nutraceuticals have the ability to selec-
tively destroy the cancer cells; some studies have stated that they can also kill normal 
cells. Third, preclinical conditions, either in vitro or in vivo have only been con-
ducted to determine the efficacy of most nutraceuticals. Whether they have benefi-
cial effects on humans remains a mystery. So far, the success has been restricted to 
a few molecules and to the treatment of few cancers. Fourth, better information on 
the pathways involved in mediating the progression of tumor in various conditions 
is necessary as resistance to chemoprevention is emerging. Fifth, in some instances, 
pathological changes are associated with the disruption of a particular pathway, as 
resveratrol’s antiangiogenic trait affects both pathological angiogenesis and physi-
ological angiogenesis. Sixth, in many cases, it is possible that the effects shown in 
the experimental settings might be due to an intermediate formed during the process 
and not the nutraceutical itself. Finally, the poor bioavailability and low potency of 
these nutraceuticals create further difficulties to the scientists [4].
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Further studies need to be done to determine if the whole plant, the naturally derived 
phytochemical component, semisynthetic phytochemical, or the completely synthetic 
one, has the most efficiency as a nutraceutical. Similarly, the dosage form and the 
route of administration show a lot of variation in effectiveness. The oral bioavailabil-
ity of nutraceuticals is limited due to the effect of many factors, such as hydropho-
bicity of the herbal ingredients and high dose levels. Improving the bioavailability of 
such nutraceutical formulations is a challenge and warrants research in this area [71]. 
Nanoencapsulated EGCG shows more efficacy than nonencapsulated EGCG. Berberine 
and curcumin are most effective in the encapsulated form, while kaempferol signifi-
cantly losses its efficacy when encapsulated. There are trials of withaferin A for the 
treatment of adenocarcinoma of the ovary, and successful in vitro SKOV3 and CaOV3 
ovarian cell line studies are in progress [71]. In order to assess the efficacy and toler-
ability of M. pajang, C. maculatum, tangeretin, EGCG, curcumin, oleanolic acid, res-
veratrol, withaferin A, melatonin enterolactone, tripterine, kaempferol, and 5-AcTMF, 
further trials and studies should be carried out against cancers of breast, colon, blood, 
myeloma, and NSCLC, A549, A375, HeLa, WRL68, and HepG2 cell lines. Some of 
the promising antimetastatic drug candidates like γ-linolenic acid, silibinin, ganoderic 
acids, Ganoderma lucidum polysaccharides cordycepin from Cordyceps millitaris, 
Yangzheng Xiaoji, DME25, and EPA are in various phases of clinical trial [71].

Developing synthetic analogues of nutraceuticals can bring some solution to tackle 
the issues relating to low potency and poor bioavailability. For example, the potency 
of synthetic curcumin analogue EF24 was 10-fold greater than that of natural cur-
cumin [4]. In this context, it is pretty clear that we need even better information and 
understanding of nutraceuticals for their efficacious use in cancer prevention [4].
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7.1 INTRODUCTION

Probiotics are the “live microorganisms” and, of course, nondigestible food ingredient. 
They are given in sufficient quantities to achieve health benefit by selectively exciting 
the growth and activity of restricted bacterial varieties already present in the intes-
tines [1]. They were initially employed to recover the health of animals and humans 
by intonation of the intestinal microbiota [2]. Currently, lactobacilli and bifidobac-
teria strains are used to reduce the risk and treat gastrointestinal (GI) infections [3]. 
Apart from its role in protection of gut, probiotics also exercise other health benefits 
like improvement in lactose intolerance, escalation of humoral immune responses, 
recovery of postmenopausal symptoms by biotransformation of isoflavones, bioactive 
peptides conversions, and dropping serum cholesterol concentrations [4,5]. Prebiotics 
on other hand are the types of dietary fiber which are neither hydrolyzed nor absorbed 
in the GI tract. They selectively induce the population of single or more potentially 
advantageous intestinal bacteria known as probiotics by providing food and creating 
an environment suitable for probiotics to flourish [6]. Some other synbiotics, which 
consist of combination of probiotics and prebiotics, are also used.

7.1.1 the intestinal MicroBiota

The  location of colonization of GI microbiota is accountable for changes in the 
quantity and quality of microbes. There are numerous varieties of commensal bac-
teria residing in intestine. Only 30% of the total microorganisms can be character-
ized by using microscopic observation. With advancement in methods, utilization 
of molecular tools has indicated that the widely held dominant bacteria found in 
fecal microbiota of a person are highly unambiguous to that particular individual. 
As far as the concentration of microbes is concerned, stomach and small intestine 
contain only few species, whereas colon has a multifaceted and active microbial 
ecosystem containing major bacteria up to 1012 CFU·g–1, with small intestine hav-
ing 104 to 107 CFU·g–1, while stomach only has 10 at 102 CFU·g–1. Thus, if the total 
number of intestinal bacteria are considered, they would be 10 times the number of 
bacterial cells in the human body. rRNA sequencing studies have discovered 40,000 
strains of intestinal bacteria, both cultivable and noncultivable [7]. The intestinal 
microbiota genome are estimated to contain 100 times more genes than the whole 
human genome [8]. Thus, intestine displays a symbiotic connection in maintaining 
homeostasis by modifying metabolism, growth, and immunity.

The chief function of the microbiota of intestine is to use energy from the food 
before it is lost through excretion. Some food stuffs like polysaccharides, which are 
unable to get absorbed in the colon, are metabolized by microorganisms, leading to 
the formation of propionate and butyrate, which are short-chain fatty acids (SCFA), 
whose formation is dependent on the availability of various substrates responsible 
for fermentation [9]. SCFA maintains an epithelial layer, which obtains almost 70% 
of its butyrate through oxidation, which is a trophic factor for integral tissues. On 
the brighter side, it has also been observed that butyrate lessens the bowel cancer 
hazard by inhibiting the genotoxic activity of nitrosamines and hydrogen peroxide. 
It has also been postulated to tempt apoptosis, differentiation, and cell cycle that may 
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retard bowel cancer. SCFA also attenuates the expression of different types of cyto-
kines and deactivates nuclear factor NF-kB. Apart from this, the other role of micro-
biota is to digest inadequately digested nutrients, alter bile acids, and supplement 
food [10]. The microbiota, particularly nonpathogenic commensal microbes, warrant 
the effectiveness of GI motility, growth, and development of intestine, develop-
ment of immunity, and strengthening of the mucus barrier. Scientists have executed 
advancement in characterization of GI microbiota that may add to the expansion of 
inflammatory bowel diseases as well as bowel cancer. Lately, many intestinal simu-
lators have been developed for studying the intestinal microbial ecosystem and its 
interactions [11]. There are abundant lines of evidence that have shown an associa-
tion between several common disorders as well as chronic diseases like cancer and 
change in gut microbiota. Thus, using the beneficial bacteria in the form of probiot-
ics can resume an equilibrium in disease treatment and prevention [12], with inflec-
tion of deranged native microbiota forming the foundation of probiotic therapy [13]. 
Probiotic consumption leads to an enhancement of the intestinal well-being by regu-
lating the microbiota, improving body’s defense mechanisms, creating and augment-
ing the nutrient bioavailability, reducing signs of lactose intolerance, and dropping 
the danger of additional ailments (Figure 7.1) [14].

Treatment strategies that work on bacterial substitution are gaining importance 
because of the fact that there is a swift appearance of pathogenic microbial strains 
with antibiotic resistance and the side effects of antibiotic treatment on the defensive 
microbial flora, which increases the jeopardy of infection in the form of opportunis-
tic infections [15]. Novel probiotic with disease-specific role can be developed with 
advanced understanding about different aspects of intestinal microbiota, immune 

FIGURE 7.1 Health attributes of probiotics.
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system, and genotypic traits and would facilitate the understanding of when can 
probiotics be used and how they may affect specific pathological states. However, a 
probiotic to be used in individuals should go through clinical trials preceded by pre-
clinical studies for the authentication of appropriateness, well-being, and beneficial 
effects on human via expansion of functional foods [14]. The anticancer properties of 
probiotic bacteria have lately become the focus of research. The fundamental mecha-
nisms of their anticancer effects include, but are not limited to, repression of microbial 
intensification involved in the manufacture of different carcinogenic and mutagenic 
substances, modification of metabolism of carcinogenic substances, and fortification 
of DNA from oxide damage and immune system regulation of body [16]. Compelling 
evidence has shown that the use of probiotics leads to change in the expression of dif-
ferent genes participating in cell death and apoptosis, invasion and metastasis, can-
cer stem cell maintenance, and cell cycle control. Supplementary studies have also 
postulated modulatory effects of probiotics on the cancer-related signaling pathways 
in a cell-type-specific manner. Cell line studies have assessed their antiproliferative 
effects in many studies [17–19]. A study has shown that conventional fermented milk 
product inhibits the in vitro proliferation of MCF-7 breast tumor cells but had no 
effect on normal mammary epithelial cells, which entails that probiotic prompts the 
responses specifically detected in tumor cells. The mechanisms by which probiotics 
decreases the invasion and metastasis, considered as important hallmark of malig-
nant cells, have been studied in cancer cells through cell line studies, animal models, 
and human studies. Diverse and complex genetic or epigenetic aberrations as well as 
extrinsic signals relayed from malignant cell microenvironment are responsible for 
these observed invasion and metastasis in cancer [20].

7.1.2 Bowel cancer or colorectal cancer (crc)

Bowel cancer or CRC represents malignancy of the GI tract. Diet has an essen-
tial function in the pathophysiological mechanism of bowel cancer, as research on 
migrants has demonstrated that differences in dietary habits and lifestyle are respon-
sible for the occurrence of bowel cancer rather than racial factors. Ample evidence 
supports the notion that a disproportionate intestinal microflora is responsible for the 
link between diet and bowel cancer. The “normal” gut microflora are the microbes 
that colonize the GI tract at birth and have physiological, morphological, and genetic 
features that allow it to reproduce in scrupulous circumstances at definite spots and 
coexist with additional microorganisms and slow down the development of patho-
genic microbes. There is a marked association between the type of diet and risk fac-
tors associated with bowel cancer, which is observed from various epidemiological 
studies. Red meat and animal fat are also connected to amplified risk of colorectal 
cancer initiation and progression, while fruits and vegetables shield against bowel 
cancer [21].

Colorectal cancer characterizes the foremost community health problem. 
Chemotherapy and radiotherapy are adjuvant strategies for the treatment of 
colorectal tumor; however, they differ in their success rates in terms of reappear-
ance and survival after disease. Moreover, they may present few adverse effects 
like an amplified fear of infections, hair loss, gastric problems, and so on. Diet 
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intercession and utilization of supplements that occur in nature and are biologi-
cally active in nature are being widely studied as preventive steps to protect from 
the risks of colonic carcinogenesis with mechanisms postulated as a decline in 
the action of numerous carcinogenic bacteria and their desmutagenic and anticar-
cinogenic activities. Prebiotic is also associated with enhanced bowel function and 
distal colon metabolism, as well as abridged risk of colorectal cancer. In a study 
of rats treated with carcinogens showed lower tumor numbers when rats were fed 
cereal bran, the postulated mechanism of which was found to be the formation of 
short-chain fatty acids (SCFA), particularly butyrate, by means of the fermentation 
of gut flora prebiotics [22]. The development of bowel cancer is influenced by mul-
tiple factors like the genotypic and phenotypic makeup of the body, environmental 
factors (lifestyle, dietary habits), and various exogenous stimuli  [23]. Microbial 
population in the intestine is one of the essential determinants of the general well-
being of humans. Any modification deemed favorable to the composition of micro-
biota or a change in its metabolic activity might embody an approach in health 
improvement and thus reduce the risk of bowel cancer development. Use of probi-
otics can be useful in fulfilling these criteria. The anticancer effects of probiotics 
in preclinical studies as well as in vitro research studies are abundant; nevertheless 
in clinical trials protective role of probiotics in the initial phases have been postu-
lated. There is a requirement to determine the long-term effects of probiotics in the 
incidences of bowel cancer and changes in incidences of thereof. However, chal-
lenges for development of probiotics as therapy includes selection of the suitable 
microbes, control in food intake, the monitoring of dosing frequency and timings 
as well as monitoring biomarkers during clinical studies [24]. Additional studies 
are required for better understanding of bowel cancer development.

7.1.3 essential properties for effective and successful proBiotics

 1. It should survive at the active location.
 2. It  should have capacity of proliferation and colonization at this definite 

position for maximum activity.
 3. It should have the ability to withstand the immunogenic system.
 4. It should be nonpathogenic, nonallergic, or nonmutagenic/carcinogenic.
 5. It  should have short jeopardy of inducing or is linked with the origin of 

disease and regarded as safe.
 6. It should have survival and growth in in vivo settings of the preferred site of 

administration with human origin.
 7. It should endure low pH values and lofty concentrations of both conjugated 

and deconjugated bile acids.
 8. It should be scientifically attuned with the processes of food manufacturing.
 9. It  must exhibit the distinguishing sensory attributes of the conventional 

food stuff.

Although the precise mechanism by which microbial species play principal part in 
these beneficial properties is still not known, it is now an established fact that these 
indigenous microbes are highly host specific, location specific, and multifaceted in 
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composition. Numerous probiotics are available commercially (Table 7.1). Some of 
the benefits of probiotics in human health are their role in cancer and their anticancer 
properties.

7.1.3.1 Anticarcinogenic Properties
In 1984, Goldin and Gorbach showed that few food and antibiotics lowered the pro-
duction of intestinal carcinogens and lessened the chemically induced tumors [25], 
which was in continuation with their previous research of 1980 when they found 
that L. acidophilus in food lessens the frequency of chemically induced intestinal 
cancer in rats through intestinal microbial communities with a potential mechanism 
of the inhibition of colon bacteria specific enzymes, which converted procarcinogens 
molecules to more proximal carcinogens [26,27]. Same caution could be extended by 
examining the probiotics for their capacity in inhibiting the development of organ-
isms usually found in the flora. Some probiotic bacterial strains bind to aflatoxin B1 
(AFB1) and neutralize it in vivo, sinking the bioabsorption of the toxin from the GI 
tract and leading to genetic alteration in the expression of p53 tumor suppressor gene 

TABLE 7.1
Probiotic Strains Used in Various Commercial Products 
Available in Market

Sr. No. Strain Employed Source

1 Lactobacillus acidophilus 
NCFM

Rhodia Inc. (Madison, WI)

2 L. acidophilus DDS-1 Nebraska Cultures, Inc.

3 L. acidophilus SBT-2062 Snow Brand Milk Products Co. Ltd. 
(Tokyo, Japan)

4 L. acidophilus LA-1 Chr. Hansen. Inc. (Milwaukee, WI)

5 Lactobacillus casei Shirota Yakult (Tokyo, Japan)

6 L. johnsonii La 1 Nestle (Lausanne, Switzerland)

7 Lactobacillus rhamnosus GG Valio Dairy (Helsinki, Finland)

8 L. rhamnosus GR-1 Urex Biotech (Ontario, Canada)

9 L. rhamnosus 271 Probi AB (Lund, Sweden)

10 L. rhamnosus LB21 Essum AB (Umea, Sweden)

11 Bifidobacterium lactis Bb-12 Ghr. Hansen Inc. (Milwaukee, WI)

12 Bifidobacterium longum 
BB536

Morinaga Milk industry Co. Ltd. 
(Zama-city, Japan)

13 L. paracasei CRL 431 Chr. Hansen. Inc. (Milwaukee, WI)

Source: Nagpal, R. et al., FEMS Microbiol. Lett., 334, 1–15, 2012.
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and ras protooncogenes, and thus protecting from hepatitis B virus. In yet another 
study, probiotic Bifidobacterium longum, when given along with diet to rats, showed 
potential anticancer action on mucosal cells of the intestine by inhibiting the level of 
expression of ras-p21 and cell proliferation [28].

The  gene expression concerned with the immunologic and inflammatory 
responses were affected by the up- and downregulation of 334 and 92 genes, cor-
respondingly determined by Lactobacillus GG administration. The genes that were 
found by different studies were nitric oxide synthase 1, transforming growth factor 
β, cytokines, tumor necrosis factor family members, and defensin α-1. Other mecha-
nism affected were apoptotic cell death, growth and differentiation in cells, cell–cell 
signaling involving intracellular adhesion molecules and integrins as endogenous 
stimulators, cell adhesion such as cadherins and signal transduction mechanisms, 
and transcriptional changes [29].

Normal gut flora manipulates carcinogenesis by synthesizing various enzymes 
that convert precarcinogens into active carcinogens. The  enzymes exhibiting the 
action are nitroreductase, glycosidase, azoreductase, B-glucuronidase, among  others. 
Several studies have shown that decreased fecal content of these enzymes and sec-
ondary bile salts and reduced absorption of injurious mutagenic substances contrib-
ute toward bowel cancer by the use of probiotics [30]. One such study showed that 
Lactobacillus acidophilus and L. casei supplementation facilitated a decline in the 
intensity of the aforementioned enzymes, while in mice same effects were exerted 
by Lactobacillus GG administration. Many hypotheses have been postulated on the 
molecular mechanism of inhibiting colon cancer, like augmenting the immunologi-
cal responses in host, varying the metabolic activity of the colon flora populations, 
binding and debasing carcinogenic materials, forming antimutagenic substances, and 
shifting the physiochemical settings of bowel [26,27].

7.1.3.2 Defensive Functions of Probiotics on Bowel Cancer
Compelling research reported that 20% of germ-free animals showed chemically 
induced bowel cancer compared with 93% of their complementary with a normal 
intestinal microbial flora, indicating that broad inhabitants of intestinal bacteria are 
linked to the commencement of cancer through formation of carcinogenic molecules, 
co-carcinogens, or pro-carcinogenic substances. Reddy et al. [31], using azoxymeth-
ane-induced aberrant crypt foci in rats, found that a stimulated growth of bifidobac-
teria leads to the attenuation of colon cancer attributed to the pH-lowering effect, 
which leads to attenuation of aberrant crypt foci and crypt diversity that repressed 
development of E. coli and clostridia. Moreover, postulations also suggested inflec-
tion of enzymes of bacteria such as β-glucuronidase, which alters pro-carcinogenics 
to contiguous carcinogenic substances, which decreased the growth of such patho-
genic microorganisms.

Probiotics such as Bifidobacterium have also shown to produce metabolites 
influencing the mixed-function P450s enzymes and consequently the translation of 
azoxymethane from contiguous to definitive carcinogen and thus lessen the danger 
of bowel cancer. These studies suggest that probiotics repress colon cancer via differ-
ent mechanisms. Previous studies on binding properties of probiotics have suggested 
that mutagens bind to the cell wall of probiotics. Many studies have shown protective 
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effects of probiotics by altering the differentiation process of tumor cells as well. 
Baricault et al. [32] studied the outcome of fermented milks on bowel cancer using a 
cultured human colon cancer cell line (HT-29), where milk was fermented with indi-
vidual strains of Lactobacillus helveticus, Bifidobacterium, L. acidophilus, or a mix 
of Streptococcus thermophilus and L. delbrueckii subsp. Bulgaricus; subsequently, 
HT-29 cells were added into the fermented milk to find that 10%–50% of the HT-29 
cells showed a decrease in growth by increasing dipeptidyl peptides, explicit marker 
for HT-29 cell differentiation, suggesting that cancer cells enter a differentiation pro-
cess, leading to their lower growth.

The effect of B. longum on carcinogenesis in male weanling F344 rats for 40 
weeks was studied by Singh et al. [33], which confirmed that administration of lyoph-
ilized cultures of B. longum in the diet led to repression of colon tumor occurrence 
and tumor multiplicity and attenuated tumor degree. Further analysis on transitional 
biomarkers discovered that the intake of B. longum inhibited azoxymethane-induced 
cell proliferation by reducing the activity of ornithine decarboxylase (ODC), which 
has been implicated in the synthesis of polyamines, which leads to cell proliferation, 
segregation, and macromolecular production. The  augmented ODC activity were 
linked to mounting colon adenomas and carcinomas, suggesting a hyperproliferative 
state of the colonic mucosa, which was reduced by B. longum [34].

7.2 MECHANISMS OF PROBIOTICS

Although much research has been done, the precise mechanisms of how probiotics 
induce prevention bowel cancer are unclear. The mechanism may include (Figure 7.2) 

 1. amendment of the normal gut flora;
 2. carcinogenic substances suppression;
 3. antagonism with putrefactive and pathogenic microbial population;
 4. enhancement in immunogenic reactions;
 5. control of apoptosis- and cell-differentiation-induced antiproliferative effects;

FIGURE 7.2 Probiotics-induced CRC protection.
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 6. fermentation of food that remain undigested; and
 7. attenuation of tyrosine kinase signaling pathways.

Moreover, the co-administration of probiotics with prebiotics, known as synbiotics, 
can boost the efficacy of the aforementioned anticarcinogenic mechanisms. A postu-
lated mechanism is the acidification of pH that is indistinct, inherent, and elementary 
through which many probiotics execute their metabolic activities [35].

7.2.1 inactivation of cancerogenic coMpounds

Heterocyclic aromatic amines (HCA) are produced during the processing of meat 
at elevated temperature [36]. A meta-analysis of 15 prospective research studies has 
shown that the comparative threat of developing bowel cancer is 1.28 in subjects con-
suming large quantities of red meat compared with consuming lesser quantities [37]. 
Many commensal bacteria and LAB bind or metabolize a number of carcinogens, 
including HCA and N-nitroso compounds, which correlates well with diminution in 
mutagenicity due to exposure of HCA to the bacterial strains [38]. Thus, binding or 
degradation of HCA by probiotics may be the foremost mechanism in eradicating 
carcinogenic substances from human body.

Another study by Sreekumar and Hosono [39] verified that a significant decrease 
in the bioavailability of Trp-P-2 was observed in GI tract as well as many tissues 
in mice when L. acidophilus NCFB1748 and B. longum BB536 supplements were 
provided orally. The genotoxicity of Trp-P-1 was decreased by cell fractions of L. 
acidophilus and Bifidobacterium spp. The  antimutagenic effect of Lactobacillus 
plantarum KLAB21 is mediated by three extracellular glycoproteins. Study by 
Challa et al. [40] demonstrated that the rats fed with B. longum and lactulose sig-
nificantly increased the activity of intestinal glutathione-S-transferase, the phase II 
enzymes implicated in the detoxification of noxious metabolites and carcinogenic 
molecules, and inhibited azoxymethane  (AOM)-induced colonic aberrant crypt 
foci  (ACF), which are precarcinogenic markers. However, probiotic capability to 
attach or metabolize toxic compounds relies on the pH and additional physicochemi-
cal conditions.

7.2.2 putrefactive and pathogenic MicroBiota interaction

Putrefactive gut microbiota, namely, Bacteroides spp. and Clostridium spp., are 
associated with bowel cancer, whereas several LABs have shown tumor-averting 
attributes. Rafter et al. [41] studied the effect of synbiotic amalgamation of particular 
oligofructose-enriched inulin with probiotics on fecal flora of polyp and bowel can-
cer patients and found that it caused amplification in the number of Bifidobacterium 
in both groups and Lactobacillus in polyp patients, while Clostridium perfringens 
numbers declined significantly in polyp patients. Probiotics utilization causes change 
in GI microflora, with a major diminution in fecal putrefactive microbes, like coli-
forms, as well as an increase in LAB [42,43] interceded by binding to enterocytes 
and decreasing pH. Hence, probiotics compete with pathogenic intestinal microbiota 
and counteract bowel cancer development in individuals.
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7.2.3 enhanceMent of the iMMune response

Body’s immune system controls tumor promotion and progression by interacting with 
numerous essentials of the immunogenic system like antigen-presenting cells (APCs), T 
cells, B cells, and natural killer cells. Based on earlier studies, hypothesis has drawn addi-
tional investigations on the anticancer and immune regulatory action of probiotics LcS in 
different experimental models. Favorable effects in both humans and animals have been 
exhibited by oral administration of LcS. Moreover, antitumor action in human bladder 
cancer cells is also observed in clinical trials. It also suppresses chemically induced car-
cinogenesis in rodents. Intrapleural administration of LcS into tumor-bearing mice has 
shown to induce the production of cytokines like interferon-g (IFNγ), interleukin-b (IL-
1b), and tumor necrosis factor-a (TNF-α), leading to the inhibition of tumor growth and 
an amplified survival. LCs too revealed a hard-hitting anticancer effect in mice induced 
with 3-methylcholanthrene (MC) carcinogenesis. A promising mechanism of antitumor 
property is the propagation and activation of natural killer cells that play decisive role in 
immune scrutiny against tumor development [44]. In addition, LcS also stimulates type 
1 helper T cells, activates the cellular immune system, and thus restrains the occurrence 
of tumors and IgE production in mice. Lately, LcS has been shown to produce interleu-
kin-12 (IL-12) and inhibit interleukin-6 production in the intestinal mucosa and thus sup-
press murine tumorigenesis [45]. These findings advocate the use of probiotics in bowel 
cancer prevention by modification of the host’s cellular immune system.

7.2.4 regulation of cell death and differentiation

Apoptosis plays a vital role in the regulation of cell numbers and is defined as geneti-
cally determined cell death. A  condensed ability to cause apoptosis accompanied 
by modification in the control processes of cell proliferation is an essential patho-
genetic episode in numerous types of cancer, and molecules acting on the apoptotic 
process through the regulation of cell survival and death have vast chemopreven-
tive and therapeutic prospects. There is compelling evidence that probiotics regulate 
cell proliferation and apoptosis. TNF-induced NF-kB activation was suppressed by 
Lactobacillus reuteri in a dose- and time-dependent manner [46]. Study shows that L. 
reuteri promotes apoptosis of activated immune cells by inhibiting IkBa ubiquitina-
tion and augmenting proapoptotic mitogen-activated protein kinase signaling, which, 
in turn, regulates cell proliferation. COX-2 expression is augmented in colorectal can-
cer, which protects intestinal epithelial cells from apoptosis and was observed to be 
suppressed in Colo320 and SW480 intestinal epithelial cells when probiotic mixture 
VSL#3 was employed. Baricault et al. [47] studied the outcome of milk fermented 
with bacterial populations in colon cancer cell line (HT-29) of human. The results 
showed that just L. acidophilus was ineffective on cell growth and differentiation, 
while the other bacterial strains induced a decrement in the rate of HT-29 cell growth 
significantly but variably, thus producing a 10%–50% decline in the cell number in 
steady state. Parallel to this, explicit actions of dipeptidyl peptidase IV and enzymes, 
namely, alkaline phosphatase, sucrase, aminopeptidase N, and so on, were ampli-
fied in a significant manner, thus suggesting initiation of differentiation process in 
these cells. Besides, inhibition of propagation of HT-29 cells without cytotoxic effect 
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was observed in combinations of Bifidobacterium breve R0070, Lactobacillus  lactis 
R1058, and oligoalternan [48]. Study by Singh et al. [49] confirmed that the use of 
lyophilized cultures of B. longumin in food resulted in major inhibition of colon 
cancer prevalence and abridged the tumor volume in rats. Intermediate biomarker 
analysis uncovered and showed that the intake of B. longum reduced ornithine decar-
boxylase (ODC) activity and inhibited AOM-induced cell proliferation.

7.2.5 ferMentation of undigested food

Another mechanism whereby probiotics influence bowel cancer risk is the micro-
bial, that is, bacterial alteration of food components in lumen of intestine and pro-
duction of cancer-preventive agents. Short-chain fatty acid  (SCFA) as well as gas 
is generated by bacterial fermentation of indigestible carbohydrates. Fecal material 
eliminates the formed gas, while SCFA, primarily acetate, propionate, and butyr-
ate, correspond to intestinal mucosal nutrients and growth signals by reducing the 
concentration of secondary bile salts  [50]. Convincing study shows that butyrate 
improves cellular differentiation and diminishes proliferation in bowel cancer cell 
lines. A specific strain (MDT-1) of the ruminal bacterium Butyrivibrio fibrisolvens 
creates elevated quantity of butyrate and has been evaluated for use as a probiotic 
to prevent bowel cancer [51] in a mouse model. The result shows that administration 
of MDT-1 reduces the amount of ACF and the percentage of mice with enlarged 
ACF fraction. Nonetheless, synbiotics are more active in escalating the produc-
tion of SCFA probiotics alone, and therefore protection against bowel cancer onset. 
Furthermore, probiotics also produce collection of fatty acids known as conjugated 
linoleic acids  (CLAs), which can be considered as set of isomers of linoleic acid, 
which exerts abundant health benefits, such as anti-inflammatory and anticarcino-
genic effects besides SCFA  [52]. In  rodent studies, reduction in the incidence of 
colonic tumors has been observed by CLA. All these studies support the notion that 
fermentation of indigestible food by supplemental probiotics can be a strategy for 
preventing bowel cancer; however, advanced investigations are required.

7.2.6 attenuation of tyrosine kinase signaling pathway

Signaling pathways may be defined as biochemical events of cell communica-
tion with extracellular setting. These signaling mechanisms play significant part 
in carcinogenesis. Saccharomyces boulardii (Sb) has been shown to act by into-
nation of the host signaling pathways that regulate inflammatory reactions in 
intestinal mucosa. More definitely, Sb is found to downregulate MAPK signaling 
pathways [53], which comprise of downstream pathway of various growth factor 
receptors like that of epidermal growth factor receptor (EGFR), central in cancer 
development [54].

7.2.7 cancer-iMMunity cycle

Diverse components and mechanism such as T cells, NK cells, macrophages, and 
B cells are engaged in exhibiting antitumor activity  [55]. Specific cells known as 
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dendritic cells perceive the antigen of cancer cells, leading to the activation of effec-
tor T cells in the lymph node, which are further transported and infiltrated in cancer. 
Once the entry of T cells occurs in tumor cells, cancer cells are further recognized 
and necrosis of cancer cells is done. Dendritic cells further arrest antigen from the 
killed cancer cell, which, in turn, prompts the cycle again, and this cycle is said to 
be regulated by probiotics.

7.2.8 proBiotics and iMMunotherapy

Immunotherapy has been postulated in the development of anticancer approach by 
using and modifying patients’ immune system. Current research mainly emphasizes 
the prospective of inhibitors targeting cytotoxic T lymphocyte antigen 4 (CTLA-4) 
and programmed death 1 (PD-1), which are few checkpoint proteins that reduce 
T-cell activation [56].

7.2.9 Modulation of inflaMMatory response

Many in vitro studies have shown probiotics exhibiting anti-inflammatory effect and 
thus exerting anticancer activity. The results of these studies suggest a correlation 
between these two activities. Compelling evidence shows that chronic inflamma-
tion is a well-known risk factor for the occurrence of cancer, the simplest example 
being [57–59] colon cancer, which is actually associated with inflammatory bowel 
disease (IBD). Studies have shown that Lactobacillus rhamnosus GG prevents bowel 
tumor by attenuating proinflammatory NF-kB pathway [60].

7.2.10 Modulation of t helper17 cell population and activity

Th17 cells are a crucial aspect of inflammatory and anti-inflammatory responses, 
and the modulation of these helper cells can in turn modify the cell population as 
well as activity. Preclinical study in mice has shown that a mixture of probiotics 
decreased proinflammatory cytokines, namely, IL-17. They also decreased the fre-
quency of Th17 cells and its conscription in cancer. It was also found out that IL-17 
favors angiogenesis [61], thus any diminution of Th17 and IL-17 concentrations in 
turn could attenuate cancer development. Few other studies have also shown that 
probiotics use augmented IL-10 level, which is an anti-inflammatory molecule, thus 
leading to the conclusion that Th17-mediated responses are quite well balanced. 
There  is also an increase in the levels of an antiangiogenesis cytokine known as 
IL-22, which is also associated with Th17 cells.

7.2.11  Modulation of interferon-γ level

An increase in the levels of interferon-γ (IFNγ), which is a cytokine involved in 
inflammatory response, is associated with anticancer actions in experimental mice 
treated with probiotics. IFNγ has involvement in cancer-immunity cycle like upregu-
lation of major histocompatibility complex class I molecules, Th1 polarization, and 
T-cell infiltration, leading to anticancer responses  [62]. IFNγ also differentiates 
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T cells into cytotoxic T lymphocytes [63]. IFNγ represses the propagation of tumor 
cells, thus accepting the data that increase in its concentration is associated with 
inhibition of tumor development. It has also been observed that IFNγ increases the 
survival rate, thus playing a key role in shielding against tumor.

7.3  RELEVANCE OF PROBIOTICS USES IN BOWEL CANCER 
AND RELATED COMPLICATION TREATMENTS

7.3.1 as a suppleMent to advanced Bowel cancer treatMents

Along with conventional therapy like surgery and chemotherapy, probiotics can 
be used in combination to improve the chemotherapy-induced secondary effects. 
In studies, it surely suggests improved intestinal environment and a valuable caution 
for gaining scientific beneficial effects in patients who are immune-compromised. 
Results from clinical studies also illustrate that development in the integrity of muco-
sal barrier of gut and decrement in infectious complications in patients undergoing 
surgeries are also observed with the use of probiotics [64].

7.3.2 proBiotics use in patients treated with cheMotherapy

The capacity of 5-fluorouracil (5-FU) to induce apoptosis was found to be enhanced 
by LAB in few studies. In  yet another study, L. rhamnosus GG supplementation 
abridged numerous detrimental effects of 5-fluorouracil like frequent diarrhea and 
abdominal distress. Moreover, patients receiving combination of L. rhamnosus GG 
with 5-fluorouracil and 5-FU-based therapeutic strategies required fewer clinical 
care and smaller quantity of chemotherapy doses and did not  suffer from severe 
abdominal pain in addition to diarrhea as compared to patients who were not given 
probiotics [65].

7.3.3 proBiotics in treatMent of coMplications related to surgery

Supplementation with feasible probiotics prior to surgery can recover bacterial dys-
biosis. In a study, hosts with surgically removed colonic polyps were given L. casei 
Shirota to suppress the reappearance of bowel cancer  [66]. Preoperative admin-
istration of probiotics reduced infection after abdominal surgery, which is deter-
mined as a cause of morbidity in patients. In yet another study, patients who were 
treated with a combination of probiotics containing L. acidophilus La-11 B. longum 
BL-88 and L. plantarum CGMCC No. 1258 on a daily basis before and after their 
operation had superior improvement in peristalsis, lower incidence of diarrhea, and 
condensed infection-related complications  [67]. Similarly, research conducted by 
Zhang and colleagues ascertained that employing viable Bifidobacterium preop-
eratively alleviated the immune status and prediction of patients undergoing bowel 
cancer resection and reduced postoperative septic complications  [68]. Moreover, 
probiotic mixtures also sustained barrier function of intestine, which prohibited 
cancer reappearance.
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7.3.4 effects on inflaMMation

In a study conducted by Gianotti and colleagues, mixture of L. johnsonii La1 and 
B. longum BB536 formulation resulted in amplified expression of naïve and mem-
ory lymphocyte subsets and less expression of dendritic phenotypes in subjects 
who underwent elective colorectal resection for cancer [69]. Oral administration of 
Lactobacillus johnsonii La1, both pre- and postoperatively, remained in the mucosa 
of colon and decreased the number of pathogenic bacteria in the feces (enterobac-
teria and enterococci). Probiotics avert tumor recurrence in addition to developing 
their eminence of life; they also alleviate a lot of unwanted complications associated 
with bowel cancer treatments. Thus, specific probiotic strains when administered in 
diverse methods like various blends at different times and doses did bring clinical 
benefits to patients. However, additional investigations are required to progress pro-
biotic formulations for enhanced efficacy [70].

7.4 CONCLUSION

Probiotics have the ability to reduce the risk of bowel cancer by amending the intes-
tinal microbiota and immune system by species-strain-dependent mechanisms. 
Conversely, the data obtained from various experiments documented in literature 
has shown high degree of disagreements regarding the observed actions and effects 
in various types of cancers. Auxiliary studies are required to characterize and stan-
dardize few variables before elucidating the mechanism of probiotics-induced pro-
tective effects on bowel cancer. With rigorous research in the field of microbiology 
and benefits of microbiota in alleviating various diseases, it is anticipated that with 
advancement and interaction of various fields like nutrition, genetic engineering, 
pharmacogenomics, and food science and technology, commercial products will be 
available in near future that will have the potential to reduce the risk of cancer and 
thus would be used as adjuvant therapy in the treatment of cancer.

REFERENCES

 1. FAO/WHO. Guidelines for the evaluation of probiotics in food. Joint FAO/WHO 
Working Group Report on Drafting Guidelines for the Evaluation of Probiotics in Food 
London, Ontario, Canada, 2002.

 2. Fuller R. Probiotics in man and animals. J Appl Bacteriol. 1989; 66: 65–378.
 3. Salminen SJ, Gueimonde M, Isolauri E. Probiotics that modify disease risk. J Nutr. 

2005; 135: 1294–1298.
 4. Liong MT. Probiotics: A  critical review of their potential role as antihypertensives, 

immunemodulators, hypocholesterolemics, and perimenopausal treatments. Nutr Rev. 
2007; 65: 316–328.

 5. Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: 
Introducing the concept of prebiotics. J Nutr. 1995; 125: 1401–1412.

 6. Collins MD, Gibson GR. Probiotics, prebiotics and synbiotics: Approaches for modu-
lating the microbial ecology of the gut. Am J Clin Nutr. 1999; 69: 1052S–1057S.

 7. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-
phylogenetic characterization of microbial community imbalances in human inflam-
matory bowel diseases. Proc Natl Acad Sci USA. 2007; 104: 13780–13785.



167Mechanism and Role of Probiotics in Suppressing Bowel Cancer

	 8.	 Tsai F, Coyle WJ. The microbiome and obesity: Is obesity linked to our gut flora? Curr 
Gastroenterol Rep. 2009; 11: 307–313.

	 9.	 Pryde SE, Duncan SH, Hold GL. The microbiology of butyrate formation in the human 
colon. FEMS Microbiol Lett. 2002; 17: 133–139.

	 10.	 Jones BV, Begley M, Hill C, Gahan CG, Marchesi JR. Functional and comparative 
metagenomic analysis of bile salt hydrolase activity in the human gut microbiome. Proc 
Natl Acad Sci USA. 2008; 105: 13580–13585.

	 11.	 Possemiers S, Verthé K, Uyttendaele S, Verstraete W. PCR-DGGE-based quantifica-
tion of stability of the microbial community in a simulator of the human intestinal 
microbial ecosystem. Fems Microbiol Ecol. 2004; 49: 495–507.

	 12.	 Motevaseli E, Dianatpour A, Ghafouri-Fard S. The role of probiotics in cancer treatment: 
Emphasis on their in vivo and in vitro anti-metastatic effects. IJMCM. 2017; 6(2): 66–76.

	 13.	 Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-
associated gut microbiome with increased capacity for energy harvest. Nature. 2006; 
444: 1027–1031.

	 14.	 Nagpal R, Kumar A, Kumar M, Behare PV, Jain S, Yadav H. Probiotics, their health 
benefits and applications for developing healthier foods: A  review. FEMS Microbiol 
Lett. 2012; 334: 1–15.

	 15.	 Forestier C, De Champs C, Vatoux C, Joly B. Probiotic activities of Lactobacillus 
caseirhamnosus: In-vitro adherence to intestinal cells and antimicrobial properties. Res 
Microbiol. 2001; 152: 167–173.

	 16.	 Abedin-Do A, Taherian-Esfahani Z, Ghafouri-Fard S, Motevaseli E. Immunomodulatory 
effects of Lactobacillus strains: Emphasis on their effects on cancer cells. Immunotherapy. 
2015; 7: 1307–1329.

	 17.	 Tiptiri-Kourpeti A, Spyridopoulou K, Santarmaki V, Aindelis G, Tompoulidou E, 
Lamprianidou EE et al. Lactobacillus casei exerts anti-proliferative effects accompa-
nied by apoptotic cell death and up-regulation of TRAIL in colon carcinoma cells. PloS 
One. 2016; 11: e0147960.

	 18.	 Sadeghi-Aliabadi H, Mohammadi F, Fazeli H, Mirlohi M. Effects of Lactobacillus 
plantarum A7 with probiotic potential on colon cancer and normal cells proliferation 
in comparison with a commercial strain. Iran J Basic Med Sci. 2014; 17: 815–819.

	 19.	 Choi SS, Kim Y, Han KS, You S, Oh S, Kim SH. Effects of Lactobacillus strains on can-
cer cell proliferation and oxidative stress in vitro. Lett Appl Microbiol. 2006; 42: 452–458.

	 20.	 Jiang WG, Sanders AJ, Katoh M, Ungefroren H, Gieseler F, Prince M. Tissue invasion 
and metastasis: Molecular, biological and clinical perspectives. Semin Cancer Biol. 
2015; 35 Suppl: S244–S275.

	 21.	 Uccello M, Malaguarnera G, Basile F, D’agata V, Malaguarnera M, Bertino G et al. 
Potential role of probiotics on colorectal cancer prevention. BMC Surgery. 2012; 
12(Suppl 1):S35.

	 22.	 Min-TzeLiong. Roles of probiotics and prebiotics in colon cancer prevention: Postulated 
mechanisms and in-vivo evidence. Int J Mol Sci. 2008; 9: 854–863.

	 23.	 Lyra A, Lahtinen S, Ouwehand AC. Gastrointestinal benefits of probiotics—clinical 
evidence. In Salminen S, von Wright A, Lahtinen S, Ouwehand A, eds. Lactic Acid 
Bacteria: Microbiological and Functional Aspects. 4th ed. Boca Raton, FL: CRC 
Press, 2012. p. 509–523.

	 24.	 Zhu Y, Luo TM, Jobin C, Young, HA. Gut microbiota and probiotics in colon tumori-
genesis. Cancer Lett. 2011; 309: 119–127.

	 25.	 Goldin BR, Gorbach SL. The effect of milk and lactobacillus feeding on human intes-
tinal bacterial enzyme activity. Am J Clin Nutr. 1984; 39: 756–761.

	 26.	 Kumar M, Verma V, Nagpal R, Kumar A, Behare PV, Singh B, Aggarwal PK. 
Anticarcinogenic effect of probiotic fermented milk and chlorophyllin on aflatoxin-B1 
induced liver carcinogenesis in rats. Br J Nutr. 2011; 107: 1006–1016.



168 Advances in Nutraceutical Applications in Cancer

	 27.	 Kumar M, Verma V, Nagpal R, Kumar A, Gautam SK, Behare PV et al. Effect of pro-
biotic fermented milk and chlorophyll in on gene expressions and genotoxicity during 
AFB1-induced hepatocellular carcinoma. Gene. 2011; 490: 54–59.

	 28.	 Reddy BS. Prevention of colon cancer by pre- and probiotics: Evidence from laboratory 
studies. Br J Nutr. 1998; 80: S219–S223.

	 29.	 Caro DS, Tao H, Grillo A, Elia C, Gasbarrini G, Sepulveda AR, Gasbarrini A. Effects 
of Lactobacillus GG on genes expression pattern in small bowel mucosa. Dig Liver Dis. 
2005; 37: 320–332.

	 30.	 Pedrosa MC, Golner BB, Gold in BR, Barakat S, Dallal GE, Russell RM. Survival 
of yogurt-containing organisms and Lactobacillus gasseri (ADH) and their effect on 
bacterialenzyme activity in the gastrointestinal tract of healthy and hypochlorhydric 
elderly subjects. Am J Clin Nutr. 1995; 61: 353–359.

	 31.	 Reddy BS, Hamid R, Rao CV. Effect of dietary oligofructose and inulin on colonicpre-
neoplastic aberrant crypt foci inhibition. Carcinogenesis. 1997; 18: 1371–1374.

	 32.	 Baricault L, Denariaz G, Houri JJ, Bouley C, Sapin C, Trugnan G. Use of HT-29, a 
cultured human colon cancer cell line, to study the effect of fermented milks on colon 
cancer cell growth and differentiation. Carcinogenesis. 1995; 16: 245–252.

	 33.	 Singh J, Rivenson A, Tomita M, Shimamura S, Ishibashi N, Reddy BS. Bifidobacterium 
longum, a lactic acid-producing intestinal bacterium inhibits colon cancer and modu-
lates the intermediate biomarkers of colon carcinogenesis. Carcinogenesis. 1997; 18: 
833–841.

	 34.	 Min-Tze Liong. Roles of probiotics and prebiotics in colon cancer prevention: Postulated 
mechanisms and in-vivo Evidence. Int J Mol Sci. 2008; 9: 854–863.

	 35.	 Nowak A, Libudzisz Z. Ability of probiotic Lactobacillus casei DN 114001 to bind or/
and metabolise heterocyclic aromatic amines in vitro. Eur J Nutr. 2009; 48: 419–427.

	 36.	 Turesky RJ. Formation and biochemistry of carcinogenic heterocyclic aromatic amines 
in cooked meats. Toxicol Lett. 2007; 168: 219–227.

	 37.	 Larsson SC, Wolk A. Meat consumption and risk of colorectal cancer: A meta-analysis 
of prospective studies. Int J Cancer. 2006; 119: 2657–2664.

	 38.	 Kumar M, Kumar A, Nagpal R, Mohania D, Behare P, Verma V et al. Cancer-preventing 
attributes of probiotics: An update. Int J Food Sci Nutr. 2010; 61: 473–496.

	 39.	 Sreekumar O, Hosono A. The antimutagenic properties of a polysaccharide produced 
by Bifidobacterium longum and its cultured milk against some heterocyclic amines. 
Can J Microbiol. 1998; 44: 1029–1036.

	 40.	 Challa A, Rao DR, Chawan CB, Shackelford L. Bifidobacterium longum and lactulose 
suppress azoxymethane-induced colonic aberrant crypt foci inrats. Carcinogenesis. 
1997; 18: 517–521.

	 41.	 Rafter J, Bennett M, Caderni G, Clune Y, Hughes R, Karlsson PC et al. Dietary synbi-
otics reduce cancer risk factors in polypectomized and colon cancer patients. Am J Clin 
Nutr. 2007; 85: 488–496.

	 42.	 O’Mahony L, Feeney M, O’Halloran S, Murphy L, Kiely B, Fitzgibbon J et al. Probiotic 
impact on microbial flora, inflammation and tumour development in IL-10 knockout 
mice. Aliment Pharmacol Ther. 2001; 15: 1219–1225.

	 43.	 Berretta M, Lleshi A, Fisichella R, Berretta S, Basile F, Li Volti G et al. The role of 
nutrition in the development of esophageal cancer: What do we know? Front Biosci 
(EliteEd). 2012; 4: 351–357.

	 44.	 Takagi A, Matsuzaki T, Sato M, Nomoto K, Morotomi M, Yokokura T. Enhancement 
of natural killer cytotoxicity delayed murine carcinogenesis by a probiotic microorgan-
ism. Carcinogenesis. 2001; 22: 599–605.

	 45.	 Takagi A, Ikemura H, Matsuzaki T, Sato M, Nomoto K, Morotomi M et al. Relationship 
between the in  vitro response of dendritic cells to Lactobacillus and prevention of 
tumorigenesis in the mouse. J Gastroenterol. 2008; 43: 661–669.



169Mechanism and Role of Probiotics in Suppressing Bowel Cancer

	 46.	 Iyer C, Kosters A, Sethi G, Kunnumakkara AB, Aggarwal BB, Versalovic J. Probiotic 
Lactobacillus reuteri promotes TNF-induced apoptosis inhuman myeloid leukemia-
derived cells by modulation of NF-kappa B and MAPK signalling. Cell Microbiol. 
2008; 10: 1442–1452.

	 47.	 Baricault L, Denariaz G, Houri JJ, Bouley C, Sapin C, Trugnan G. Use of HT-29, a 
cultured human colon cancer cell line, to study the effect offermented milks on colon 
cancer cell growth and differentiation. Carcinogenesis. 1995; 16: 245–252.

	 48.	 Grimoud J, Durand H, de Souza S, Monsan P, Ouarné F, Theodorou V, Roques C. 
In vitro screening of probiotics and synbiotics according to anti-inflammatory and anti-
proliferative effects. Int J Food Microbiol. 2010; 144: 42–50.

	 49.	 Singh J, Rivenson A, Tomita M, Shimamura S, Ishibashi N, Reddy BS. Bifidobacterium 
longum, a lactic acid-producing intestinal bacterium inhibits colon cancer and modulates 
the intermediate biomarkers of colon carcinogenesis. Carcinogenesis. 1997; 18: 833–841.

	 50.	 Mai V. Dietary modification of the intestinal microbiota. Nutr Rev 2004; 62: 235–242.
	 51.	 Ohkawara S, Furuya H, Nagashima K, Asanuma N, Hino T. Oral administration of 

Butyrivibrio fibrisolvens, a butyrate-producing bacterium decreases the formation of 
aberrant crypt foci in the colon and rectum of mice. J Nutr. 2005; 135: 2878–2883.

	 52.	 Evans NP, Misyak SA, Schmelz EM, Guri AJ, Hontecillas R, Bassaganya-Riera J. 
Conjugated linoleic acid ameliorates inflammation-induced colorectal cancer in mice 
through activation of PPAR gamma. J Nutr. 2010; 140: 515–521.

	 53.	 Czerucka D, Dahan S, Mograbi B, Rossi B, Rampal P. Saccharomyces boulardii pre-
serves the barrier function and modulates the signal transduction pathway induced 
in enteropathogenic Escherichia coli infected T84 cells. Infect Immun. 2000; 68: 
5998–6004.

	 54.	 Hynes NE, MacDonald G. ErbB receptors and signaling pathways in cancer. Curr Opin 
Cell Biol. 2009; 21: 177–184.

	 55.	 Liu Y, Zeng G. Cancer and innate immune system interactions: Translational potentials 
for cancer immunotherapy. J Immunother. 2012; 35: 299–308.

	 56.	 Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev 
Cancer. 2012; 12: 252–264.

	 57.	 Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. 
2008; 454: 436–444.

	 58.	 Kundu JK, Surh Y-J. Inflammation: Gearing the journey to cancer. Mutat Res 2008; 
659: 15–30.

	 59.	 Perwez Hussain S, Harris CC. Inflammation and cancer: An ancient link with novel 
potentials. Int J Cancer. 2007; 121: 2373–2380.

	 60.	 Blasingame C, Billups L, Graham T, Henry J, Carter B. Modulation of colorectal can-
cer by the probiotic organism Lactobacillus reuteri. PAWJ. 2016; 3(2): 1–14.

	 61.	 Bailey SR, Nelson MH, Himes RA, Li Z, Mehrotra S, Paulos CM. Th17 cells in cancer: 
The ultimate identity crisis. Front Immunol. 2014; 5: 276.

	 62.	 Mandai M, Hamanishi J, Abiko K, Matsumura N, Baba T, Konishi I. Dual faces of 
IFNγ in cancer progression: A role of PD-L1 induction in the determination of pro- and 
antitumor immunity. Clin Cancer Res. 2016; 22(10): 2329–2334.

	 63.	 Chen DS, Mellman I. Oncology meets immunology: The  cancer-immunity cycle. 
Immunity. 2014; 39: 1–10.

	 64.	 Liu Z, Qin H, Yang Z, Xia Y, Liu W, Yang J et al. Randomised clinical trial: The effects 
of perioperative probiotic treatment on barrier function and postoperative infectious 
complications in colorectal cancer surgery—A double-blind study. Aliment Pharmacol 
Ther. 2011; 33: 50–63.

	 65.	 Sterlund P, Ruotsalainen T, Korpela R, Saxelin M, Ollus A, Valta P et al. Lactobacillus 
supplementation for diarrhoea related to chemotherapy of colorectal cancer: A  ran-
domised study. Br J Cancer. 2007; 97: 1028–1034.



170 Advances in Nutraceutical Applications in Cancer

	 66.	 Nanno M, Kato I, Kobayashi T, Shida K. Biological effects of probiotics: What impact 
does Lactobacillus casei Shirota have on us? Int J Immunopathol Pharmacol. 2011; 24 
(Suppl) 45S–50S.

	 67.	 Liu Z, Qin H, Yang Z, Xia Y, Liu W, Yang J et al. Randomised clinical trial: The effects 
of perioperative probiotic treatment on barrier function and postoperative infectious 
complications in colorectal cancer surgery—A double-blind study. Aliment Pharmacol 
Ther. 2011; 33: 50–63.

	 68.	 Zhang JW, Du P, Chen DW, Cui L, Ying CM. Effect of viable Bifidobacterium supple-
ment on the immune status and inflammatory response in patients undergoing resec-
tion for colorectal cancer. Zhonghua wei chang wai ke za zhi= Chinese Journal of 
Gastrointestinal Surgery, 2010; 13(1): 40–43.

	 69.	 Gianotti L, Morelli L, Galbiati F, Rocchetti S, Coppola S, Beneduce A et al. A ran-
domized double-blind trial on perioperative administration of probiotics in colorectal 
cancer patients. World J Gastroenterol. 2010; 16: 167–175.

	 70.	 Kahouli I, Tomaro-Duchesneau C, Prakash S. Probiotics in colorectal cancer (CRC) 
with emphasis on mechanisms of action and current perspectives. J Med Microbiol. 
2013; 62: 1107–1123.



171

8 Effect of Nutraceuticals 
on Gut Microbiota—
What Is the Deal 
in Cancer?

Andréa Burgess, Asra Sami, and 
Sheeba Varghese Gupta

CONTENTS

8.1 Introduction .................................................................................................. 172
8.2 Gut Diversity from Infancy to Late Adulthood ............................................ 172

8.2.1 Infant Microbiota .............................................................................. 172
8.2.2 Infant Gut Variations ........................................................................ 172
8.2.3 Prognostic Effects of Infant Gut ....................................................... 173
8.2.4 Adult Microbiota ............................................................................... 173
8.2.5 Adult Gut Variations ......................................................................... 173
8.2.6 Late Adulthood Microbiota .............................................................. 174
8.2.7 Late Adulthood Variations................................................................ 175

8.3 The Effect of Gut Flora on Cancer Treatments ............................................ 176
8.4  Common Intestinal Nutraceuticals and Their Benefits ................................ 177

8.4.1 Polyunsaturated Fatty Acids ............................................................. 177
8.4.1.1 Omega-3 Acids ................................................................... 177

8.4.2 Phytochemicals ................................................................................. 178
8.4.2.1 Curcumin ........................................................................... 178
8.4.2.2 Piperine .............................................................................. 179
8.4.2.3 Gingerol ............................................................................. 179
8.4.2.4 Catechins............................................................................ 180
8.4.2.5 Resveratrol ......................................................................... 180
8.4.2.6 Other .................................................................................. 181

8.4.3 Probiotics .......................................................................................... 181
8.4.3.1 Lactobacilli Strains ............................................................ 181
8.4.3.2 Bifidobacterium Strains ..................................................... 181
8.4.3.3 Faecalibacterium prausnitzii ............................................. 181

8.5  The Effect of Nutraceuticals on Gut-Related Cancers ................................. 181



172 Advances in Nutraceutical Applications in Cancer

8.1 INTRODUCTION

The human gut hosts an array of bacteria that conduct many immune and metabolic 
functions. The co-evolution to the immune system and microbes of the gut is the 
topic of interest for cancer and nutraceutical research. The environmental and bio-
logical factors that impact gut diversity can also lead to the development of intestinal 
dysbiosis. The incorporation of nutraceuticals like polyunsaturated fatty acids, phy-
tochemicals, and probiotics into the host diet can aid in the prevention of cancer and 
the reduction of cancer treatment related symptoms.

8.2 GUT DIVERSITY FROM INFANCY TO LATE ADULTHOOD

8.2.1 infant MicroBiota

The developing microbiota of the human gut up until the age of 2 exhibits relatively 
low diversity, low stability, and more vigor compared to adult microbiota (O’Toole & 
Claesson 2010). Researchers have explored the budding gut composition of early 
infants as a means of understanding how changes in microbial population might lead 
to intestinal dybiosis and the development of certain health conditions. Utilizing 
culture-dependent and culture-independent methods, researchers have established 
a general pattern for the colonization of the infant gut with earliest microbes being 
facultative anaerobes, succeeded by strict anaerobes (Laforest-Lapointe & Arrieta 
2017). Other literature has noted a “predominance of enterobacteria and enterococci 
followed by bifidobacteria, Bacteroides spp., clostridia and anaerobic streptococci” 
(O’Toole & Claesson 2010) in the settlement of early-life microbiota.

8.2.2 infant gut variations

Variations in the colonization and stabilization of the bacterial phyla of the infant 
gut is influenced by multiple factors such as prematurity, feeding patterns, mode 
of delivery, exposure to antibodies and unsanitary surroundings. For example, the 
introduction of baby formula or breast feeding into an infant diet can increase the 
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Bifidobacterium and Lactobacillus population in the gut (Penders et  al., 2006). 
Infants raised in unsanitary environments can stimulate an earlier colonization by 
members of Enterobacteriaceae.

In contrast, the exposure to antibody treatments for bacterial infections or due 
to residing in the Newborn Intensive Care Unit (NICU) may lead to decreased 
colonization or eradication of vital microbes. Similarity, babies delivered through 
C-sections may experience later colonization by the E. coli species and members 
of the Bifidobacterium genus and Bacteroidetes phylum (Avrelija & Walter 2010). 
Moreover, infants that were born before the 37th week of pregnancy were also 
noted to have an increased colonization by Clostridium difficile bacteria (Penders 
et al., 2006).

8.2.3 prognostic effects of infant gut

While the diversity of the infant microbiota can initially resemble the composition of 
the birth mother’s microbiota due to vertical transmission of bacteria from mother to 
infant, the overall anatomy of the gut is individualized. The factors previously dis-
cussed are influence the emerging microbiota and additionally contribute to varia-
tions in population. The importance of analyzing this early-life environment lies in 
the ability to identify microbial indicators for disorders and to implement preemptive 
measures.

In  the case of obesity, large cohort studies have linked individuals with larger 
amounts of body fat as positively associated with colorectal cancers and gastric can-
cers (Ma et al., 2013). A reduction of Clostridiales bacteria, a butyrate-maker, was 
observed in the gut microbiota of patients with type 2 diabetes, while other stud-
ies showed an increase in E. coli and Proteobacteria (Gallagher & LeRoith 2015). 
Earlier intervention and the use of microbial indictors in the emerging gut microbe 
may prevent the further development of disorders like obesity.

8.2.4 adult MicroBiota

After infancy, the gut microbiota increases in diversity and stability wherein 
it is inhabited by an estimated 1000 varying species of microbes (The  Human 
Microbiome Project et al., 2012). Previous studies have utilized a sequence analysis 
of 16S rDNA collected from fecal biota to note that the majority of gut bacteria are 
members of the Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria phyla. 
In contrast, Fusobacteria, Cyanobacteria, and Verrucomicrobia phyla were less pres-
ent in the samples (Eckburg et al., 2005). The stability of the gut microbiota in adults 
indicates that an equilibrium in population may have a role in the preservation of a 
healthy state and immune system.

8.2.5 adult gut variations

A  few of the factors that prompt alterations in the adult gut composition are 
chronic inflammation, pregnancy, and geographical location. In  a subset of 
patients with chronic inflammation of the gastrointestinal tract such as Crohn’s 
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disease (CD) and ulcerative colitis (UC), there was a noted decrease in the popu-
lation of Firmicutes and Bacteroidetes bacteria in the gut. Additionally, increase 
in the population of proteobacteria was reported in CD and UC (Manichanh 
et al., 2006). Sokol and cohorts confirmed the preceding results with also a noted 
decrease in the Faecalibacterium prausnitzii levels in a subset of CD patients 
(Sokol et al., 2008).

Chronic inflammation plays a role in the development of certain cancers 
because it impedes the effectiveness of the immune system by altering the compo-
sition of the gut. The gut microbiota and intestinal immune system has co-evolved 
and contributes to the development of innate and adaptive immune homeostasis 
(Wu & Wu 2012).

Hormonal changes that occur during a normal pregnancy such as reduced insulin 
sensitivity, altered metabolic inflammation, and increased adiposity can alter the gut 
microbiota. Studies have indicated that a reduction in general population richness can 
be observed along with a contrasting increase in Proteobacteria and Actinobacteria 
(Koren et al., 2012). Additionally, the insulin resistance and chronic asymptomatic 
gut inflammation characterizes a well-known pathway to the development of both 
gestational diabetes and gestational hypertension.

Interestingly, many studies into the diversity of the gut microbiota across loca-
tions have highlighted changes in the pathways involved in vitamin biosynthesis and 
carbohydrate metabolism. Yatsunenko and researchers have observed a decrease in 
the ability of the microbes of gut to use glycans in young South Americans as they 
mature and transition from diet rich in milk to maize and other plant-based polysac-
charides. In contrast, the numbers of genes that utilize glycans increase as North 
Americans they mature into diets rich in absorbed sugars and remain into adulthood 
(Yatsunenko et al., 2012).

8.2.6 late adulthood MicroBiota

After young adulthood, aging fosters a variant of biological and physiologi-
cal changes to the gut microbiota. The composition of the elderly gut microbiota 
(>65 years) in comparison to younger adults is unstable and has lower microbial 
diversity. The senior gut microbiota reverts similarly back to the precarious compo-
sition of infancy. Likewise, Mariat and cohorts have established that the Firmicutes: 
Bacteroidetes ratios for infants, young adults, and senior adults were 0.4, 10.9, and 
0.6, respectively (O’Toole & Claesson 2010).

Additionally, a decrease in the number of microbes from the major phyla 
Bacteroidetes, Firmicutes, and Actinobacteria was observed in the elderly gut micro-
biota. Inversely, an increase in species numbers within Enterobacteriaceae, staphy-
lococci, streptococci, Candida albicans, and clostridia was displayed (D’Argenio & 
Salvatore 2015). Older adults are faced with reduced physiological functions and 
amplified use of health services that can influence the preservation of a healthy 
microbiota.
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8.2.7 late adulthood variations

The bioavailability of nutrients is reduced in older adults due to factors of aging such 
as a decreased peristaltic activity, mastication strength, and dentition. This effects their 
diet through limiting the absorption of nutrients needed for healthy microbial growth. 
Nutraceuticals derived from phytochemicals are active compounds found in plants and 
have protective effects against the development of diseases. Ouwehand and colleagues 
have researched how the ingestion of probiotic oat-based drinks modify the number 
of Bifidobacterium species in elderly guts, which mediated inflammatory responses of 
the immune systems (O’Toole & Claesson 2010). Largely, the altered efficiency of the 
senior gut to access and process beneficial intestinal nutraceuticals and other nutrients 
is connected to their ability facilitate healthy immune responses with age.

Fortifying cognitive, emotional, and physical health is essential with overall well-
ness, and life changes such as retirement or living an assistance facility can encour-
age a more sedentary condition. Moreover, health services usage surges with age 
and the extended exposure to clinical settings or antibiotic medications can further 
reduce the lowered diversity of elderly gut microbiome. Cultural and metabolic anal-
ysis of fecal biota in elderly patients displayed further decline in the species of the 
Bacteroides–Prevotella, Bifidobacteria genus, Desulfovibrio spp., some clostridia, 
and F. prausnitzii (O’Toole & Claesson 2010). The members of these groups are a 
major component of the gastrointestinal tract and the eradication of the population 
may lead to intestinal dysbiosis (Table 8.1).

TABLE 8.1
Dominant Phyla of Gut Microbiota by Age

Bacterial Phyla (most to 
least represented)a Influential Factors

Infancy (up to 2–3 years) • Actinobacteria
• Proteobacteria
• Firmicutes
• Bacteroidetes

• Prematurity
• Feeding patterns
• Mode of delivery
• Antibodies exposure
• Unsanitary surroundings

Adulthood • Firmicutes
• Bacteroidetes
• Actinobacteria
• Proteobacteria

• Chronic inflammation
• Pregnancy
• Geographical location

Late Adulthood (>65 years) • Firmicutes
• Actinobacteria
• Bacteroidetes
• Proteobacteria

• Lowered physiological 
functions

• Lowered nutrients intake
• Increased clinical visits

a Source: D’Argenio, V. and Salvatore, F., Clin. Chim. Acta, 451, 97–102, 2015.
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8.3 THE EFFECT OF GUT FLORA ON CANCER TREATMENTS

In carcinogenesis, dysfunction of cell growth and suppression of the apoptotic path-
way are both required for cancer formation. The host immune system and gut flora 
have the largest surface area of interaction in the human body and evolutionally 
developed a symbiotic relationship. An imbalance in the relationship such as alter-
ations in the physiological ranges (pH, ions concentrations, etc.), diversity of gut 
microbiota, diet, surgical intervention, and use of antibiotics can have direct and 
indirect effects on the responsiveness of the immune system (Pouncey et al., 2018). 
In particular, research has demonstrated using numerous animal models and in clini-
cal trials that the gut microbiota plays an essential role in suppressing anticancer 
responses and the toxicity of cancer treatments.

During gut dysbiosis, the number of Proeobacteria, Lentisphaerae, Bacteroides, 
and Parabacteroides species in the gut decrease (Rea et al., 2018). This reduction 
impacts the gut’s ability to directly metabolize chemotherapeutic medication and 
produce secondary toxic metabolites (Pouncey et al., 2018). Garcia-Gonzalez and 
colleagues used a Caenorhabditis elegans (C. elegans) worm model to investigate 
how the administration of different bacterial strains would influence chemothera-
peutic medication potency. The worms fed with E. coli were “two orders of mag-
nitude more sensitive to the sterilizing effect” of 5-fluoro-2′-deoxyuridine (FUDR) 
in comparison to worms fed with Comamonas bacteria. It was determined that the 
RNA metabolism capabilities of inoculated bacteria was essential for the observed 
enhanced cytotoxic effects (Garcia-Gonzalez et al., 2017).

Moreover, a lack of comprehension regarding microbiota metabolism can have 
lethal consequences. In Japan, the co-administration of the antiviral sorivudine and 
fluoropyrimidine drugs resulted in the suppression of 5-fluorouracil (5-FU) catabo-
lism. It was later determined that an inhibitor for catabolic 5-FU enzymes was cre-
ated by the gut flora rather than host enzymes and caused 16 deaths over a 40-day 
period (Nakayama et al., 1997). In further research, the toxic levels of 5-FU were 
overturned with the administration of antibiotics to reduce gut microbiota prior to 
use of sorivudine (Pouncey et al., 2018).

Recent studies have highlighted methods under which the immune response can 
be modified through the gut microbiota. Review of these studies have established 
a pattern of germ-free and antibiotic-treated animal models displaying suppressed 
immune response and reduced treatment success. The effects were reversed with the 
use of gut preservation methods such as supplements of different bacterial strains, 
transmucosal translocation of specific bacteria, and fecal transfers with healthy gut 
microbes.

One way cancer evades the immune system is by targeting the T-cell pathway. 
Vétizou and coworkers investigated how mice with healthy gut microbiota could 
control the growth of MCA205 sarcomas by blocking cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) with the application of Ipilimumab, a monoclo-
nal antibody. In germ-free and antibiotic-treated mice, the disruption of gut flora 
resulted in the tumors not responding to the CTLA-4 obstruction. The antisarcoma 
effects of the CTLA-4 blockade depended on certain Bacteroides species, that is, 
B. thetaiotaomicron or B. fragilis. Inoculation of B. fragilis sugars via immunization 
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and adoptive transfer of B. fragilis-specific T cells in germ-free and antibiotic-treated 
mice produced antitumor effects (Vetizou et al., 2015).

Another advance to preserving the integrity of the gut flora rests on its protec-
tive capabilities against the cellular damage caused by cancer therapy. The mucosal 
barrier and innate immune system (cellular/chemical) regulates inflammation and 
promotes healing. The gut flora interacts with the innate immune system through 
Toll-like receptors, a group of proteins that broadly detect the presence of antigens. 
A study showed that antibiotic-treated mice were more vulnerable to small bowel 
injury when administered anticancer methotrexate medication. The  damage to 
the small bowel was abrogated with the supplement of Toll-like receptor 2 ligand 
(Pouncey et al., 2018).

8.4  COMMON INTESTINAL NUTRACEUTICALS 
AND THEIR BENEFITS

8.4.1 polyunsaturated fatty acids

The effect of polyunsaturated fatty acids, abbreviated PUFAs, on intestinal health 
has been studied. The PUFAs are able to interact with the microbiota in the intestine 
to enhance or inhibit their properties. In one study, the effect of PUFA was tested 
on various Lactobacillus strains. The  results showed that the concentration of the 
PUFA strongly affected the influence on the Lactobacillus strains. A too high con-
centration would lead to the inhibition of growth and mucus adhesion, whereas a 
low concentration would lead to an enhancement of growth and adhesion to mucus 
(Laparra & Sanz 2010). Lactobacillus is a probiotic, which are microorganisms that 
are often used as supplements providing health benefits. Lactobacillus has been found 
to provide intestinal benefit, including potentially preventing colon cancer and treat-
ing ulcerative colitis, so the promotion of its growth and adhesion could be extremely 
beneficial (Hirayama & Rafter 1999; Kechagia et al., 2013; Hage et al., 2017).

8.4.1.1 Omega-3 Acids
Common PUFAs are omega-3 acids like eicosapentaenoic acid (EPA), docosa-
hexanoic acid (DHA), and docosapentaenoic acid (DPA), and these can be used as 
supplements due to their health benefits (Costantini et  al., 2017). In  a case study 
exploring the impact of omega-3 acids on gut microbiota diversity and abundance, 
an omega-3 diet was introduced to a 45-year-old healthy and physically active male. 
The gut microbiota was examined before and after the 2-week long diet. There was 
significant change in the levels of certain bacterium, including F. prausnitzii and 
Blautia, indicating that the diet can affect gut microbiota abundance (Noriega et al., 
2016). Furthermore, starch that normally would not be broken down was simplified 
to short-chain fatty acids (SCFAs) due to the changes in certain bacterium. SCFAs 
have anti-inflammatory properties, making it capable of reducing intestinal inflam-
mation (Noriega et al., 2016). Bacteria that produces butyrate was also increased as 
a result of the omega-3 diet. Butyrate also has anti-inflammatory properties among 
other properties useful to preserving bodily health, like the ability to regulate the 
expression of certain genes (Noriega et al., 2016).
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Other benefits of omega-3 acids include the ability to inhibit the NF-kB path-
way, which is responsible for causing expression of inflammatory genes (Liu 
et al., 2014; Myles 2014). Mediators produced by EPA and DHA are also capable 
of reducing inflammation (Myles 2014). In these ways, omega-3 acids can act as 
anti-inflammatory agents, reducing inflammation of the intestine. A study involv-
ing rats showed that a combination of EPA and DHA supplements could prevent 
the destruction of the intestinal mucosa after an ischemia and reperfusion injury 
(Wang et al., 2012).

8.4.2 phytocheMicals

Phytochemicals, extracted from plants or other biological organisms, can act as 
nutraceuticals and provide benefit for the intestine. Some phytochemicals have 
anti-inflammatory and anticancer properties. Curcumin, piperine, and gingerol are 
all extracted from spices and food additives and are present in many food recipes. 
Curcumin is extracted from turmeric, a very commonly used spice in India that has 
also been a fundamental part of India’s traditional medicine practices for many years 
(Higdon 2018a). Piperine is a constituent of black pepper, known as the King of 
Spices due to its widespread use. Black pepper was also a component of ancient 
medicine in both China and India (Gorgani et al., 2016). Other extracts of spices and 
additives of interest in both culinary and medicinal worlds are gingerol, a primary 
component of ginger, catechins, which are extracted from tea leaves, and resveratrol, 
extracted from grapes and red wine (Zhang et al., 2004; Zheng et al., 2016; Higdon 
2018b).

8.4.2.1 Curcumin
One phytochemical that has been the focus of abundant research in recent years is 
curcumin. Curcumin is a polyphenol extracted from turmeric that has been found to 
combat cancer in many ways. In colorectal cancer, research has shown that curcumin 
has the ability to regulate gene expression and induce the apoptosis of cancer cells 
(Li et al., 2015). In addition, curcumin can limit inflammation through the inhibition 
of NF-kB and COX-2 expressions (Li et al., 2015) (Figure 8.1).

FIGURE 8.1 Structure of curcumin.
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8.4.2.2 Piperine
Another phytochemical that can have a positive impact on intestinal health is pip-
erine, which is extracted from black pepper. Piperine can cause apoptosis of colon 
cancer cells. The mechanism by which this occurs is likely cell cycle arrest at the 
G1 phase (Yaffe et al., 2014). In addition to its potential as an anticancer agent, pip-
erine has an effect on inflammatory bowel disease (IBD). Piperine is able to reduce 
inflammation by regulating gene expression and inhibiting NF-kB. TNF-α, a cyto-
kine involved in promoting inflammation in mucosal cells, is decreased with the 
addition of piperine (Gupta et al., 2015) (Figure 8.2).

8.4.2.3 Gingerol
The phytochemical extracted from ginger known as 6-gingerol contains properties 
that can be beneficial in combating colorectal cancer. It was found to induce apopto-
sis in colon cancer cells while avoiding healthy colon cells, which is a useful trait that 
could prevent unnecessary complications in treatment (Zheng et al., 2016). A study 
on the small intestine of a rat indicated that the application of gingerol was able to 
lessen the amount and amplitude of contractions, making it useful for alleviating 
vomiting (Chatturong et al., 2018) (Figure 8.3).

FIGURE 8.2 Structure of piperine.

FIGURE 8.3 Structure of 6-gingerol.
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8.4.2.4 Catechins
Catechins are flavonoids present in green tea. Some common catechins are epicate-
chin (EC), epigallocatechin (EGC), epicatechin gallate (ECG), and epigallocatechin 
gallate (EGCG) (Zhang et al., 2004). Both oxidative stress and inflammation con-
tribute to IBD. Catechins have been found to both scavenge free radicals and regulate 
protein synthesis in order to reduce oxidative stress (Fan et al., 2017). Epicatechin 
has been found to increase levels of glutathione (GSH), which has antioxidant prop-
erties, in animals with colitis. Epicatechin was also found to be beneficial to lesions 
of colitis (Vasconcelos et al., 2012) (Figure 8.4).

8.4.2.5 Resveratrol
Resveratrol is a polyphenol commonly extracted from foods including berries, 
grapes, red wine, and peanuts (Higdon 2018b). A study testing the effect of resvera-
trol on inflammation in vitro showed that resveratrol can also reduce inflammation 
through the inhibition of NF-kB (Nunes et al., 2017) (Figure 8.5).

FIGURE 8.5 Structure of resveratrol.

FIGURE 8.4 Structure of epicatechin (EC).
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8.4.2.6 Other
Saponins and quercetin are other phytochemicals that have been linked to colorectal 
cancer prevention (Li et al., 2015).

8.4.3 proBiotics

Probiotics, or live microorganisms with properties that benefit health, are some-
times considered nutraceuticals, as they can be taken as supplements. The micro-
biota present in the intestine are very important to the health of the human body, 
so the addition of probiotics can provide further benefit or treat problems caused 
by deficiencies (Catinean et al., 2018). Some probiotics currently being explored for 
their beneficial properties in intestinal health are strains of Lactobacillus, strains of 
Bifidobacterium, and F. prausnitzii.

8.4.3.1 Lactobacilli Strains
Common probiotics include the Lactobacilli strains. One proven intestinal benefit 
of Lactobacillus was seen in a study of infants with Rotavirus. The frequency of 
diarrhea and vomiting both decreased as a result of the probiotic treatment with 
Lactobacillus (Park et al., 2017).

8.4.3.2 Bifidobacterium Strains
Another very common probiotic of benefit to the intestine are Bifidobacterium 
strains. These strains have been found to benefit IBD, IBS, and diarrhea, having a 
positive impact on intestinal health (Tojo et al., 2014). Bifidobacterium are already 
present in the gut, and the increase of this microorganism can provide additional 
benefit. It has been found to contain properties that prevent colorectal cancer as well 
(O’ Callaghan & Sinderen 2016).

8.4.3.3 Faecalibacterium prausnitzii
F. prausnitzii makes up 3%–5% of fecal bacteria, making it a large group compared to 
other bacterium and important to the health of the entire body. One important benefit 
of this bacteria is its anti-inflammatory properties, making it able to reduce intesti-
nal inflammation, which can in turn help alleviate conditions such as inflammatory 
bowel disease (Liu et al., 2017). The way in which F. prausnitzii affects inflamma-
tion is through the inhibition of the NF-kB pathway in vitro, which is responsible 
for controlling the expression of many inflammatory genes (Breyner et al., 2017). 
F. prausnitzii still requires additional research studies to become a more common 
probiotic, but studies so far indicate that there is potential (Martín et al., 2017).

8.5  THE EFFECT OF NUTRACEUTICALS 
ON GUT-RELATED CANCERS

Nutraceuticals are alternative therapeutic agents to control the progression of can-
cer by promoting normal cells function, regulating tumor suppressor genes and bol-
stering the immune system (Kuppusamy et al., 2014). Traditional synthetic cancer 
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medications are effective but present with many adverse side effects. The benefits of 
nutraceuticals usage consist of their capability to improve overall health and present 
with less side effects (Catinean et al., 2018).

The six dominants phyla in the healthy adult gut are Firmicutes and Bacteroidetes 
(90%), Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia 
(Eckburg et  al., 2005). The  gut bacterial formation of short-chain fatty acids 
(SCFAs) and catabolism of amino acids are vital energy sources for cell and meta-
bolic signaling. The Bacteroidetes phylum produces acetate and propionate, while 
the Firmicutes families create butyrate. Acetate, propionate, and butyrate have sig-
nificant roles in maintaining hepatic lipids and glucose homeostasis such control-
ling the effects of peroxisome proliferator-activated receptors (PPAR) (Catinean 
et al., 2018).

Naturally isolated Flavonoids metabolites like Luteolin have been clinically proven 
to be effective colon cancer agents. Numerous in  vitro studies have recorded that 
luteolin promotes apoptosis in several cell lines. Demidenko and researchers have 
shown that luteolin inhibited the HT-29 cell cycle by obstructing cell growth at the 
G1/S and G2/M phase (Lim et al., 2007). In addition, luteolin inhibits antiapoptotic 
proteins and controls the activity of CDC2 (CDK1) kinase and cyclin B1 proteins. 
The CDC2 kinase and cyclin B1 proteins are responsible for starting the G2/M phases 
in luteolin-treated colon cancer cell lines (Kuppusamy et al., 2014). In short, modest 
dosage of Luteolin increased the apoptosis of colon cancer cells. This pattern con-
tinues with the Flavonoid fisetin that regulates the expression of Bcl-2 metabolites, 
increased the proapoptotic Bak protein and stimulated caspase-3 in colon cancer cells 
(Suh et al., 2009).

The suppression of tumor growths by eugenol, a phenylpropanoid derived from 
cloves and aromatic spices, was noted in the studies of human cancer lines and in the 
MNNG rat model of gastric cancer. The administration of eugenol had typical nutra-
ceutical anti-inflammatory and growth inhibitory effects. It was achieved by the sup-
pression of the nuclear factor kappa beta (NF-kβ) and the downregulation of MMPs, 
VEGF, TIMP-2, and RECK expressions (Wargovich et al., 2010). Currently, there is 
no research that indicates that clove or eugenol can alienate traditional cancer treat-
ments, but review of its VEGF downregulating effects should be further evaluated 
since it is a systemic growth factor. One means of decreasing possible adverse side 
effects of the phytotherapy would be to administer the eugenol at a lower dose along 
with a natural VEGF inhibitor (Wargovich et al., 2010).

Green tea polyphenols metabolites like Epigallocatechin gallate (EGCG) have 
the capability to inhibit aspects of neovascularization and angiogenesis essential to 
the metastasis of cancers (Wargovich et al., 2010). This was elucidated by its ability 
to interfere with the Akt and ERK 1 and 2 signaling system for growth factors like 
VEGF (Wargovich et al., 2010). Park and cohorts recorded that in the presence of 
low doses of hydrogen peroxide (H2O2), EGCG-induced apoptosis in colon cancer 
cells by activating AMP-activated kinase (AMPK) and inhibiting cyclooxygenase-2 
(COX-2) (Park et al., 2009). Currently, there no data that suggest that green tea poly-
phenols can interfere with common cancer therapies, but there are findings that tea 
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polyphenols can assist in the responsiveness of chemoresistant cells to therapeutics 
by associated targeting of the same cellular processes of the desired chemotherapeu-
tic drugs (Wargovich et al., 2010).

8.6  THE APPLICATION OF NUTRACEUTICALS 
AND CANCER PREVENTION

8.6.1 curcuMin

The effect of curcumin on colorectal cancer cells HCT116 and HT29 was studied in 
one experiment. The results showed that curcumin not only induced apoptosis but 
also limited glucose uptake and the production of ATP, successfully reducing the 
cancer cells’ ability to grow. This potentially occurred due to the inhibition of the 
expression of enzymes involved in the promotion of glycolysis (Wang et al., 2015). 
There are many ways in which curcumin can target and kill cancer cells. Some of the 
way apoptosis can be induced involve curcumin’s interaction with caspases, death 
receptors, the p53/p21 pathway, the regulation of other transcription factors, and the 
regulation of the cell cycle (Ravindran et al., 2009).

8.6.2 piperine

Piperine, extracted from black pepper, contains anticancer properties. In a study 
involving rectal cancer cells, piperine effectively stopped the growth of the cells 
by interrupting the cell cycle and inducing apoptosis (Yaffe et al., 2013). Similarly, 
in an additional study on colon cancer cell lines, piperine inhibited the growth 
of HT-29, Caco-2, SW480, and HCT-116 cells. This was most likely due to piper-
ine causing cell cycle arrest and apoptosis through caspase activation (Yaffe et al., 
2014).

8.6.3 gingerol and ginger

Gingerol has been successful in reducing cancer cell viability. A study of colon can-
cer cells showed that as the concentration of 6-gingerol increased, the viability of the 
cell was reduced. Moreover, cell cycle arrest at the G2/M phase occurred (Lin et al., 
2012). According to the results of a clinical study in humans with colon cancer, the 
ginger administered orally could potentially inhibit COX and LOX enzymes, thus 
inhibiting cancer cell proliferation; however, further experiments and studies are 
necessary (Zick et al., 2011).

8.6.4 epigallocatechin gallate (egcg)

Catechins, extracted from tea, have been found to inhibit colon cancer cell growth 
in many studies. One study included epigallocatechin gallate (EGCG) and an HT-29 
human colon cancer cell line. The  results indicated that EGCG inhibited the can-
cer cell proliferation through the inhibition of COX-2. The expression of COX-2 is 
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involved in proliferation, so the inhibition of COX-2 reduces cancer cell prolifera-
tion (Park et al., 2009). EGCG can reduce cell proliferation and TROP2. TROP2 is 
involved in regulating cell growth of colorectal cancer cells (Sukhthankar et al., 2010).

8.6.5 resveratrol

Resveratrol, another common nutraceutical, can prevent the growth of colorectal 
cancer. Apart from inducing apoptosis of the cancer cells and reducing cancer cell 
proliferation, resveratrol has been found to increase miR-34c, which is a tumor sup-
pressor (Yang et al., 2015).

8.6.6 soy saponins

Soy saponins are phytochemicals that have an inhibitory impact on human colon 
cancer cells. With the application of soy saponin on colon cancer cells, there was a 
reduction in the percentage of cells that survived over time due to autophagic cell 
death and less cancer cell proliferation in the presence of the saponin (Tsai et al., 
2010). Another saponin of interest to colon cancer prevention is astragalus sapo-
nin. Astragalus saponin was found to induce apoptosis of human colon cancer cells 
(Wang et al., 2014).

8.6.7 Quercetin

Another nutraceutical and phytochemical that prevents cancer growth is querce-
tin due to its ability to cause apoptosis. In one study, quercetin was able to inhibit 
NF-kB, thus reducing the proliferation of colon cancer cells and inducing apoptosis 
(Zhang et al., 2015).

8.6.8 BifidoBacterium

Probiotics like Bifidobacterium strains are also able to prevent colorectal can-
cer. A  study involving rats showed that B. longum and B. breve, two strains of 
Bifidobacterium, prevented carcinogenic damage on DNA (Pool‐Zobel et al., 1996; 
O’Callaghan & Sinderen 2016).

8.6.9 other

Oftentimes, the combination of multiple nutraceuticals can also prove beneficial 
especially in the prevention of cancer. For example, one study tested the effect of 
curcumin and catechins on multiple types of cancer cells, including HCT 15 and 
HCT 116. The  results of this showed that the combined impact of curcumin and 
catechin was actually more effective than either of those nutraceuticals would be if 
administered singularly (Manikandan et al., 2011).
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8.7  THE REDUCTION OF CANCER-RELATED 
SYMPTOMS AND NUTRACEUTICALS

Along with the research conducted to explore nutraceuticals as chemopreventive 
agents, there are also studies combining nutraceuticals with cancer treatment like 
chemotherapy to see whether or not the symptoms can be lessened or removed all 
together. Chemotherapeutic drugs generally used in the treatment of colorectal can-
cer and approved by the Food and Drug Administration (FDA) include 5-FU (fluo-
rouracil), capecitabine (Xeloda), irinotecan (Camptosar), and oxaliplatin (Eloxatin) 
(“Drugs Approved for Colon and Rectal Cancer,” 2018; “Chemotherapy for Colorectal 
Cancer,” 2018). Unfortunately, there are many side effects of these cancer treatments, 
like hair loss, nausea, vomiting, diarrhea, and hand–foot syndrome (“Chemotherapy 
for Colorectal Cancer,” 2018).

Apart from the side effects of treatments, there are many symptoms experi-
enced by people who have cancer. Some common signs include unusual weight 
loss, fever, blood loss that leads to fatigue, and pain. Colorectal in particular can 
cause pain in the back, diarrhea, or bloody stool (“Signs and Symptoms of Cancer,” 
2014).

In  one study, curcumin c3 was administered in mice with MAC16 colon can-
cer cells. The mice in the study were afflicted with cachexia, which is muscle deg-
radation, a common symptom of cancer. The mice with curcumin gained weight, 
whereas the control group began to lose weight. Upon further exploration, it was 
discovered that the cause of the weight gain was partially due to an increase of the 
size of muscle fibers. This indicates that cachexia was prevented by the curcumin 
through the regulation of gene expression (Siddiqui et al., 2009).

Other nutraceuticals with potential in preventing cachexia are the catechin 
epigallocatechin-3-gallate (EGCG) and resveratrol. The  mechanism by which 
cachexia is prevented is most likely through the regulation of NF-kB. A  study 
involving EGCG concluded that the cachexia was inhibited through the regulation 
of ubiquitin-proteasome proteolysis, which is controlled by NF-kB (Wang et al., 
2011). Similarly, resveratrol was given to mice with colon-26 adenocarcinoma 
cells were given resveratrol orally, and they were able to resist cachexia because 
NF-kB inhibition blocked the expression of ubiquitin ligase MuRF1 (Shadfar 
et al., 2011).

The  effect of ginger on nausea and vomiting due to chemotherapy has been 
tested, but the results remain relatively vague. Although some studies have seen 
positive results indicating ginger-reduced nausea in comparison to patients not tak-
ing ginger, more research may be required in order to provide a more certain con-
clusion (Ernst  & Pittler 2000). A  study conducted in 2012 indicated that ginger 
supplementation did reduce nausea caused by chemotherapy significantly, so there 
is potential for ginger to lessen the symptoms associated with cancer (Ryan et al., 
2011) (Table 8.2).
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8.8  FUTURE DIRECTION OF GUT-RELATED CANCER 
AND NUTRACEUTICAL RESEARCH

The future of cancer and nutraceutical lies in the personalization of chemotherapy 
treatments through the promotion of gut preservation. Pre-and postadministration of 
nutraceuticals and specific bacterial stains can ameliorate the damaging effects on 

TABLE 8.2
List of Drugs Approved by the Food and Drug Administration (FDA) for 
Colon and Rectal Cancera

Drugs for Colon Cancer Drugs for Rectal Cancer

• Avastin (Bevacizumab)
• Bevacizumab
• Camptosar (Irinotecan Hydrochloride)
• Capecitabine
• Cetuximab
• Cyramza (Ramucirumab)
• Eloxatin (Oxaliplatin)
• Erbitux (Cetuximab)
• 5-FU (Fluorouracil Injection)
• Fluorouracil Injection
• Fusilev (Leucovorin Calcium)
• Ipilimumab
• Irinotecan Hydrochloride
• Keytruda (Pembrolizumab)
• Leucovorin Calcium
• Lonsurf (Trifluridine and Tipiracil 

Hydrochloride)
• Nivolumab
• Opdivo (Nivolumab)
• Oxaliplatin
• Panitumumab
• Pembrolizumab
• Ramucirumab
• Regorafenib
• Stivarga (Regorafenib)
• Trifluridine and Tipiracil Hydrochloride
• Vectibix (Panitumumab)
• Xeloda (Capecitabine)
• Yervoy (Ipilimumab)
• Zaltrap (Ziv-Aflibercept)
• Ziv-Aflibercept

• Avastin (Bevacizumab)
• Bevacizumab
• Camptosar (Irinotecan Hydrochloride)
• Capecitabine
• Cetuximab
• Cyramza (Ramucirumab)
• Eloxatin (Oxaliplatin)
• Erbitux (Cetuximab)
• 5-FU (Fluorouracil Injection)
• Fusilev (Leucovorin Calcium)
• Fluorouracil Injection
• Ipilimumab
• Irinotecan Hydrochloride
• Keytruda (Pembrolizumab)
• Leucovorin Calcium
• Lonsurf (Trifluridine and Tipiracil 

Hydrochloride)
• Nivolumab
• Opdivo (Nivolumab)
• Oxaliplatin
• Panitumumab
• Pembrolizumab
• Ramucirumab
• Regorafenib
• Stivarga (Regorafenib)
• Trifluridine and Tipiracil Hydrochloride
• Vectibix (Panitumumab)
• Xeloda (Capecitabine)
• Yervoy (Ipilimumab)
• Zaltrap (Ziv-Aflibercept)
• Ziv-Aflibercept

a Source:  “Drugs Approved for Colon and Rectal Cancer” from https://www.cancer.gov/about-cancer/
treatment/drugs/colorectal. August 15, 2018; “Chemotherapy for Colorectal Cancer” from https://
www.cancer.org/cancer/colon-rectal-cancer/treating/chemotherapy.html. February 21, 2018.

https://www.cancer.org/
https://www.cancer.org/cancer/colon-rectal-cancer/treating/chemotherapy.html
https://www.cancer.gov/


187Effect of Nutraceuticals on Gut Microbiota—What Is the Deal in Cancer?

gut flora and increase the toxicity of medication. The symbiotic relationship between 
the host immune system and gut microbiota presents an opportunity for alleviating 
debilitating symptoms like GI mucositis, constipation, diarrhea, and nausea/vomiting.

Additionally, replenishing the immune system and gut diversity assists in prevent-
ing opportunistic infections that challenge patient recovery and therapy. Recently, 
the employment of fecal transplants has displayed promising results in basic research 
and clinical trials in improving bacterial recolonization and bolstering drug therapy 
(Rea et al., 2018). Another aspect of nutraceutical research relies on the development 
of proper dosage protocols to reduce the overconsumption of vitamins and min-
eral, which can lead to serious conditions like hypervitaminosis or nephrolithiasis. 
In short, current focus on the localized and systemic effects of the gut microbiota 
may lead to changes in the process of chemotherapeutic drug administration and 
further the clinical application of nutraceuticals.
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9 Nutrigenomics and 
Nutrigenetics in 
Cancer Prevention

Komal Parmar and Jayvadan K. Patel

9.1 INTRODUCTION

As an undeniably predominant malady and the main cause of death in recent 
times, malignancy is a noteworthy risk to human well-being. Cancer occurrence 
is anticipated to increase later on and an efficacious preventive methodology is 
required to confront this challenge. Although cancer examination has rendered 
us with a superior comprehension of growth science, we still confront various 
difficulties in disease treatment and counteractive action. Current treatments are 
to a great extent constrained to medical procedure, radiation treatment, and che-
motherapy, which remain unacceptable. Specifically, there are numerous issues 
with such therapies such as low response rate, poor specificity, drug resistance, 
and serious side effects. Cancer is at a very basic level a genetic malady in which 
alteration of the DNA of single cell occurs. These changes in the DNA might be 
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responsible for several changes including physical, chemical, or biological ones. 
The phase of advancement is the second phase of carcinogenesis. The started cell 
is converted into a cancerous cell via moderate and gradual process. The  third 
phase is of progression in which numerous malignant cells grow uncontrolla-
bly (Pitot et al. 2004). Although the connection between diet and cancer is still 
not definitive, research studies suggest that diet may alter the risk and improve 
the consequences of cancer. According to the epidemiological information, a 
vast portion of human malignancies are connected with lifestyle and food hab-
its (Elsamanoudy et al. 2016). There are various environmental factors that can 
prove harmful. Endogenous reactions such as oxidation and exogenous reactions 
like smoke, UV light, aflatoxin, and high dose of radiations may cause malignan-
cies (Setlow 2001).

9.2 NUTRIGENOMICS

The observation that eating habits impact health, a relationship between supple-
ment and illness has been built up. This  relationship between food and disease 
is presently being explored through present day epidemiological examinations. 
In recent years, the cellular events interceding the beginning of carcinogenesis, 
despite their change by dietary factors, has yielded critical data in comprehension 
of this abnormal condition (Anderle et al. 2004). Several food components can 
regulate gene expression patterns resulting into abnormalities. It is possible that 
because of modification in the nourishment propensities and lifestyle, individuals 
are becoming more inclined to diet-related chronic sickness and abnormalities. 
In this context, nutrigenomics, a relatively new science, focuses on exploring the 
role of dietary nutrients in gene expression and the interaction between genes 
and bioactive food components. This will in turn provide important information 
about dietary components having beneficial or negative effects on health (German 
2005, Miggiano and Sanctis 2006). In the development of nutraceuticals, effects 
of functional food on human health have been precisely termed as nutrigenomics 
or nutrigenetics. Nutrigenomics represents the analysis of consequence of nutri-
ent ingestion on whole genome (genetic material in cells), proteome (set of pro-
tein expressed by genome), and metabolome (set of metabolites) (Sharma and 
Dwivedi 2017). It  adverts to the use of genomic standards in dietary research 
and   empowers us to figure  relationship between particular dietary supplements 
and hereditary elements. The  interactions between dietary supplements and 
genetic material influence digestion, absorption, and excretion of bioactive dietary 
components, and in addition, impact their site of action (Figure 9.1). This science 
considers nutrients as dietary signals that are detected by cellular sensor systems, 
which regulate gene expressions and metabolite production (Robert et al. 2001). 
This understanding will promote health and reduce the risk of growing maladies 
(Fujii et al. 2010).
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9.3 NUTRIGENETICS

In contrast, nutrigenetics studies the genetic variation in an individual in as a result 
of interaction between diet and disease. These individual differences might be 
attributed to single nucleotide polymorphisms rather than whole gene (Ardekani and 
Jabbari 2009). In  view of various investigations on populace contrasts in single-
nucleotide polymorphisms, it is found that genetic attributes play a significant part 
in adjudicating an individual’s risk of developing of specific ailment (Grody 2003). 
Further, it is proposed that nutrigenetics is associated with dealing with the system 
through which genetic variability characterizes the chance of individual to illness, 
supplement day to day prerequisites, cell metabolic reaction, and response to bioac-
tive supplement or nutritional treatment. Nutrient requirements vary with individual 
on basis of genetic variations among the population. In addition, different response 
of genetic variation of different individuals might be observed even with the same 
nutrient. A well-known example of gene–nutrient interaction is represented by meth-
ylene tetra hydrofolate reductase gene (MTHFR). This gene is involved in the metab-
olism of folic acid and thereby maintains the level of homocysteine amino acid in the 
blood. MTHFR is responsible for the conversion of 5,10 methylene tetrahydrofolate 

FIGURE 9.1 Relation between nutrigenomics and disease.
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to 5-methylene tetrahydrofolate. This step is required for the further conversion of 
homocysteine to methionine (Figure 9.2). It is observed that the deficiency of folic 
acid in the diet is associated with elevated levels of homocysteine in blood, which 
is attributed to specific MTHFR gene single-nucleotide polymorphism (Sharma 
and Dwivedi 2017). This condition is further associated with inflammation, heart 
disease, birth defects, and having a debilitated capacity to detoxify. Homocysteine 
concentrations are affected by nutritional inadequacies, particularly of folic acid, 
vitamin B12, and vitamin B6 (Patrick et al. 2004, Selhub 2006, 2008). Several inves-
tigations have demonstrated that diet has an essential effect on the risk of building 
up of specific ailments, and genetic sensitivity has been assumed to be part of this 
(Chang et al. 2016, Little et al. 2017, Osman et al. 2018, Ordovas and Shen 2008). 
Figure 9.3 describes the difference between nutrigenomics and nutrigenetics.

One example of diet-related genetic variation and disease associated with it fits 
with a case study on the occurrence of hepatocellular carcinoma in the population of 
Sudan. Results reported a strong relationship between the risk of developing hepa-
tocellular carcinoma and the intake of peanut butter contaminated with aflatoxins in 
the Sudanese population. The association of disease and peanut intake was found to 
be limited to people with glutathione-S-transferase M1 null genotype (Omer et al. 
2001).

With the burgeoning information of the human genome sequence, the HapMap 
project and the classifying genetic variations in human, specialists in the field of nutri-
genetics can recognize particular polymorphisms associated with the risk of disease 
or sensitivity to diet (Sachidanandam et al. 2001, Fareed and Afzal 2013). Recently, a 
high determination recombination guide of human genome has given and expanded 
the data on the genetic order of polymorphic markers and the single-nucleotide poly-
morphism guide of the human genome (Telenti et al. 2016, Kong et al. 2004).

FIGURE 9.2 Importance of folic acid in DNA methylation and DNA synthesis.
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The essential components of nutritional genomics are as follows. First, diet is sup-
posed to be the fundamental inclining factor for various diseases in some individuals. 
For example, saturated-fat-containing food causes cardiovascular disease and sugar-based 
food cause diabetes. Second component suggests that diet components influence genetic 
variation and consequently human genome. For example, diet contains several precursors 
like folate and other B vitamins for the synthesis of S-adenosylmethionine (SAM), which 
is a universal donor of methyl groups with an essential role in the regulation of various 
genes. The reduced availability of methyl donor will result in hypomethylation of DNA, 
affecting the regulation of gene expression. Third component demonstrates the possibil-
ity of influence of genetic variation, which can further help explain the balance between 
health and diet (Arkadianos et al. 2007). Fourth component includes information about 
the fact that the genes that are dependent on dietary constituents for their regulation may 
have a role in triggering, development, and progression of chronic illness.

Therefore, general objective of this “omic” science includes how genes interact 
with the dietary supplements. It explains how DNA and genetic code impact our 
requirement for particular supplements in particular amounts for sustaining better 
health. Keeping genetic makeup of the individual and some etiological view points 
of chronic diseases; It is useful to decide the customized amount of calories that 
involves person nourishing necessities in view of genetic makeup of the individual 
and also clears up some etiological point of view of chronic diseases. As given in 
Table  9.1, during a lifetime, nutrition can change the physiologic and pathologic 
processes through epigenetic mechanisms that are important for genetic expression. 
Epigenetics can be defined as somatible heritable states of the genetic expression 
due to changes in the chromatin structure without alteration in the DNA sequence, 
including DNA methylation, histone modifications, and chromatin remodeling.

FIGURE 9.3 Distinction between nutrigenomics and nutrigenetics.
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9.4 DIET–DISEASE INTERACTION

A substantial variation in absorption, metabolism, and elimination of dietary constit-
uents prevails among individuals, which results in different concentrations of dietary 
constituents in blood or tissue. Reason for such variable and complicated body pro-
cesses is poorly known till date. These variable responses in individuals make an 
important area for extensive research ahead. Impact of dietary responses and media-
tion on phenotypes, for example, body weight, blood pressure, and blood cholesterol 
levels, indicates substantial interpersonal deviations (Ordovas 2008, Ordovas et al. 
2007). Other factors that can influence dietary responses include smoking, genetic 
difference, age, gender, physical activity, and many more. The objective of nutri-
tional research in genetics is to identify individuals who can be profited from par-
ticular nutritional interference and identify the respective alternatives.

9.5  NUTRIGENOMICS–NUTRIGENETICS 
IN CANCER MANAGEMENT

The World Cancer Research Fund and the American Institute of Cancer Research 
(WCRF/AICR) have recently updated their 1997 summary in their second expert 
report that there is an association between food, nutrition, physical activity, and 

TABLE 9.1
Epigenetic Role of Some Dietary Components in Various Physiologic and 
Pathologic Processes

Physiologic or 
Pathologic Process Nutrition/Diet Epigenetic Mechanism

Embryogenesis Folate deficiency DNA methylation (Chang et al. 2011)

Choline deficiency DNA methylation (Zeisel 2009)

Protein restriction DNA methylation (Jia et al. 2013)

Alcohol exposure DNA methylation, histone modification 
(Ungerer et al. 2013)

Stem cell Butyrate formation from dietary 
plant fiber

Histone acetylation (Mu et al. 2013)

Retinoic acid intake Chromosomal transcription (Gudas and 
Wagner 2011, Nguyen et al. 2016)

Obesity High-fat diet DNA methylation (Zwamborn et al. 2017)

Curcumin intake Histone acetylation (Shao et al. 2012)

Inflammation Resveratrol intake Modification of Interleukin-6 pathway 
(Larrosa et al. 2009)

Methyl-deficient diet TNF pathway, p38, cPLA2, and COX-2 
(Chen et al. 2011)

Neurocognition Choline intake DNA hypomethylation (Nyaradi et al. 2013)

Vitamin B12 intake DNA hypomethylation (Nyaradi et al. 2013)
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prevention of cancer. Further, the report suggests that cancer incidence can be 
avoided by modification in diet and physical activity (Wiseman 2008). Out of the 
total cases of human cancers, about 5% originate from mutational events, while 
remaining 95% originate from occasional events resulting from exposure to environ-
mental and dietary factors. The evidence suggests that of all cancer-related deaths, 
almost 25%–30% are due to tobacco, 30%–35% due to dietary factor, 15%–20% are 
due to infections, and the remaining are linked to radiations, stress, physical activity, 
environmental pollutants, and other factors (Anand et al. 2008). In addition, inves-
tigations have demonstrated several bioactive food components including phyto-
chemicals found in plants (Manson et al. 2007), zoochemical found in animals and 
fish like conjugated linoleic acid (Bhattacharya et al. 2006) and omega-3 fatty acids 
(Simopoulos 2006), respectively, fungochemicals found in mushrooms (Chen et al. 
2006), and bacteriochemicals formed from microbial fermentation (Wollowski et al. 
2001) probably alter sensitivity to malignancy. In fact, many nutrients are involved in 
various pathways of cancer considering apoptosis, cell differentiation, inflammation, 
DNA change, and carcinogen metabolism (Davis and Milner 2007).

Epigenetic changes that mediate changes in genetic expression without chang-
ing the DNA sequence include DNA methylation and histone modification. Such 
changes accumulate with increase in age, which increases the sensitivity toward 
cancer development in body. Use of bioactive compounds may prove as potential 
tool for treatment/prevention of cancer. Nuclear receptors are group of transcrip-
tion factors that function as sensors to dietary constituents and thereby mediate 
the response to dietary factors (Romagnolo et al. 2014). Nutrient–gene interactions 
influencing cancer process are modulated by genetic mutations, epigenetic modifi-
cations, interactions with dietary constituents, and heterogeneity of cells in tumor. 
Therefore, in order to find out how nutrigenomics and nutrigenetics will help in 
preventing cancer disease, knowledge of gene polymorphisms, gene targets that 
regulate cell and tissue pathways, and strategies to control clinical heterogeneity 
are important.

The International Agency for Research on Cancer (2015) stated that consump-
tion of red and processed meat is carcinogenic to humans and increases mortality. 
Investigations have reported a correlation between colon cancer and consumption of 
red meat, animal protein, and total fat. Major theories found experimentally behind 
the association are (1) high-fat or -protein diet could promote carcinogenesis, (2) 
mutagenic and carcinogenic heterocyclic amines and polycyclic aromatic hydrocar-
bons are formed on heating meat at high temperature, (3) carcinogenic N-nitroso 
compounds are formed in food and in cell by nitrosation of nitrites/nitrates, and (4) 
heme group iron of myoglobin present in red meat can be carcinogenic because of 
its property to proliferate through lipoperoxidation (Santarelli et al. 2008, Ferguson 
2010). It may also function as a catalyst to nitrosoamine formation and generate free 
radicals that may further damage the DNA (Kushi et al. 2012).

Phase II enzymes are involved in glucuronidation, sulfation, acetylation, and meth-
ylation processes. It has been demonstrated that the actions of phase II enzymes are 
interceded by the antioxidant reaction component, which is situated in the promoter 
locale of particular genes. Food nutrients can likewise incite numerous enzymes 
through actuation of signal transduction pathways. Food nutrients can thereby 
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modulate signal pathways including mitogen-activated protein kinase, protein kinase 
C, and phophatidylinositol 3-kinase that link multiple cellular processes to cancer 
(Lee and Surh 2005).

Dietary bioactive constituents found in fruits and vegetables can counteract car-
cinogenesis by blocking the metabolic actuation by enhancing detoxification pro-
cess. Several investigations have concluded that plant food constituents can modulate 
detoxification enzymes. Examples include but are not limited to flavanoids, such as 
quercetin, kaempferol, and genistein (Moon et al. 2006, Miron et al. 2017); phenols, 
for example, vanillic acid, coumaric acid, and curcumin (Link et  al. 2013, Altay 
et al. 2017); isothiocyanates (Grundemann and Huber 2018); and others that induce 
apoptosis and inhibit cell proliferation.

9.6 POLYPHENOLS

Polyphenols are essential micronutrients found abundantly in our diet, and the 
ground for their role in the prevention of cancer is egressing. Found in fruits and 
vegetables, wine, tea, extra virgin olive oil, chocolate, and other cocoa products, 
they form major antioxidants of our diet. Generally, food contains complex mixture 
of polyphenols, which comprise mostly flavones, isoflavones, flavanols, catechins, 
and phenolic acids (Pandey and Rizvi 2009). Clove is the richest dietary source of 
polyphenols, with 15188 mg per 100 g of fresh fruit (Perez-Jimenez et al. 2010). 
Rao and Pagidas (2010) evaluated the effect of tea polyphenol on human ovarian 
cancer. Reports suggested epigallocatechin-3-gallate, a tea polyphenol present in 
green tea, is found to be an antiproliferative and proapoptotic agent in the human 
ovarian cancer via DNA damage. Further, Huang et al. (2016) reported the effects 
of tea polyphenols on the ovarian cancer cells. The authors find that tea polyphenols 
induced apoptosis and inhibited proliferation and invasion of ovarian cancer cells 
by regulating the gene expression of cyclin D, MMP2, Bax, and Bcl-2. Hong et al. 
(2009) demonstrated that pomegranate polyphenols reduced tumor cell growth in 
prostate cancer. The bioactive components also induced apoptosis in both androgen-
dependent and -independent cancer cells. Further, Thomas et al. (2014) carried out 
a double-blind randomized trial to evaluate the effect of polyphenol-rich whole food 
supplement on prostate-specific antigen (PSA) progression in patients with pros-
tate cancer. A blend of pomegranate, broccoli, green tea, and turmeric was used for 
the study. They reported a significant short-term and favorable effect on the rising 
PSA in patients. Thangapazham et al. (2007) reported an investigation suggesting the 
effectiveness of green tea polyphenols and its constituent epigallocatechin gallate in 
tumor regression in breast cancer. Results suggested a downregulation of the gene 
expression of cyclin D, cyclin E, CDK 4, CDK 1, and PCNA in the treated investi-
gated group. Various types of polyphenols and their dietary sources are summarized 
in Table 9.2.
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TABLE 9.2
Polyphenols for Cancer Prevention/Therapy

Polyphenol Dietary Source Cancer and Mechanism

Quercetin Fruits and green 
leafy vegetables

Lymphocytic leukemia; Downregulates Mcl-1 mRNA 
(an antiapoptotic protein) (Spagnuolo et al. 2012)

Xanthohumol Beer Cervical cancer; downregulation of XIAP, upregulation of 
p53 proteins, and S phase cell cycle arrest (Yong and Abd 
Malek 2015), nonsmall cell lung cancer; accumulation of 
cells in sub-G1 and -S phase (Yong et al. 2015)

Epigallocatechin-3-
gallate

Green tea Lung cancer; suppress MMP-2 expression via JNK 
signaling (Deng and Lin 2011); gastric cancer; multiple 
signal transduction pathways (Tanaka et al. 2011), colon 
cancer; suppressing kinase pathways (Cerezo-Guisado 
et al. 2015)

Naringenin Citrus fruits Gastric cancer; Down regulation of AKT pathway (Bao 
et al. 2016), lung cancer; TRAIL-induced apoptosis (Jin 
et al. 2011), colon cancer; apoptosis through p38-
dependent ATF3 activation (Song et al. 2016), liver cancer; 
multiple signal transduction pathways (Yen et al. 2015)

Hesperitin Fruits and vegetables Gastric cancer; mitochondrial pathway (Zhang et al. 2015), 
breast cancer; ASK1/JNK pathway (Palit et al. 2015), 
cervical cancer; mitochondrial pathways and cell cycle 
arrest (Alshatwi et al. 2013)

Apigenin Fruits, vegetables, 
tea

Prostate cancer; epithelial mesenchymal transition (Zhu 
et al. 2015), lung cancer; mitochondria-dependent 
pathways (Lu et al. 2011), gastric cancer; mitochondria 
signal pathway (Chen et al. 2014), colorectal cancer; 
decreasing phosphorylation of Akt (Chunhua et al. 2013)

Luteolin Fruits, vegetables, 
spices

Lung cancer; multiple pathways (Choi et al. 2016)

Kaempferol Fruits and vegetables Gastric cancer; Bax expression (Song et al. 2015), Liver 
cancer; CDK1/cyclin B expression and the AMPK and 
AKT signaling pathways (Huang et al. 2013)

Geinstein Soy products Small cell lung cancer; downregulating FoxM1 (Tian et al. 
2014), colorectal cancer; inhibiting phosphorylation of Akt 
(Qin et al. 2016)

Ellagic acid Fruits Breast cancer; TGF-β/Smads pathway (Chen et al. 2015a), 
colorectal cancer; multiple pathways (Yousef et al. 2016)

Ferulic acid Cereals Prostate cancer; cell cycle arrest and apoptosis (Eroğlu et al. 
2015)

Resveratrol Fruits, red wine Gastric cancer; G1 phase arrest (Yang et al. 2013), gastric 
cancer; apoptosis via reactive oxygen species (Wang et al. 
2012), colorectal cancer; MDR1 expression inhibition 
(Wang et al. 2015), cervical cancer; apoptosis and 
autophagy (García-Zepeda et al. 2013)
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9.7 VITAMINS AND OTHER MICRONUTRIENTS

Some natural antioxidants found in diet are observed to have important role in 
prevention of cancer. Such antioxidant vitamins, including vitamins A, E, and 
C, show these prophylactic effects. Studies have suggested that interactions 
between dietary vitamins and other micronutrients on genetic polymorphisms 
lead to cancer. Carotenoids are found in dietary fruits and vegetables such as 
carrots, sweet potato, and cantaloupe. β-Carotene, lutein, lycopene, zeaxanthin, 
and β-cryptoxanthin are the examples that are studied extensively for the cancer 
preventive investigations. Gong et al. (2018) investigated the association of carot-
enoid lutein and the reduced risk of breast cancer. Results demonstrated signifi-
cant reduction in breast cancer cell growth by lutein. The probable mechanism 
found was cell cycle arrest and caspase-independent cell death. Additionally, it 
was found that the p53 signaling pathway was activated and HSP60 levels were 
increased with lutein treatment, which might have contributed to the growth inhi-
bition of tumor cells. Another such work by Rafi et al. (2015) described the associ-
ation of lutein and modulation of prostate cancer cells. The findings suggested that 
lutein was capable of regulating the expression of growth and survival- associated 
genes in prostate cancer cells.

Lycopene found in tomatoes and other red vegetables and fruits is studied to influ-
ence cancer growth by the investigators. Palozza and coworkers (2010) demonstrated 
the beneficial role of lycopene in cancer. Results indicated an antitumor activity of 
lycopene due to reduction in Ras-dependent activation of nuclear factor kappa B 
(NF-kB). Also, the inhibition of mevalonate pathway had a key role in the growth 
inhibitory action of lycopene.

Bi et al. (2013) studied the effect of zeaxanthin, a carotenoid found in egg yolk, 
corn, and other vegetables and fruits, on human uveal melanoma cells. Western blot 
analysis performed suggested the inhibition of expressions of antiapoptotic proteins 
(Bcl-2 and Bcl-xL) by zeaxanthin. Also, proapoptotic proteins (Bak and Bax) were 
activated by the nutrient resulting in the apoptosis of melanoma cells.

A meta-analysis was carried out by Zhang et al. (2016) to determine the associa-
tion between dietary intake of vitamin A and pancreatic cancer risk. After exclusive 
literature search, total 11 study reports were taken as material for further assess-
ment. Results demonstrated that higher category of dietary intake of vitamin A was 
associated with reduced pancreatic cancer risk. In  another similar type of study, 
researchers carried out meta-analysis to demonstrate the association of dietary vita-
min A  and β-carotene intake with reduced risk of lung cancer (Yu et al. 2015). 
Results from the 19 studies suggested that these micronutrients could reduce the risk 
of lung cancer. Effect of dietary intake of vitamin E on lung cancer was evaluated 
by Chen et al. (2015b) from the meta-analysis. Ten articles reporting 11 studies were 
evaluated for the investigation. Overall, the analysis indicated that the higher dietary 
intake of vitamin E might reduce the risk of lung cancer. Bai et al. (2015) attempted 
to investigate the association of vitamin C intake and risk of prostate cancer. Meta-
analysis involving 103,658 subjects was carried out. From the results, an inverse 
dose–response linear relationship was obtained between vitamin C intake and risk 
of prostate cancer. In another dose–response meta-analysis, an association between 
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dietary vitamin C intake and risk of esophageal cancer was demonstrated (Bo et al. 
2016). From 15 articles including 20 studies, it was found that a higher dietary vita-
min C was inversely related with the risk of esophageal cancer.

9.8 SUMMARY

Dietary nutrients are likely to be associated with the reduced risk of cancer in 
humans. Genetic polymorphisms influenced by some dietary deficiency may lead to 
cancer development. Thus, nutrigenomics and nutrigenetics may provide us a deep 
insight into the association between dietary nutrients and cancer risk. However, as 
the field of molecular nutrition is expanding, a greater and better understanding 
of how dietary constituents can be utilized for the cancer treatment or prevention 
should be achieved through more in vivo research work.
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10.1 INTRODUCTION

Cancer is one of the deadliest diseases and a major cause of death worldwide. Cancer 
is characterized by uncontrolled growth of immature and abnormal cells followed by 
development of new blood vessels and finally tumor. According to statistics given by 
International Agency for Research on Cancer (IARC), 17.0 million new cancer cases 
were reported and 9.5 million deaths because of cancer were noted worldwide in 
2018 [1]. The worldwide burden of cancer by 2040 is expected to reach 27.5 million 
new cases and 16.3 million deaths. Cancer is a multifactorial disease and genetic and 
lifestyle factors play an important role in the development of cancer. Certain lifestyle 
factors such as unhealthy diet, poor nutrition, physical inactiveness, smoking, excess 
alcohol intake, and obesity are crucial factors. According to research, one-third of 
cancer incidents can be prevented by controlling these factors [2,3].
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Besides changing the listed factors as a key procedure for preventing cancer, 
another idea is regular intake of nutraceuticals to decrease the risk of development 
of cancer. Nutraceutical is amalgamation of two different words, “nutrition” and 
“pharmaceutical.” Stephen L. DeFelice defined nutraceuticals as “any substance that 
is a food or a part of the food and provides medical or health benefits, including the 
prevention and treatment of disease” [4].

At present, nutraceuticals are highly researched for their application in preven-
tion and treatment of various types of cancers. The pleiotropic effects, anticancer 
potential, and other beneficial properties such as antioxidant, anti-inflammatory, and 
relatively low toxicity are key factors that attract researchers around the globe to 
work on them with the hope to find a potential strategy of cancer therapy [5].

Figure 10.1 describes major examples of nutraceutical agents that are currently 
in research for cancer therapy. Dietary fibers, vitamins, minerals, carotenoids, fatty 
acid, prebiotic, probiotic, and phenolics are key examples of nutraceutical com-
pounds for cancer therapy. They differ from each other structurally as well as func-
tionally, and their mechanisms of action are also not same. There are mainly three 

FIGURE 10.1 Nutraceuticals for prevention and treatment of cancer.



209Novel Drug Delivery Systems for Nutraceuticals with Anticancer Properties

mechanisms through which they exert their action (Figure 10.2): first is by inhibiting 
differentiation and proliferation of cells either by interfering in mitosis, DNA differ-
entiation, or other molecular pathway; second is by decreasing multidrug resistance 
by the inhibiting effect of efflux transporters such as P-glycoprotein, breast cancer 
resistance protein, and multidrug resistance protein; and third is by reducing chemo-
therapeutic drugs-related toxicities [6].

For  example, a study was conducted in order to investigate the relationship 
between pancreatic cancer risk and dietary carotenoids. The study revealed that the 
consumption of lycopene (a major component of tomatoes) through tomato-based 
products with high levels of lycopene causes 31% reduction in the risk of pancreatic 
cancer among men [7]. Many nutraceuticals have been studied for their application 
in prevention and treatment of cancer globally; however, the inherent challenges of 
nutraceutical compounds such as low aqueous solubility and poor bioavailability 
hinder their further applications [8].

Thus, there is an unmet need to develop a delivery system to improve the solubil-
ity and bioavailability profiles of nutraceutical agents and deliver them at the right 
place in the required concentration for successful eradication of cancer. Various 
approaches are being used by researchers worldwide to improve solubility and hence 
bioavailability of drugs. The examples of these approaches are sustained release of 
drug from the matrix, formation of soluble complex by loading insoluble drug (e.g., 
cyclodextrin complex), designing soluble prodrugs that lead to biotransformations in 
the GIT, loading of insoluble drug in various lipids as well as polymeric nanopar-
ticles, dispersing insoluble drug in micelles and emulsions, and use of co-solvents. 
To characterize the main limiting factors such as solubility and oral bioavailability 
of nutraceuticals, a novel classification system has been recently introduced called 
the nutraceutical biopharmaceutical classification scheme (NuBACS), which is 
comparable to the biopharmaceutical classification system (BCS) [9]. Thus, nano-
carrier-based delivery platform has emerged to overcome the pharmaceutical and 
pharmacological challenges of a nutraceutical compound and has been shown to 

FIGURE 10.2 Most common three mechanism of actions of nutraceuticals for prevention 
and treatment of cancer.
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be a successful vehicle for cancer therapy in preclinical and clinical studies  [10]. 
Their nanoscale size, high surface-to-volume ratio, favorable physicochemical char-
acteristics, ease of surface modification, and targeting leads to applications of nutra-
ceutical formulations to the highest level for cancer therapy. Figure 10.3 describes 
major advantages of novel drug delivery systems for nutraceutical applications in 
cancer therapy. By modifying the delivery system, a formulation scientist can also 
regulate and modulate pharmacokinetic as well as pharmacodynamic profiles of 
the nutraceutical agent encapsulated formulations. In this chapter, various kinds of 
drug delivery systems and nanocarriers have been discussed in following sections 
in context of their application in nutraceutical delivery for cancer therapy with their 
in vitro, in vivo, and clinical outcomes.

10.2 NUTRACEUTICALS AND THEIR ROLE IN CANCER THERAPY

Cancer, one of the leading causes of death globally, is a multifactorial disease in 
which genetic mutations of cells lead to their abnormal growth. The uncontrolled 
growth of cells and lack of apoptotic pathways stimulate the formation of new blood 
vessel, followed by formation of group of immature cells with tiny newly developed 
blood vessels called malignant tumor. Various factors such as physical and metabolic 

FIGURE 10.3 Major advantages of novel nanocarrier drug delivery systems for nutraceu-
ticals delivery.
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activity, diet or food habits, environmental factors, daily habits, and overall health 
of a person play an important role in cancer development and its progression. It has 
been researched that approximately 35% of cancer-related mortalities are because of 
diet and 70% of cancer-related mortalities are dependent on the site of cancer [11]. 
While treating cancer, stage of cancer is also important, as early stage cancers can 
be cured, while the rate of treatment of later stage cancers is low. The traditional 
approach for cancer therapy involves surgery, radiotherapy, and chemotherapy either 
alone or in combination. The currently available chemotherapeutic agents give relief 
from symptoms and are capable of eradicating tumor; however, problems in early 
stage diagnosis, relapse or recurrence, multidrug resistance, and nonspecific action 
of chemotherapeutic drugs are major challenges that limit the current therapy [12]. 
Thus, there is an unmet need to have a potential anticancer agent and their delivery 
system that can deliver the correct quantity of drug to the correct site at the right time 
to eradicate cancer.

Nutraceutical comes from nutrition and pharmaceutical, which can be defined 
as “any substance that is a food or a part of a food and provides medical or health 
benefits, including the prevention and treatment of diseases” [13]. Thus, nutraceuti-
cal is an umbrella that covers a wide range of dietary supplements, phytochemicals, 
functional food, and medicinal food [14]. On the other hand, phytochemical, to be 
more precise, is a term that deals with compounds derived from plants that have 
potential therapeutic activities for instance anti-inflammatory, anticancer, and anti-
oxidant [15]. In the past also nutraceuticals have been proved to treat many of the 
disease and have a significant biomedical application with a variety of therapeutic 
properties. These therapeutic properties are associated with the presence of several 
chemical constituents such as flavonoids, polyphenols, carotenoids, isothiocyanates, 
organosulfur compounds, indoles, phenolic acids, chlorophyll, and monoterpenes.

Currently, tremendous research is going on to evaluate the effect of nutraceutical 
active constituents and their formulations for the prevention and treatment of cancer 
along with overall improvement of patient’s health. Chemoprevention refers to the 
intake of a natural remedy to decrease the incidence and mortality of cancer. This is 
an upcoming area of research specifically in oncology that emphasizes on prevent-
ing the development of cancer using natural constituents, which play a crucial role in 
inhibiting the relapse or recurrence and metastasis in cancer. Several nutraceuticals 
are being used alone or in combination or with traditional chemotherapy for synergic 
anticancer effects. Various studies have proved that nutraceuticals have potential 
effects in prevention as well as treatment of cancer and play an important role in 
inhibiting cancer stage progression, metastasis, angiogenesis, and carcinogenic pro-
cess by regulating molecular pathways involved without added toxicities. There are 
various mechanisms by which nutraceuticals suppress carcinogenesis such as such 
as regulating transcription of DNA, blocking activation of transcription nuclear fac-
tor kappa B, controlling DNA-damaging factors, inhibiting inflammation, stimu-
lating apoptosis, antioxidation properties, activating detoxifying enzymes, and so 
on. Curcumin, quercetin, resveratrol, green tea, propolis, silymarin, genistein vita-
min D3, capsaicin, and so on are such agents that have showed potential anticancer 
effects in research and clinic. By understanding the mechanism of the anticancer 
effects of these naturally available herbal drugs will offer valuable information for 
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their probable applications in chemoprevention and treatment. In the following sec-
tions, the mechanism of anticancer activity of some of the nutraceutical drugs are 
discussed, with special emphasis on their delivery systems for prevention and treat-
ment of cancer.

10.3  NOVEL DRUG DELIVERY SYSTEMS FOR 
NUTRACEUTICAL DELIVERY IN CANCER

Almost four of the 10 newly identified chemical entities possessing potent antican-
cer property are hydrophobic in nature, and the poor aqueous solubility of such 
agents is the key limitation for their successful use as anticancer agents in cancer 
therapy  [16]. The  traditional formulation approaches to deal with insolubility of 
these drugs are minimizing the particle size, use of co-solvent, modification in pH, 
and use of surfactants. Taxol, a commercially available formulation of paclitaxel 
drug for the treatment of various categories of cancer, is an example of a surfactant 
(Cremophor EL) that has been used to improve the solubility of drug for intravenous 
administration. However, Cremophor EL itself is toxic and exerts vehicle-associated 
toxicity such as acute hypersensitivity reactions and neurotoxicity [17]. Additionally, 
these traditional delivery vehicles do not direct specific delivery of anticancer drug, 
and the nonspecific distribution of drug leads to treatment- associated toxicities and 
reduced efficiency of the therapy. Although having an effective anticancer potential 
and successful results, they are not utilized for efficacious cancer therapy owing to 
pharmacokinetic challenges mostly after oral administration  [18]. The  nanodrug 
delivery systems have been developed as an encouraging strategy to improve the 
solubility and bioavailability of such compounds and hence overcome pharmaco-
kinetic limitations. Various formulations and approaches have been studied so far 
to evaluate their effectiveness in drug delivery applications and as ideal therapy for 
cancer. The  examples of these nanocarrier systems are polymeric nanoparticles, 
lipidic nanoparticles, micelles, nanoemulsions, dendrimers, hydrogel, and so on. 
Figure 10.3 describes major advantages of nanocarrier systems for drug delivery 
applications.

These nanodrug delivery systems exhibit “Enhanced Permeation and Retention” 
(EPR) effect through passive targeting [19]. On the other hand, surface of these 
nanocarrier systems can also be modified for active targeting [20]. Through pas-
sive targeting because of the leaky nature of blood vessels in tumor tissues and 
endothelial cells, these nanosized drug delivery carriers can efficiently infiltrate 
into malignant tumors. Moreover, the poor lymphatic drainage of tumors will 
lead to enhanced retention of the drug in the tumor environment, which is called 
the EPR effect though which a nanocarrier can improve the effectiveness of the 
therapy by enhancing permeation and retention of an anticancer drug in cancer 
cells. Besides passive targeting, the nanocarrier systems also are able to exhibit 
active targeting of anticancer drug by specifically targeting the cells of inter-
est. The  surface of nanocarriers can be modified and targeting ligands such as 
antibodies, aptamers, folic acid, and peptides can be attached to recognize their 
specific protein or receptor overexpressed on cancer cells and thus lead to site-
specific drug delivery.
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10.3.1 polyMeric nanoparticles

Polymeric nanoparticles have been developed using certain polymers that are non-
toxic, biodegradable, and biocompatible in nature and can demonstrate a controlled 
release of nutraceutical drug loaded into the nanoparticle. They can be targeted to 
deliver drug to the specific cell type by modifying their surface properties and by 
attaching a specific ligand against specific protein present on the cell type of inter-
est. These solid colloidal nanocarrier system have size of less than 200 nm prefer-
ably in order to escape the uptake by reticuloendothelial system upon intravenous 
injection and to exert EPR effect. Examples of polymers that have been explored for 
nutraceutical delivery are poly (D, L-lactic acid) (PLA), poly (D, L-lactic-co-glycolic 
acid) (PLGA), poly(ethylene glycol) (PEG), poly (Ɛ-thylene glyc) (PCL), and their 
copolymers diblocked or multiblocked with d-a-tocopheryl polyethylene glycol 1000 
succinate (TPGS), etc. [21,22]. Besides these polymers, certain polysaccharides such 
as alginate, chitosan, pectin, etc., have also been explored for nutraceutical delivery 
applications [23]. Besides their nontoxic and biodegradable nature, they have been 
shown to improve the oral bioavailability of certain nutraceuticals too. For example, 
chitosan nanoparticles can follow a paracellular pathway to cross tight junctions and 
thus control the role of P-glycoprotein. Advantages of polymeric nanoparticles are 
controlled and stimuli-sensitive release (e.g., pH, enzymes) of nutraceutical, ease 
of surface modification for targeted applications, and their biocompatible nature. 
Certain targeting ligands can be decorated on the surface of the nanoparticles such 
as antibodies, antibody fragment, peptides, aptamers, folic acid, and so on to tar-
get specific protein present on the cancer cells for target-specific delivery of drugs 
and nutraceuticals. Additionally, certain polymers, for instance hyaluronic acid and 
chondroitin sulfate, have inherent property to target CD44 overexpressing cancer 
cells [24].

10.3.2 lipidic nanocarrier

Another colloidal carrier that consist of solid or liquid lipids such as glyceryl mono-
stearate, stearic acid, tristearin, cholesterol, and so on are lipidic nanoparticles. 
These nanocarriers have the ability to bypass P-glycoprotein by traveling through 
a paracellular route across the tight junctions and are could be up taken by micro-
fold cell. Liposomes, solid lipid nanoparticles, lipid nanoconstructs, nanoemulsions, 
and self-emulsifying nanoemulsions are major examples of lipidic nanocarrier sys-
tems that have been researched so far for their applications in cancer therapy in 
regards to pharmaceutical and nutraceutical drugs. Of these, liposomes have been 
widely explored as commercially available lipidic nanocarriers for cancer therapy. 
Liposomes are self-assembling bilayer vesicular systems that consist of one or more 
lipid bilayers and an aqueous core. Hydrophobic drug can be encapsulated in the 
lipidic layer; however, hydrophilic agents can be entrapped into the aqueous core 
separately or simultaneously [25,26]. Naturally available phospholipids and choles-
terol as the key building blocks for liposomes makes them nontoxic, biocompatible, 
and biodegradable. The  surface of the liposomes can be modified by PEGylation 
that can improve the systemic circulation of liposomes upon intravenous injection 
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by avoiding reticuloendothelial system and phagocytosis. The surface can be deco-
rated with targeting ligands such as peptides [27], antibodies [28], aptamers, folic 
acid, transferrin, and so on to specifically target certain protein or receptor overex-
pressed in cancer cells. Hence, it can deliver a drug to the specific site by reducing 
the nonspecific distribution of the drug to improve the effectiveness of the therapy 
and reduce the side effects.

Solid lipid nanoparticles and lipid nanoconstructs are colloidal lipidic nanopar-
ticles that are around 200 nm in size preferably and can load hydrophobic as well as 
hydrophilic drugs. They have advantages to improve solubility and permeability of 
anticancer nutraceutical drug for cancer therapy.

Nanoemulsions are a heterogeneous mixture of two or more immiscible liquids in 
which one phase is dispersed in a second immiscible/partially miscible phase [29]. 
The approach has been used widely for poorly soluble drugs to improve their solubil-
ity. Certain advantages of this system include small globule size, thermodynamic 
stability, improved solubility, improved bioavailability, and the use of GRAS excipi-
ents to reduce vehicle-related toxicities.

10.3.3 Micelles and dendriMers

Certain polymers are amphiphilic in nature and, beyond a certain concentration, 
tend to self-aggregate to form a micellar system [30]. While loading the anticancer 
nutraceuticals in micelles, the hydrophilic blocks of the polymer accommodate at the 
interface between the inner lipid-loving sphere, which is made up of the hydrophobic 
tail of the polymer, recognized as an external medium, and the core of the micellar 
system [31].

Dendrimers vary from conventional polymers in a sense that they are three-
dimensional, well-organized nanoscopic macromolecules with higher molecular 
weight of mostly between 5000 and 500,000 g/mol, retain low polydispersity index, 
and are highly branched [32]. Till today, certain dendrimer carriers have been syn-
thesized and explored for the anticancer drug delivery of nutraceuticals and exam-
ples are polyamidoamine, poly-L-lysine, poly propylene imine, melamine, poly 
(etherhydroxylamine), polyglycerol, and poly (esteramine). They have the ability to 
cross cellular barriers via both transcellular and paracellular pathways having diam-
eters in a range from 1.1 nm for the first generation to 12.4 nm for the tenth genera-
tion. Further, the solubility of poorly soluble nutraceuticals can also be improved by 
encapsulating them into dendrimers [6].

10.3.4 hydrogel

Hydrogels are another drug delivery carrier system in which polymers cross-link 
with each other to form a hydrophilic polymeric network and can be applied to 
provide sustained delivery of nutraceuticals at a particular site. Although they 
have high affinity for water, hydrogels do not  easily dissolve in water because 
of their physical entanglements of covalent cross-linking or noncovalent attrac-
tions [33]. These hydrogels can also be thermoreversible, meaning that they will be 
in the liquid phase at certain temperature, for example in refrigerated conditions 
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or at room temperature, but become a gel at body temperature to deliver a drug 
in a sustained manner. They  can also be modified for targeted applications to 
specific site.

10.4  NANOFORMULATIONS OF NUTRACEUTICALS UNDER 
IN VITRO AND PRECLINICAL EVALUATION

Nanotechnology-based formulations could provide beneficial outcomes for nutraceu-
ticals such as enhancement of solubility, improvement of bioavailability, and protec-
tion of stability of micronutrients and bioactive during processing and storage [34]. 
Mostly, nutraceuticals have been tried through oral route in their raw forms such as 
crude extracts or powdered/liquid forms due to convenience. However, as nutraceu-
ticals, similar to most pharmaceuticals, bear the physicochemical properties such as 
low water solubility, hydrophobicity, and variable physiological properties, that is, 
variability in absorption due to the accessibility of the active molecules in the food 
matrices, interaction with GIT components, metabolism, and epithelial permeabil-
ity. Nanoformulations can help improve the oral bioavailability of nutraceuticals by 
increasing the gastrointestinal membrane permeability, reducing the degradation in 
GIT, and reducing the first-pass metabolism. Moreover, this can also open the pos-
sibility for the use of these nutraceuticals through other routes of administration as 
well as providing additional benefits of enhanced tumor accumulation through the 
EPR effect and targeting.

Several nanoparticulate-based formulation strategies have been devised for dif-
ferent nutraceuticals of anticancer potential. A detailed account of such strategies is 
included in Table 10.1 with their in vitro studies and preclinical evaluation. Most of 
the delivery systems have been directed toward the enhancement of oral bioavail-
ability, while others are aimed at providing parenteral administration of nutraceu-
ticals. Some strategies that have novelty, but have been explored in vitro only, are 
discussed below.

Liposomes have been explored for oral as well as nonoral delivery of nutraceu-
ticals. Cationic liposomes of curcumin using cationic cholesterol derivative have 
been developed, which has shown higher cellular uptake and hence 2–8  times 
higher in vitro cytotoxicity against free curcumin in a variety of cell lines (HeLa, 
A549, HepG2, K562, and 1301) [35]. DDAB-based cationic liposomes of curcumin 
showed higher cytotoxicity than free curcumin in HeLa and SiHa cervical cancer 
cells in vitro [36]. However, the authors also noticed the higher toxicity of nonloaded 
DDAB liposomes. Recently, curcumin has been encapsulated in liposomes using 
the HP-βCD complex of curcumin [37]. Formulation showed effectiveness against 
in vivo breast cancer models of mesenchymal as well as epithelial origin. Studies 
with PEG-, mPEG-, and carboxymethyl dextran (CMD)-coated curcumin liposomes 
have been developed, and it was observed that the CMD coating improved in vitro 
cellular uptake and cytotoxicity of curcumin liposomes against HeLa cells in com-
parison to noncoated and PEG/mPEG-coated liposomes [38].

Gambogic acid-loaded PLGA  nanoparticles were coated with RBC membrane 
to obtain biomimetic nanoparticles for delivery to cancer cells for intravenous 
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administration  [82]. The  system showed improved cytotoxicity as well as in vivo 
antitumor efficacy along with demonstrating biocompatibility. N-Octyl-N-arginine-
chitosan (OACS) was synthesized to develop micelles of gambogic acid for the 
enhancement of oral bioavailability  [83]. In situ intestinal perfusion studies in rat 
intestinal segments (jejunum, ileum, and colon) showed improved perfusion of gam-
bogic acid.

Nutraceutical-coated metal nanoparticles have been explored for their anti-
cancer potential. Gallic acid coated on gold nanoparticles has been studied for 
their anticancer potential. Gallic acid coating on gold nanoparticles helped to 
reduce cytotoxic effects on cervical cancer cells as well as on normal cells. 
However, free gallic acid was found to be more cytotoxic to the normal cells [84]. 
However, another study showed that gallic acid gold nanoparticles enhanced the 
effectiveness of gallic acid on M213 and M214 cholangiocarcinoma cells  [85]. 
These nanoparticles have also shown their in vitro potential against triple nega-
tive breast cancer cells (MDA-MB-231) by reducing the effective concentration 
by 100 times for inhibiting EGF-induced MMP-9 expression [86]. Similar studies 
with resveratrol-coated gold nanoparticles showed a decreased metastatic poten-
tial in breast cancer cells in vitro (MDA-MB-231) [87]. This gives the potential 
for exploring these strategies with other nutraceuticals and to further study these 
strategies in vivo.

Magnetic nanoparticles have recently got attention for the delivery of antican-
cer nutraceuticals. Gambogic acid loaded magnetic Fe3O4 nanoparticles have been 
shown to obstruct the proliferation and migration of Panc-1 pancreatic cancer 
cells  [88]. Magnetic nanoparticles of curcumin showed enhanced effectiveness as 
well as magnetic targeting in vitro in MDA-Mb-231 cells [89].

Newer approaches include co-delivery of anticancer nutraceuticals with 
other nutraceuticals or pharmaceuticals for enhanced effectiveness against can-
cer cells. A  lot of research has been directed at chemosensitization and che-
moenhancement of nutraceuticals to anticancer pharmaceuticals. Wang et  al. 
developed mPEG-PCL micelles co-loaded with curcumin and doxorubicin for 
systemic therapy  [90]. In  vivo studies on the LL/2 lung carcinoma xenograft 
model in mice demonstrated that the co-loaded micelle formulation enhanced 
the efficacy compared to micelles of individual drugs or free drugs, demon-
strating the synergistic effects between curcumin and doxorubicin as well as 
effectiveness of delivery system, which provided sustained levels of drugs in 
blood. Moreover, co- delivery can improve the bioavailability of the anticancer 
nutraceuticals. Recently, electron spray method has been developed for prepa-
ration of curcumin-loaded zein nanoparticles coated with piperine-embedded 
chitosan layer in order to get advantages of piperine’s pGP inhibitory activity and 
chitosan’s absorption enhancement activity [91]. The nanoparticles have shown 
increased in vitro cytotoxicity against SH-SY5Y neuroblastoma cells. In another 
study, PLGA nanoparticles were co-loaded with rapamycin (pGP substrate) 
and piperine to enhance the oral absorption and enhance its effectiveness [92]. 
In  another study,  triptolide-loaded and celastrol-loaded silk fibroin nanoparti-
cles were prepared  [93]. Both nanoparticles showed—two- to threefold more 
potent cytotoxicity against MIA  PaCa-2 and PANC-1 pancreatic cancer cell 
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lines. Moreover, combination of both nanoparticles showed synergistic activity. 
Figure 10.4 is a graphical representation of various nanocarrier systems explored 
for the delivery of anticancer nutraceutical drugs for cancer therapy.

10.5  CLINICAL TRIALS AND MARKETED FORMULATIONS 
WITH NANOPARTICULATE SYSTEMS OF 
ANTICANCER NUTRACEUTICALS

Despite a lot of research going on for the development of nanoformulations of nutra-
ceuticals and their in vitro and preclinical evaluation, only few have made to the clin-
ical trials. In those too, there are very few clinical trials for cancer. Nanoparticulate 
formulations of nutraceuticals with anticancer potential are detailed in Table 10.2.

Only nanoformulations that have made it to clinical trials are curcumin formula-
tions, Theracurmin, and Meriva. Theracurmin (Theravalues Corporation, Tokyo, 
Japan) is a submicron particulate system of curcumin that disperses in water, 
improving the dispersibility and stability. Human PK study with Theracurmin 
showed 27  times higher bioavailability compared to pristine curcumin powder. 
When compared to other marketed products, it showed equivalent or higher 
absorption at 1/30th dose of conventional products. Moreover, Theracurmin 
was proved to be safe for humans by a battery of oral toxicity studies—acute 

FIGURE 10.4 Novel drug delivery systems for nutraceutical delivery in cancer.
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TABLE 10.2
Clinical Trials of Novel Formulations of Nutraceuticals of Anticancer Use

Formulation 
(Drug) Study Type Compared to Remarks References

Theracurmin 
(curcumin)

Human PK study 
(double-blind 
three-way 
cross-over 
study in healthy 
volunteers)

Marketed 
products 
(BCM-95 and 
Meriva)

AUC0-24 showed 11.0- and 
4.6-fold higher for 
Theracurmin against 
BCM-95 and Meriva

[94]

Dose escalation 
and PK study 
in healthy 
volunteers

Dose escalation 
study of 
Theracurmin

Dose-dependent increase in 
AUC was observed

Compared with other clinical 
trials with curcumin, 
theracurmin reported very 
high AUC at low doses

[95]

PK study in 
healthy 
volunteers

Curcumin 
powder

27-fold higher AUC than 
curcumin powder

[61]

Meriva 
(Curcumin)

Human PK study 
in healthy 
volunteers

Unformulated 
curcumin

~29-fold (27-fold for the low 
dosage, 31-fold for the high 
dose) increase in total 
curcuminoid levels in blood 
by Meriva (with 20-fold 
higher absorption of 
monomolecular curcumin 
and 50–60 fold higher for 
demethoxycurcumin and 
bisdemethoxycurcumin)

[96]

Lyc-O-Mato®/
Lycored® 
softules 
(Lycopene)

Human PK study 
in healthy 
volunteers

Raw tomato/
spaghetti 
sauce

Dose-dependent increase in 
bioavailability from 
lycomato and spaghetti 
sauce

[97,98]

Phase II study in 
prostate cancer 
patients before 
radial 
prostactomy

Placebo Reduced growth of prostate 
cancer with reduction in 
PSA levels in 18% patients 
though no firm conclusions 
were reported

[99]

Phase II study in 
hormone 
refractory 
prostate cancer

Placebo Complete response in 1 (5%) 
patient, partial response in 6 
(30%) patients with 10 (50%) 
patient showed stable disease 
and 3 (15%) patients showed 
progression

No toxicity or drug 
intolerance was observed

[100]
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toxicity study (2000 mg/kg), 2-week subacute toxicity study (1000 mg/kg/day), 
and 3 months repeated dose toxicity study (100 mg/kg/day) and negative muta-
genicity test.

Other drug molecules that have shown beneficial outcomes in clinical trials 
include resveratrol and gambogic acid. Multiple clinical trials have been carried 
out on micronized resveratrol [101], and it has been demonstrated that microniza-
tion enhanced the oral bioavailability by 3.6-fold as compared to non-micronized 
resveratrol. This in turn, improved the therapeutic effects in hepatic malignant tis-
sues [102] and in Phase II study of multiple myeloma in combination with bortezo-
mib [103]. This opens the possibility for nanosizing of the resveratrol as well as other 
nutraceuticals with lower oral bioavailability. Gambogic acid solution for IV injec-
tion is in clinical trials in China for solid tumors and hematological malignancies. 
In Phase I tolerability study with gambogic acid solution, liver dysfunction and pain 
were the dose-limiting toxicities [104]. In Phase II efficacy studies on patients with 
advanced solid tumor who were not receiving any treatment or were not sensitive 
to previous conventional chemotherapy, gambogic acid solution showed improved 
disease control rates compared to control arm [105]. Lyc-O-Mato (lycopene soft gel 
capsules by Lycored Natural Products Industries, Israel) is lycopene in which the 
particle size is controlled below 3 μ to enhance the bioavailability [106]. It has shown 
enhanced bioavailability in clinical trials compared to raw tomato [97,98] and has 
demonstrated reduced prostate cancer growth in clinical trials [99]. So, efforts can 
be directed toward nanoformulations of these molecules to improve the bioavailabil-
ity and overcome toxicities.

There are a lot of other marketed formulations containing nutraceuticals. These 
formulations have been used for their nutraceutical properties but bear potential for 
clinical anticancer evaluation. George Weston Foods, Australia, uses the nanocap-
sulation of tuna fish oil (omega-3 fatty acids) to mask the taste and odor so that they 
can be impregnated in bread. The nanocapsules break down only in stomach so that 
the bad taste can be avoided. Nanocapsules has also been used for the protection and 
controlled release of live probiotics. Calcium alginate nanocapsules can be used for 
the encapsulation of live lactobacillus and bifidobacterial species in the freeze-dried 
yogurt while providing better viability and survival [107]. BASF patented its spray-
drying process of producing cold-water-dispersible powders of carotenoids, which 
produce nanoparticulate dispersion of the carotenoids for improving its coloring 
agent and bioavailability (US5968251) [108]. BioGeode nanocochelates have been 
developed by BioDelivery Sciences International. These nanocochelates <50 nm in 
size are prepared by crystallization of soy phospholipids and calcium around an oil 
nanodroplets comprising micronutrients. Micronutrients such as omega-fatty acids 
and antioxidants are easily destroyed during manufacturing process and storage; 
however, crystalline nature of these nanocochelates provide stability and protection 
to the micronutrients during such processing. These nanoformulation strategies have 
the potential for incorporation in food products for their oral delivery.

Moreover, similar to the biopharmaceutical classification system (BCS) of pharma-
ceuticals, efforts have been made to develop a similar classification system for nutraceu-
ticals (nutraceuticals bioavailability classification system—NuBACS) considering the 
major factors affecting their biological fate including bioaccessibility (B*), absorption 
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(A*), and transformation (T*) in the gastrointestinal tract (GIT) [9]. Such a classification 
system helps in the classification of nutraceuticals and hence identifying the nutraceu-
ticals that can be further enhanced by modifying their formulation strategy. Moreover, 
combining the use of NuBACS and using nanoformulations for externally fortifying 
food product with nutraceuticals with low oral bioavailability could provide new alter-
natives for the oral delivery of anticancer nutraceuticals through food products.

A lot of formulation strategies with proven benefits have been developed starting 
from simple micellar formulations to lipidic, polymeric, and metal nanoparticles. 
Additionally, complex formulation and delivery strategies have also been developed 
for overcoming challenges with nutraceuticals, that is, nanoparticles co-loaded with 
multiple nutraceuticals or nutraceuticals with pharmaceuticals or co-delivery strat-
egy by using nanoparticulate-based nutraceuticals with other drugs. These strate-
gies work by enhancing the bioavailability of agents or by chemoenhancement or 
chemosensitization. Targeting strategies could also help enhance the effectiveness 
of these drug delivery systems. Although a lot of attention has been given to anti-
cancer nutraceuticals and plenty of research is directed toward the development of 
nanoparticulate drug delivery systems of nutraceuticals, the studies are limited to 
their in vitro and preclinical evaluation only. Newer strategies and newer concepts 
described earlier can help overcome the challenges and provide beneficial therapeu-
tic option to cancer patients. Hence, more efforts are needed to clinically translate 
the developed strategies. This would help bring these nutraceuticals in market to 
provide benefit of improved quality of life at reduced costs to patients.

10.6 CONCLUSION AND FUTURE INSIGHTS

In  last few years, research has provided confirmation of the versatile applications 
of nutraceuticals and their potential use as anticancer agents for prevention and 
treatment of cancer. Although in vitro and in vivo studies undoubtedly proved that 
nutraceuticals hold anticancer activity in accordance with other health benefits, the 
clinical use of these agents is limited and still under investigation. The idea of appli-
cations of nanodrug delivery system as a delivery vehicle for nutraceuticals for can-
cer therapy has emerged as a crucial approach to prevent the unwanted side effects of 
chemotherapeutics and improve the effectiveness of cancer therapy. The utilization 
of nanocarriers based on nanodrug delivery system has facilitated researchers to 
overcome poor aqueous solubility, poor bioavailability, poor pharmacokinetic, and 
toxicity-related issues of anticancer nutraceutical drugs. Further, these nanoformu-
lations have exhibited passive as well as active targeting of nutraceutical drug for 
cancer treatment. Recently, amalgamation of chemotherapeutic and nutraceuticals 
using nanodrug delivery systems has gained much interest for the prevention and 
treatment of cancer because of certain advantages such as synergistic effects, con-
trolled release, site-specific targeting, and improved pharmacokinetic and reduced 
toxicities to the normal healthy cells. It is expected that ongoing research and efforts 
in the application of nutraceuticals in cancer therapy and the role of nanocarriers in 
nutraceutical delivery for cancer as well as combination approaches of chemothera-
peutics and nutraceutical encapsulated nanocarrier will lead to development of new 
alternative therapy for cancer.
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11.1 PREAMBLE

The term “nutraceutical” was coined in 1989 by Stephen L. Defelice, who estab-
lished “The Foundation for Innovation in Medicine” in 1976 [1]. There is no inter-
nationally recognized universal definition; however, nutraceuticals are known as 
oral dietary components naturally found in foods and believed to have medical 
or health benefits or “food or part of a food, such as a dietary supplement, that 
has a medical or health benefit, including the prevention and treatment of dis-
ease.” Numerous classes of compounds found in natural and processed foods are 
claimed to have beneficial effects on human health and wellness, and are known 
as nutraceuticals, for example, vitamins, carotenoids, flavonoids, curcuminoids, 
polyunsaturated fatty acids, proteins, peptides, dietary fibers, oligosaccharides, and 
minerals [2,3]. Nutraceuticals have enormous chances for growth and expansion in 
terms of health benefits [4], as they are biologically active molecules found in foods 
that may not be essential for maintaining normal human functions, but may enhance 
human health and well-being by inhibiting certain diseases or improving human 
performance [3,5]. Various classes of nutraceuticals are found in both natural and 
processed foods including carotenoids, flavonoids, curcuminoids, phytosterols, 
dietary fibers, phenolics, and certain fatty acids [6]; some of these have anticancer 
potential and may be incorporated into functional or medical foods for prevent-
ing or treating certain types of cancers. Nutraceuticals vary considerably in their 
chemical structures, physiochemical properties, and biological properties such as 
molar mass, structure, polarity, charge, and functional groups, which influence their 
chemical reactivity, physical state, solubility characteristics, and biological fate 
and functions [7]. Some nutraceuticals are naturally present in whole foods, such 
as fruits, vegetables, and cereals, and are therefore often consumed in this form, 
whereas other nutraceuticals are isolated from their natural states and converted 
into additives that can be incorporated into functional foods, dietary supplements, or 
pharmaceuticals. The delivery of nutraceuticals using foods may decrease the risk 
of certain types of chronic diseases, including cancer [8]. Recently, nutraceuticals 
have gained much attention in the area of cancer research because of their multiple 
beneficial effects and relatively nontoxic behavior [9].
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11.2 ANTICANCER NUTRACEUTICALS

11.2.1  nutraceuticals’ cheMopreventive and cheMotherapeutic 
role against cancer developMent: Molecular 
targets and anticancer MechanisMs

Nutraceutical-rich bioactive dietary components have the ability to prevent can-
cer  [10]. Many herbal nutraceuticals possess antimutagenic and anticarcinogenic 
properties; for example, carotenoids have antioxidant activities, lycopene are effec-
tive in cancer, and ginseng is an anti-inflammatory molecule that prevents chronic 
inflammation of cancer. These constituents are oxygen quenchers and decrease 
oxidative stress. Also, nutraceuticals control DNA-damaging factors in the cells 
and prevents DNA  transcription in tumors  [11]. Chemopreventive components in 
fruits and vegetables have potential anticarcinogenic and antimutagenic activities. 
β-Carotene from yellow and orange fruits has anticancer activity. Cruciferous veg-
etables lower the chances of colorectal and lung cancer. They block the enzymes that 
promote tumor growth. Sulfur compounds in garlic boost immune system, reduce 
atherosclerosis and platelet aggregation [12], and have the ability to alter metastatic 
spread of cancer  [13]. Some nutraceuticals are naturally present in whole foods, 
such as fruits, vegetables, and cereals, and therefore often consumed in this form. 
Conversely, other nutraceuticals are isolated from their natural states and converted 
into additives that can be incorporated into functional foods, dietary supplements, 
or pharmaceuticals. There are a number of factors that currently limit the utilization 
of many types of anticancer nutraceuticals in functional foods. First, many nutra-
ceuticals cannot easily be incorporated into foods because they have poor-solubility 
characteristics, or they cause undesirable changes in appearance, texture, or flavor 
of foods. Second, many nutraceuticals are chemically or biochemically unstable and 
therefore lose their bioactivity because they are degraded within food products or 
the human body. Third, many nutraceuticals have low bioavailability and therefore 
only a small fraction of them are actually absorbed and utilized by the body. Fourth, 
for some nutraceuticals, the optimum dose has not  been established; therefore, it 
is unclear how much to deliver in the bioactive form, for example, the anticancer 
efficacy of resveratrol actually decreases as the dose increases  [14]. Anticancer 
nutraceuticals mediate their positive health benefits directly by affecting specific 
molecular targets such as genes or indirectly as stabilized conjugates affecting meta-
bolic pathways [15]. Many genes play significant roles in the cell cycle pathway, and 
some of these are mutated in cancer cells [16,17]. Most studies attempted to explain 
the mechanistic pathways that are regulated by nutraceuticals to bring about changes 
in the tumor environment and serve as alternative approaches for cancer prevention 
and therapy to alter the fate of a cell. For a cancerous cell to survive, it should be able 
to proliferate, obtain energy, and establish angiogenic pathways in a tumor mass. 
Mutation of genes that affect these pathways can serve as a suitable tool to decrease 
tumor mass and also allows for tumor regression. Initial in vitro studies found that 
phytochemicals may help the tumorigenic actions of carcinogens by blocking their 
mutagenic activity and suppressing cell proliferation [18]. Chemoprevention can be 
defined as the use of natural or synthetic chemicals to reverse, suppress, or prevent 
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the process of carcinogenesis. Solid cancers in early stage are generally detected 
as intraepithelial neoplasia or carcinoma in situ, which corresponds to the promo-
tion and progression stages. Therefore, “anti-promotion” and “anti-progression” 
agents may be of particular clinical interest. Dietary bioactive substances, even in 
very low concentrations, may have a great impact on the regulation of gene expres-
sion. Continuing research on the effects of nutraceuticals on gene expression should 
provide a better knowledge of the mechanisms of prevention of diseases, such as 
obesity, diabetes, atherosclerosis, hypertension, and cancer, through dietary manipu-
lations. Studies investigated that phytochemicals protect against lipid peroxidation 
and modulate innate and inflammatory responses [19]. These effects of plant extracts 
in combination with their lack of toxicity make them potentially efficient agents in 
the fight against cancer. However, each compound’s mechanism of action and its 
effectiveness in a specific type of cancer must be studied in order to apply the cor-
rect compound to the appropriate clinical situation. The term “nutritional genomics” 
was coined to describe the research at the interface of plant biochemistry, genom-
ics, and human nutrition [20]. A few studies on the action of selected nutraceuticals 
on the activity have paved a path to further investigate these molecules in a great 
detail using various genetic diseased animal models [21]. Besides the active role of 
nutraceuticals and functional foods in the control of cancer progress, there is also 
a great need to develop food supplements as the add-on therapy to provide better 
quality of life for cancer patients [22]. In fact, some cancer patients show cachexia, 
which may be defined as significant alterations in their carbohydrate, protein, and 
fat metabolism, resulting in bad quality of life, reduced response to therapy, and 
shortened survival span. Nutritional modulation may be beneficial in the treatment 
of cancer patients to reverse these metabolic alterations. Nutritional intervention can 
be a powerful tool for controlling malignant disease and reducing the toxicity asso-
ciated with chemotherapy and radiation therapy [23]. Moreover, nutraceuticals can 
significantly increase natural killer cells function and tumor necrosis factor [TNFα] 
in patients with late stage cancer [24]. Various phytochemicals have shown different 
mechanisms of action at different cellular levels, most of which emerged as a versa-
tile source of antioxidants affecting the signaling pathway related to redox-mediated 
transcription factors. Besides, they directly modulate the endocrine system, immu-
nological cascade, and enzymes related to inflammation. Nutraceuticals have been 
found to exert a wide range of cellular effects. The possible mechanisms of action 
of anticancer nutraceuticals include induction of cell cycle arrest and apoptosis in 
cancerous cells, detoxification of highly reactive molecules, activation of the host 
immune system, and sensitization of malignant cells to cytotoxic agents [25]. Some 
of them have shown direct effect on DNA repair and cleavage process. Figure 11.1 
depicts the possible pathways and mechanisms by which anticancer nutraceuticals 
demonstrate their chemopreventive and chemotherapeutic roles.

11.2.2 nutraceuticals’ use in cancer patient

Cancer remains a worldwide health problem and despite much advances in medical 
field. A number of plant extracts are used for treating and preventing cancer. One-
third of all cancer deaths are preventable by lifestyle changes including appropriate 
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nutrition [26]. Previous report suggests that plant extracts have long history of use 
and many nutraceuticals, and many alkaloids such as vinca alkaloids (vincristine and 
vinblastine) and taxol, are derived from plants. Curcumin, resveratrol, tea polyphe-
nols, sulforaphane, anthocyanins, genistein, quercetin, and lycopene exhibit proven 
anticancer activities against various forms of cancer  [27]. One of the important 
advantages of utilizing nutraceuticals to prevent and treat cancer is that they gener-
ally exhibit little or no adverse effects frequently associated with pharmaceutical 
agents after long-term administration. There is evidence that foods, relatively low in 
simple carbohydrates with moderate amounts of high-quality protein, fiber, and fat 
(especially fats of the omega-3 fatty acid series) are beneficial for cancer patients [28]. 
In addition, nutraceuticals may also be helpful in reducing toxicity associated with 
chemotherapy and radiation therapy and may lead to better life conditions by reduc-
ing cancer cachexia  [29]. It has been reported that nutritional modulation may be 
beneficial in the treatment of cancer patients [30].

11.2.3 Major anticancer nutraceuticals

11.2.3.1 Resveratrol
Resveratrol is a natural phenol produced by many fruits and plants such as grapes, 
blueberries, raspberries, and peanuts with antiproliferative activity due to its role as 
a plant antibiotic. It is believed to possess multiple bioactivities including anticancer, 
anticarcinogenesis, and anti-inflammatory effects [31]. In vivo studies have shown 
protective effects of resveratrol against several types of cancers, such as breast, 
skin, gastric, colon, prostate, and pancreatic, by interfering with multiple stages of 
carcinogenesis  [32]. Clinical trials have established the safety and potential anti-
cancer effects of resveratrol as both a single agent and a constituent of foods [33]. 
A phase I pilot study conducted in colorectal cancer patients (women with high risk 
for developing breast cancer) to determine the anticancer effects of freeze-dried 

FIGURE 11.1 Nutraceuticals action pathways for chemoprevention and chemotherapeutics.
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grape powder containing a low dose of resveratrol in combination with other bioac-
tive components suggested that dietary intake of the dry grape powder inhibited the 
Wnt signaling pathway in the colon, demonstrating the suppression of carcinogen-
esis [34]. Despite several clinical trials, pharmacokinetics studies of resveratrol have 
shown poor bioavailability (only 1%) due to extensive glucuronidation and sulfation 
as well as metabolism by gut bacterial enzymes [35].

11.2.3.2 Quercetin
Flavonoids are a large group of polyphenolic secondary metabolites of fruits, veg-
etables, and other plants with a broad spectrum of bioactivities, including inhibitory 
effects on a wide range of human cancers [36]. Epidemiological evidence suggests a 
positive correlation between flavonoids-rich diets and low risk of colon, breast, and 
prostate cancers. Flavonoids can be categorized into flavones, flavonols, flavanones, 
flavanols, anthocyanins, and isoflavones based on their structures. Flavonoids can 
target multiple signaling pathways during carcinogenesis to inhibit cancer cell pro-
liferation, suppress tumor angiogenesis, and induce apoptosis in cancer cells [37]. 
Quercetin displays a poor oral bioavailability due to its low absorption and a micro-
encapsulation approach has been shown to enhance the effects of quercetin in reduc-
ing the oxidative damage and attenuating inflammation in a mouse colitis model due 
to increased absorption [38]. Quercetin acts by inducing cell apoptosis through mul-
tiple mechanisms. In vivo studies of quercetin have demonstrated that oral admin-
istration can prevent induced carcinogenesis, particularly in the colon and can also 
inhibit melanoma growth, invasion, and metastatic potential [39].

11.2.3.3 Curcumin
Curcumin is a polyphenol found in turmeric (Curcuma longa, family 
Zingiberaceae)  [40]. One study reported that curcumin inhibits gastric carcinoma 
cell growth and induces apoptosis by suppressing the Wnt/b-catenin signaling path-
way [41]. Several phase I and phase II clinical trials have been conducted and dem-
onstrated the safety and anticancer effects of curcumin in patients with different 
malignancies including myeloma, pancreatic, and colorectal cancer  [25]. Various 
edible delivery systems have been developed to improve the low bioavailability and 
bioactivities of curcumin, including liposomes, phospholipid complexes, organo-
gel-based nanoemulsions, chitosan-based nanoparticles, and self-emulsifying drug 
delivery systems  [42]. For  example, polylactide co-glycolide nanocapsulated cur-
cumin suppressed cell proliferation, induced cancer cell apoptosis, and improved 
pathological structures in a hepatocellular carcinoma model, whereas identical con-
centration of free curcumin was found to be ineffective [43]. In another study, liquid 
micellar formulations of curcumin showed a 185-fold enhancement in bioavailability 
within 24 hours without increased toxicity in healthy subjects compared to powdered 
curcuminoids [44].

11.2.3.4 Vinca Alkaloids
Vinca alkaloids were originally isolated in 1950s by Canadian scientists Robert Noble 
and Charles Thomas Beer from the Madagascar periwinkle plant, Catharanthus 
roseus (formerly known as Vinca rosea) of the Apocynaceae family [45]. Accordingly, 
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a phytochemical study led to the separation and the identification of Vinblastine, the 
prototype of vinca alkaloid, which is able to cause myelosuppression in xenograft 
mouse models of leukemia [46–48]. This breakthrough opened the door toward a 
new therapeutic approach against cancer. Thus, the Food and Drug Administration 
(FDA) approved vinca alkaloids as pharmaceutical strategy against different tumor 
types such as leukemia, Hodgkin’s lymphoma, lung cancer, and breast cancer [49]. 
Five vinca alkaloids currently in clinical use are the natural vinca alkaloids vin-
blastine and vincristine that were approved by FDA in 1961 and 1963, respectively, 
the semisynthetic derivative vindesine that are in clinical use only in few countries, 
vinorelbine that was approved by FDA in 1994, [50] and vinflunine, a bis-fluorinated 
derivative. In  the search for novel approaches, the drug delivery systems of vinca 
alkaloids were developed and successfully introduced in the market for better cancer 
treatment and management  [51]. Particularly, therapeutics based on microspheres, 
nanoparticles, and liposomes offered a novel life to vinca alkaloids, and many of 
them have been investigated as drug delivery platforms [52–56].

11.2.3.5 Epigallocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG) is a type of catechin found in green tea that 
exhibits a variety of activities such as anti-inflammatory, antidiabetes, antiobesity, 
and antitumor. The antitumor effects of EGCG including carcinogen activity, tumor-
igenesis, proliferation, and angiogenesis, and induced cell death were reviewed [57]. 
These effects are associated with the modulation of reactive oxygen species [ROS] 
production, which is mainly responsible for its anticancer effects despite its dual 
function of antioxidant and pro-oxidant potential. The EGCG-mediated inhibition 
of the nuclear factor (kB) signaling is also associated with the inhibition of migra-
tion, angiogenesis, and cell viability. Further, activation of mitogen-activated protein 
kinases activity upregulates the anticancer effect of EGCG on migration, invasion, 
and apoptosis. Additionally, EGCG causes the upregulation of apoptosis by induc-
ing epigenetic modification through inhibition of DNA  methyltransferase activity 
and regulation of acetylation on histone. Although EGCG promotes strong antican-
cer effects by multiple mechanisms, further studies are needed to define the use of 
EGCG in clinical treatment [58].

11.2.3.6 Sulforaphane
Sulforaphane is an isothiocyanate mainly found in cruciferous vegetables, especially 
abundant in broccoli and broccoli sprouts. Cell culture and animal studies have 
shown that sulforaphane is a potent chemopreventive agent against various types of 
cancers, and the molecular targets of sulforaphane vary with cancer type and stage. 
The major anticancer mechanism by which sulforaphane protects normal cells from 
carcinogenesis is the Nrf2-mediated induction of phase II antioxidant and detoxify-
ing enzymes  [59]. These enzyme systems enhance cell defense against oxidative 
damage, and facilitate the removal of carcinogens. Sulforaphane also exerts antican-
cer activities through various mechanisms of action that are involved in regulating 
cell proliferation, differentiation, apoptosis, and cell cycle progression [60]. To date, 
only a few clinical trials have been conducted on sulforaphane in cancer patients or 
high-risk populations. In a phase II study, patients who had recurrent prostate cancer 
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were given 200 μmoles/day of sulforaphane-rich extracts for a maximum period 
of 20 weeks. The  results indicated no large decline by ≥50% in prostate-specific 
antigen (PSA); however, 7 out of 20 patients experienced moderate PSA decline by 
<50%. Moreover, the on-treatment PSA doubling time [PSADT] was significantly 
lengthened compared to the pretreatment PSADT [61]. In another study using mela-
noma mouse model, sulforaphane-loaded albumin microspheres demonstrated a sig-
nificantly stronger suppression of tumor growth as compared to nonencapsulated 
sulforaphane, without showing any adverse effects [62].

11.3  BIOAVAILABILITY ENHANCEMENT OF 
ANTICANCER NUTRACEUTICALS

The  potential benefits of many of the nutraceuticals are not  optimally realized 
because of their relatively low and/or variable oral bioavailability that may be the 
result of various physicochemical and/or physiological processes: restricted lib-
eration from the food matrix, low solubility in gastrointestinal fluids  [63,64], for-
mation of insoluble complexes with other components in the gastrointestinal tract 
(GIT)  [65], low permeability across the mucus layer or epithelium cells  [66–68], 
and/or molecular transformations in the GIT  [69,70]. Also, it was evidenced that 
both the composition and structure of the food matrix can influence the bioavail-
ability of co-ingested nutraceuticals and depends on the nature of the food matrix 
co-ingested with them  [64,71–73]. The  dependence of oral bioavailability on the 
food matrix properties means that foods can be specifically designed to improve the 
nutraceutical biological activity [74,75]. For example, functional foods or excipient 
foods can be designed to increase the oral bioavailability of nutraceuticals present 
within them or co-ingested with them, respectively [75]. Designing food matrices 
that overcome the challenges associated with the oral bioavailability of certain nutra-
ceuticals requires understanding the key factors potentially limiting their uptake in 
a biologically active form. Also, the use of mucolytics and permeation enhancers, 
encapsulation and nanosized formulation, and optimization of delivery systems are 
among the widely used methods for bioavailability enhancement of nutraceuticals.

11.3.1 nutraceutical BioavailaBility classification scheMe

McClements and coworkers proposed a new classification scheme known as 
nutraceutical bioavailability classification scheme (NuBACS) to characterize the 
main factors limiting the oral availability of nutraceuticals in food matrices [14]. 
This system is related to the Biopharmaceutical Classification Scheme (BCS) com-
monly used to classify the factors limiting the bioavailability of pharmaceuticals 
based on their solubility and permeability. NuBACS categorizes the factors limit-
ing the bioavailability of nutraceuticals into three major classes based on their 
bioaccessibility, absorption, and transformation within the GIT. Within these three 
major classes, there are subclasses related to the specific physicochemical or physi-
ological mechanisms that influence the bioavailability. Knowledge of the precise 
reason that limits the bioavailability of a particular nutraceutical is useful for 
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designing effective delivery systems or food matrices to improve its bioavailabil-
ity. Figure 11.2 represents the NuBAC scheme [14], which characterizes bioactive 
food components according to their bioaccessibility, absorption, and transforma-
tion characteristics.

11.3.2  factors liMiting the BioavailaBility of 
nutraceuticals Based on nuBac

11.3.2.1 Bioaccessibility
The bioaccessibility (B*) of an anticancer nutraceutical represents the fraction of the 
total amount of orally consumed nutraceuticals that is in a form that can be readily 
absorbed by the GIT. The bioaccessibility may be affected by three main factors in 
the GIT: liberation, solubility, and interactions [7,14]. A bioactive substance with a 
relatively high overall bioaccessibility [>75%] can be classified as B∗(+), while the 
one with a low overall bioaccessibility may be classified as B∗(−)L, B∗(−)S, or B(−)I∗ 
depending on whether its bioaccessibility is limited primarily by liberation (L), solu-
bilization (S), or interactions (I). If more than one of these limiting mechanisms 
strongly influences bioaccessibility, then the number of subscripts used to designate 
the limiting factors can be increased, for example, B∗[−]L,S for a substance limited 
by both liberation and solubilization.

11.3.2.2 Absorption
After an anticancer nutraceutical is released from any structures containing it and 
then solubilized within the gastrointestinal fluids, it has to be transported through 
the GIT contents and then be absorbed by the epithelial cells lining the GIT [76]. 
The absorption of nutraceuticals is affected by numerous physicochemical and phys-
iological factors. This group of factors is related to the absorption of the nutraceuti-
cal from the gastrointestinal fluids, that is, the fraction that travels through the mucus 
layer, across the epithelium cells, and into the systemic circulation. The absorption 
class can be divided into several subclasses according to the specific factors limiting 

Nutraceu�cal Bioavailability Classifica�on Scheme (NuBACS)

Major classes Subclasses

B*
(Bioaccessability)

L: libera�on
S: solubiliza�on
I: interac�ons

A*
(Absorp�on)

ML: mucus layer
TJ: �ght junc�on transport
BP: bilayer permeability
AT: ac�ve transporters
ET: efflux transporters

T*
(Transforma�on)

C: chemical degrada�on
M: metabolism

FIGURE 11.2 Nutraceutical Bioavailability Classification Scheme.
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the bioavailability. The absorption of a nutraceutical by the epithelium cells lining 
the GIT may be limited by one or more factors, depending on its molecular and phys-
icochemical characteristics. For example, it may be classified as A∗[−]ML, A∗[−]BP, 
A∗[−]TJ, A∗[−]AT, or A∗[−]ET if its absorption is limited by the mucus layer transport 
(ML), bilayer permeability (BP), tight junctions (TJ), active transporters (AT), or 
efflux transporters (ET), respectively. Nutraceuticals whose absorption is limited 
by more than one physicochemical phenomena can be categorized by multiple sub-
scripts, for example, A∗[−]BP, TJ for a nutraceutical that is limited by both poor bilayer 
permeability and low tight junction transport. A nutraceutical with a relatively high 
absorption [>75%] by epithelium cells can be classified as A∗[+] [14].

11.3.2.3 Transformation
The bioavailability of many nutraceuticals is limited because they are transformed 
into an inactive form within the GIT. These molecular transformations can be 
divided into two subclasses according to their origin. The bioavailability and bioac-
tivity of anticancer nutraceuticals is a result of their precise chemical structures and 
molecular conformation. Changes in the structure or conformation of these nutra-
ceuticals due to chemical or biochemical reactions within the GIT fluids may there-
fore alter their bioefficacy. A nutraceutical may therefore be classified as T∗[−]C, 
T∗[−]M, or T∗[−]CM if its bioaccessibility is limited by chemical degradation (C), 
metabolism (M), or both (CM), respectively. If a nutraceutical is relatively stable 
to molecular transformations within the GIT (>75% remaining in a bioactive form), 
then it can be designated as T∗[+]. If a detailed study is carried out to identify all 
the major factors influencing the oral bioavailability of a nutraceutical, then it is 
possible to develop a quantitative expression to define the overall bioavailability 
(BA) [74,77]:

 BA = B* × A* × T*

11.3.3 nutraceuticals’ BioavailaBility enhanceMent Methods

11.3.3.1 Delivery Systems’ Optimization
The process of fortification, incorporation, or addition of nutraceuticals into food, 
beverage or an existing product is complex, as it affects the composition, physico-
chemical, and sensory properties of the original food and beverage formulation and 
consequently the taste, texture, and shelf life may be compromised. Also, the type, 
format, and solubility of the nutraceutical ingredient influence the design of the for-
mulation and processing used for its production and thus influence the desired char-
acteristics of the food. Often, the direct incorporation of nutraceuticals into foods is 
not possible, as many nutraceuticals are susceptible to degradation and may interact 
with other components in the food, resulting in the loss of bioactivity of the nutra-
ceutical ingredient and reduction in the quality of the food product. Therefore, the 
successful incorporation of nutraceuticals into foods requires that they are protected 
by a well-designed delivery system that is specifically designed for the target food 
application. To improve nutraceuticals’ dispersibility, stability, food compatibility, 
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and bioavailability, the specifically designed colloidal delivery system is an efficient 
option. This  is because bioavailability depends on the delivery systems’ composi-
tion, size, and interfacial properties, which can be optimized to develop effective 
delivery systems [7]. Different approaches could be used such as particle size reduc-
tion of the delivery system, incorporation of specific ingredients in the delivery sys-
tems’ formulation known to increase the absorption of encapsulated nutraceuticals, 
or co-ingestion of nutraceuticals and excipient foods. Delivery system technologies 
used successfully for various nutraceuticals with their characteristics and applica-
tions are described in Table 11.1.

11.3.3.2 Permeation Enhancers and Mucolytic Agents
Permeation enhancers can increase the oral bioavailability assuming that the nutra-
ceutical can also survive liver-first-pass metabolism. The medium chain fatty acid 
sodium caprate is well established as a food additive and is a component of an anti-
biotic suppository once marketed in Sweden and Japan [78]. These enhancers are 
often used for peptide oral delivery with candidates including insulin, glucagon-like 
peptide 1 (GLP-1) analogues, and octreotide. The technology of Enteris Biopharma, 
New Jersey, USA, is completed Phase II with an acyl carnitine, a peptidase inhibitor 
(citric acid), and parathyroid hormone [79]. The technology of Chiasma [Jerusalem, 
Israel] completed Phase III for oral octreotide, and it comprised caprylic acid as an 
enhancer in a water-in-oil system  [80]. Merrion Pharmaceuticals, Ireland, used a 
gastrointestinal permeation enhancement technology [GIPET™] in matrix tablets, 
which completed an oral Phase I study with GLP-1 [81]. The technology of Oramed 
(Jerusalem, Israel) reached Phase IIb for oral insulin, and it comprises a EDTA as an 
enhancer and soybean trypsin inhibitor [82]. Medium-chain fatty acid based enhanc-
ers act by reorganizing the proteins at the epithelial tight junction and by mild deter-
gent fluidizing effect on the plasma membrane [83,84]. This allowed poorly permeable 
molecules to either transiently permeate across tight junctions, or be entrapped in 
mixed micelles with capacity to cross lipid bilayers. Permeation enhancers generally 
cause a reduction of transepithelial electrical resistance using in vitro and ex vivo 
intestinal epithelial models. This reduction suggested an opening of tight junctions 
or perturbation of the epithelia with significant increase in apparent permeability of 
(14C)-mannitol, a marker for paracellular transport and FD-4 across isolated intes-
tinal mucosa. Examples of permeation enhancers including cocoglucosides, chito-
san derivatives, bromelain, EDTA, oleic acid, alkyl maltosides, medium-chain fatty 
acids, and sucrose esters are commonly used in food processing with GRAS status 
or are of food origin [85,86]. Mucus diffusion enhancers such as N-acetylcysteine 
(NAC), bromelain, and papain hold potential for nutraceuticals affected by the inabil-
ity to penetrate the small intestinal mucus layer. NAC is an antioxidant nutritional 
supplement and also used as a mucolytic agent by breaking disulfide bonds  [87]. 
Papain is a mucolytic protease found in papaya; when decorated on nanoparticles, it 
improved the permeation and reduced the mucus viscosity in vitro [88]. Bromelain, 
a pineapple stem mucolytic enzyme, was formulated on the surface of nanoparticles 
and compared against papain for in vitro mucus permeation resulting in enhanced 
penetration in the rank order of bromelain>papain>conventional nanoparticles [89]. 
Papain-decorated nanoparticles were also shown to penetrate into deeper mucus 
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layers when delivered by oral gavage in a rat model, with higher retention within 
the jejunum  [90]. This  is of particular interest, as the jejunum is the main target 
for nutraceutical bioactive absorption. When an intestinal PE, tetradecyl maltoside 
(TDM), was tested on Caco-2- and mucus-producing HT29-MTX-E12 monolay-
ers, it was shown that the NAC pretreatment of E12 monolayers resulted in compa-
rable apparent permeability [Papp] values of salmon calcitonin across Caco-2 and 
E12 [91]. The application of mucolytic agents also holds promise for lipophilic nutra-
ceuticals, which interact with glycoproteins and lipids in the mucus [92]. This inter-
action reduces the likelihood of epithelial permeation as mucus is continuously 
turned over and would result in the bioactive being washed away. Mucolytics reduce 
this risk by enhancing mucus penetration and are often investigated in the context of 
airway mucus in cystic fibrosis, where NAC is used at high concentrations. A syn-
thetic thiol-carbohydrate [methyl 6-thio-6-deoxy-α-D-galactopyranoside] was found 
to be a more potent mucolytic [93]. Co-administration of lipophilic nutraceuticals 
and mucolytics in the context of an enteric-coated oral dosage form may therefore 
control the release in the small intestine, improve mucus penetration, and improve 
absorption.

11.3.3.3 Nanoformulations and Polymer Conjugates
The advent of nanotechnology for pharmaceutical applications has opened a new 
avenue for enhancement of stability, solubility, and/or permeability of problematic 
nutraceuticals. An effective approach to improve the oral bioavailability of nutra-
ceuticals is to use the delivery systems at the nanoscale due to the increase of the 
surface-to-volume ratio by reducing the particle size to nano range  [94]. In  this 
context, the nanometric systems in the absence or presence of carriers have been 
attempted. In the absence of a carrier, nanonization of the bioactive, according to 
the Noyes–Whitney equation, improves its wettability and dissolution rate. In pres-
ence of a carrier, nanocapsules, micelles, and nanoparticles can be prepared using 
biopolymers, particularly those of food origin to formulate nutraceuticals. This class 
of polymers is encountered by our bodies in dietary intake; as a result, they are 
generally recognized as safe materials [95]. In addition, they are available in rela-
tively large amounts and at low cost, and many of them can be extracted by eco-
friendly methods. Moreover, some of the biopolymers are not only biodegradable 
and biocompatible but also biofunctional, providing additional beneficial effects in 
the prophylaxis or the treatment of cancer [96]. Significant advantages of nanofor-
mulations are given in Figure 11.3. Researchers also focus on the development of 
simple reproducible eco-friendly synthetic pathways that avoid the use of organic 
solvents or catalysis. The use of nanodelivery systems could facilitate the entry of 
the nutraceutical through biological barriers while avoiding the metabolic modifi-
cations that lead to low absorption [73]. Poor oral bioavailability of nutraceuticals 
lowers their efficacy as disease-preventing agents  [67,74,75,97]. An effective way 
to improve the oral bioavailability of nutraceuticals is to utilize nanotechnology 
to encapsulate nutraceuticals in engineered nanoparticles-based delivery systems 
[97–99]. Numerous engineered nanoparticles have been fabricated and tested for 
their potential use as delivery systems for nutraceuticals with the purpose of enhanc-
ing their health benefits through encapsulation, protection, and/or controlled release 
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of nutraceuticals  [74,75,97,100–102]. Engineered nanoparticles can be categorized 
as lipid-based or nonlipid-based depending on the presence or absence of lipids as 
the major components of the delivery systems (Table 11.1). Further, comprehensive 
descriptions of the manufacture and characteristics of different type of engineered 
nanoparticles suitable for food applications with 100% foodgrade materials, such 
as edible lipids, proteins, carbohydrates, and surfactants, have increased the chal-
lenges in creating effective delivery systems and have been extensively attempted 
and reviewed [75,97,102].

Biodegradable FDA-approved polymers, for example, polyesters are favored by 
formulators to develop nutraceutical-loaded nanoparticles. Polymer-based nanopar-
ticles modulate the release of encapsulated bioactives, protect them from degrada-
tion, alter their biodistribution, and shift their transport across biological membranes 
from a passive diffusion process to an endocytosis one [103–106]. Additionally, tar-
geting moiety can be fixed to nanoparticles surface  [107–110]. The  targeted and/
or endocytic uptake of nanoparticles maximizes their intracellular delivery, which 
is strictly needed to exert, for example, an anticancer effect [111–114]. Subcellular 
organelle targeting like mitochondrial targeting in the case of coenzyme Q10 have 
been achieved by targeting the lipophilic triphenylphosphonium cation either 
chemically conjugated to the nanocarrier or the coenzyme Q10 [115], or resveratrol 
molecule [116]. Conjugating resveratrol to the membrane-permeable lipophilic tri-
phenylphosphonium cation provided transient protection against metabolic conjuga-
tion, accumulated into mitochondria, and was cytotoxic for fast-growing but not for 
slower-growing cells [116]. Such mitochondrial targeting of antioxidant nutraceuti-
cals furnished a powerful tool to mediate mitochondrial and cellular redox processes 
of pathophysiological consequences  [117]. The  approach in which a bioactive is 
chemically linked to a polymer is known as “Polymer Conjugates,” which can modu-
late the physicochemical, pharmacokinetic, and therapeutic properties of the thera-
peutic agent. The water-soluble anticancer curcumin polyconjugates showed altered 

FIGURE 11.3 Advantages of anticancer nutraceuticals’ nanoformulations.
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biodistribution and improved anticancer efficacy, as they combine the dual advantage 
of enhanced aqueous solubility and polymer-mediated drug internalization [118].

11.3.3.4 Food and Food Matrix Design
Recently, foods have been designed not  only to improve their composition and 
structure to enhance their quality attributes, such as appearance, texture, mouth-
feel, and taste, but also to improve their nutritional profiles by reducing the levels 
of macronutrients believed to have adverse health impacts such as saturated fats, 
digestible carbohydrates, and salt or to enrich them with food components that are 
believed to bring beneficial health effects such as vitamins, minerals, dietary fibers, 
or nutraceuticals [119]. Due to increasing interests of the pharmaceutical and food 
industries in the development of products to prevent or treat human diseases, the 
pharmaceutical industry is developing drug preparations to combat chronic or acute 
diseases, whereas the food industry is developing food and beverage products whose 
purpose is to promote human health and well-being through diet. This emerged as 
a considerable overlap in the development of food-based approaches to improve the 
bioavailability of lipophilic bioactive agents, such as nutraceuticals and pharmaceu-
ticals. These approaches are based on the design of the composition or structure 
of food matrices to increase bioavailability and have led to new classes of foods: 
functional foods and excipient foods (Figure  11.4). Functional food is fabricated 
from generally recognized as safe (GRAS) food ingredients and typically contains 
one or more food-grade bioactive agents [“nutraceuticals”] dispersed within a food 
matrix. The examples include milks fortified with vitamin D, yogurts fortified with 
probiotics, spreads fortified with phytosterols, and breakfast cereals fortified with 
omega-3 fatty acids, vitamins, and minerals. Excipient food may not have any bio-
activity itself, and therefore can be consumed with a conventional pharmaceutical 
dosage form such as capsule, pill or syrup, a dietary supplement or nutraceutical-
rich food including fruits, vegetables, nuts, seeds, grains, meat, fish, and some pro-
cessed foods. Different kinds of excipient foods can be designed for different types 
of bioactive agents or delivery matrices. Some excipient foods could be developed 
to increase the bioavailability of nutraceuticals. For example, the bioaccessibility of 
carotenoids in a salad may be increased by consuming it with a specifically designed 

FIGURE 11.4 Functional and excipient food.
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salad dressing. This dressing may contain various food components that increase 
the bioavailability of the nutraceuticals in the salad: lipids that increase intestinal 
solubility; antioxidants that inhibit chemical transformations; enzyme inhibitors that 
retard metabolism; permeation enhancers that increase absorption; and efflux inhibi-
tors. Previous studies have shown that the bioavailability of oil-soluble vitamins and 
carotenoids in salads can be increased by consuming them with dressings containing 
some fat, which supports the concept of excipient foods. Details of excipient food 
ingredients such as lipids, carbohydrates, proteins, minerals, surfactants, chelating 
agents, and phytochemicals are reviewed [75].

11.4  DELIVERY STRATEGIES AND FORMULATION 
APPROACHES OF ANTICANCER NUTRACEUTICALS

Nanoformulations of nutraceuticals provide many advantages over conventional for-
mulations and consequently allow their clinical use for protection and treatment of dif-
ferent tumors. The examples of advantages include increased stability during storage 
and inside the body, optimized aqueous/lipid solubility, which improves the overall 
bioavailability, sustained release of the active ingredients, improved therapeutic effi-
ciency, and selective targeting toward tumors [120]. Many different nanoformulations 
are available, which differ in preparation techniques, particle size, structure, morphol-
ogy, pharmacodynamics, and therapeutic properties. In this section, some of the major 
nanoformulations used for delivery of anticancer nutraceuticals are discussed.

11.4.1 liposoMes and nanoliposoMes

Liposomes are lipid bilayer structures composed of phospholipids, which have hydro-
philic heads and hydrophobic fatty acid tails with hydrophobic and hydrophilic parts 
of the same molecule, which rearrange spontaneously to keep the hydrophobic parts 
away from contact with the aqueous environment, forming distinct water-soluble and 
lipid compartments. Liposomes consist of single or multiple concentric layers; each 
one of them consists of a double layer of lipids, which encapsulate at their core part of 
the surrounding microenvironment to deliver hydrophilic, hydrophobic, or amphiphi-
lic drugs. Some major advantages of liposomes include biocompatibility, biodegrad-
ability, simple preparation methods, and simple targeting toward reticulo endothelial 
system as an inherent property of most lipids used in the liposome preparation [121]. 
The term nanoliposome has been introduced to exclusively refer to nanometric size of 
liposomes [122]. Liposomes and nanoliposomes have the same chemical, structural, 
and thermodynamic properties, the smaller size of nanoliposomes could produce 
larger interfacial area of encapsulated compounds with biological tissues providing 
higher potential to increase the bioavailability of encapsulated compounds  [122]. 
Specifically, for solid tumor treatment, nanoliposomes can accumulate more in tumors 
because of the enhanced permeation and retention effect  [122,123]. Nanoliposome 
production requires higher energy input in the aqueous solution [124], and the com-
monly used methods for nanoliposome synthesis include sonication, extrusion, 
freeze-thawing, ether injection, and microfluidization, among which sonication and 
extrusion are widely used at the laboratory scale [124,125].
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11.4.2 nanoeMulsions

Nanoemulsions are colloidal systems in which heterogeneous lipid phases are dis-
persed as droplets in aqueous phases or the reverse, and are required to be stabilized 
by the use of surfactants. The usual droplet size of nanoemulsions lies in the range of 
20–200 nm. Nanoemulsions are normally directed in vivo toward the lymph. The lipid 
nanodroplets formed after absorption of the emulsion are subject to phagocytosis by 
macrophages followed by accumulation in the liver, kidney, and spleen; thus, they are 
beneficial when targeting these sites [126]. Nanoemulsion is a better option to incor-
porate poorly soluble nutraceuticals into food matrix, although their systemic bio-
availability is influenced by their poor solubility in water or oil. The properties such as 
solubility, partition coefficient, lipophilicity, and so on decide the route of administra-
tion, transport, and target sites of the incorporated nutraceutical. Entrapment of such 
bioactives into nanoemulsions can prove advantageous, as the small particle size of 
nanoemulsions will increase their surface area, thereby resulting in enhanced diges-
tion rates, rapid diffusion across mucus membrane, and increased epithelium cell per-
meability  [42,127]. Additionally, nanoemulsions may protect the chemically labile 
bioactives from oxidation, thereby resulting in increased shelf life and reduced deg-
radation in the GIT [128,129]. A large number of reports on entrapment of bioactives 
into nanoemulsions are available, and recent trends have shown the use of food-grade 
nanoemulsions [130].

11.4.3 polyMeric nanoparticles

Formulation of polymeric nanoparticles is one of the several innovative delivery 
systems made from natural, biodegradable, and biocompatible polymers and repre-
sents an option for controlled and targeted drug delivery [131,132]. These nanopar-
ticles are polymeric colloidal systems with a usual particle size range of 10–500 nm, 
while still protecting drugs efficiently. These are the most versatile delivery systems 
with the possibility to attach different targeting moieties to their surface or intro-
duce desired structural modifications. Due to colloidal system network, polymeric 
nanoparticles work as vectors to control drug release, targeting it toward specific 
locations. Compared with conventional formulations, polymeric nanoparticles can 
increase the solubility of constituents, reduce the therapeutic dose, and improve 
the absorption of the active components. Polymeric nanoparticles offer advantages 
when used in blood because they are stable, nontoxic, nonthrombogenic, nonim-
munogenic, noninflammatory, do not activate neutrophils, and avoid the reticulo-
endothelial system. Sometimes, polymeric nanoparticles are used to reach specific 
tissues, or work as a cell surface [120,133]. They can be formulated as nanospheres 
made only from a polymeric structure with the pharmaceutically active substances 
dispersed in their matrix, whereby the active constituent is retained or adsorbed, 
or as nanocapsules with the active ingredients loaded into their core, whereby the 
active constituent can be adsorbed to the polymeric membrane and/or dissolved in 
the oily core. Although there is increasing search for new types of polymers, some 
of the polymers are already used extensively for polymeric nanoparticles, includ-
ing poly-l-lactic acid (PLA) and copolymers with glycolic acid (PLGA) [120,133]. 
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Various studies of polymeric nanoparticles have solved some formulation prob-
lems, such as the hydrophobic properties of some constituents, such as curcumin. 
A mixture containing curcumin-loaded polymeric nanoparticles, using aggregated 
structures, have been synthesized containing randomly cross-linked copolymers of 
N-isopropylacrylamide, N-vinyl-2-pyrrolidone, and poly(ethylene glycol) monoac-
rylate [134]. In one more study, curcumin was encapsulated in PLGA nanospheres, 
using a solid/oil/water emulsion solvent evaporation method. When evaluated for 
activity against prostate cancer, a 35% reduction was observed when curcumin was 
encapsulated [135]. To evaluate the antioxidant effects of pure quercetin and quer-
cetin incorporated in nanoparticles, a nanoprecipitation technique was developed 
using Eudragit E and polyvinyl alcohol (PVA), alongside the flavonoid quercetin. 
The system was prepared using a 1:10:10 weight ratio of quercetin to Eudragit E 
to PVA because the yield was better, and the encapsulation efficiency was greater 
than 99%. Relative to di(phenyl)-(2,4,6-trinitrophenyl) iminoazanium (DPPH) 
scavenging, antisuperoxide formation, superoxide anion scavenging, and antili-
pid peroxidation activities, this developed encapsulated queceton formulation was 
more effective than pure quercetin  [136]. Further, camptothecin, a natural plant 
alkaloid extracted from Camptotheca acuminata decne, has been demonstrated to 
be a potent anticancer drug, targeting intracellular topoisomerase. However, due 
to its low water solubility and unstable lactone ring, clinical use is not viable. Min 
and coworkers developed hydrophobically modified glycol chitosan nanoparticles 
of camptothecin as a delivery system that demonstrated strong antitumoral activ-
ity, attributed to prolonged blood circulation, and high accumulation in tumors, 
as confirmed by near-infrared study  [137]. Polymeric nanoparticles’ production 
method varies depending on their intended application and payload. Natural mate-
rials are preferred in its preparation because they generally have more advantages, 
such as the ability to deliver more than one active constituent using the same car-
rier, increase residence time in the body, provide a sustained release system, and 
reduce side effects [138].

11.4.4  solid lipid nanoparticles and nanostructured lipid carriers

Solid lipid nanoparticles (SLNs) are colloidal carrier systems, developed in the 
early 1990s, that combine the advantages of other colloidal systems such as emul-
sions, liposomes, and polymeric nanoparticles for drug delivery, while or minimiz-
ing some of their drawbacks. SLNs have higher physicochemical stability and offer 
better protection against degradation of labile drugs [139,140]. SLNs are colloidal 
particles containing highly purified triglycerides, composed mainly of lipids that 
are solid at room temperature. These structures are produced from solid lipids, 
or mixtures thereof, and stabilized by surfactants. The matrix of the lipid parti-
cle is solid; it can protect drug molecules against chemical degradation. However, 
when the system is produced, crystallization occurs, resulting in low encapsula-
tion efficiency and drug release  [139]. Adding a liquid lipid (oil) to an oil/water 
emulsion containing a solid lipid, or mixture of solid lipids, promotes the forma-
tion of SLNs  [140]. Due to their small size (50–1,000 nm) and biocompatibility, 
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SLNs may be used in the pharmaceutical field for various routes of administration, 
such as oral, parenteral, and percutaneous. NLCs are the second-generation sys-
tem that improves the encapsulation efficiency of actives and minimizes the expul-
sion of active particles during encapsulation. The  NLCs consist of a mixture of 
lipid and solid phases that form a disorganized liquid lipid matrix to accommodate 
active ingredient. Lipids used in the solid phase are stearic acid, glyceryl dilaurate, 
hydrine, glyceryl monostearate, and cetyl alcohol, while the liquid phase includes 
oleic acid, glyceryl monodicaprylate, and caprylic/capric acid. Approximately 5% 
of the drug can be incorporated initially in the in NLCs to achieve about 3%–4% 
loading efficiency, whereas typical encapsulation efficiency is approximately 70%. 
It  is feasible to employ various routes to administer these formulations including 
oral, pulmonary, intravenous, and dermal. SLNs and NLCs can be produced by 
methods such as high-pressure homogenization, emulsification–sonication, micro-
emulsion, and solvent emulsification–evaporation techniques. Quercetin, a poorly 
water soluble flavonoid was more effective when incorporated in NLCs.  However, 
quercetin was incorporated using the emulsification-solidification method at low 
temperatures in case of SLNs. When the desired amounts of quercetin, glyceryl 
monostearate, and soy lecithin were mixed with the solvent (chloroform and ace-
tone in 1:1  ratio v/v), the resulting SLNs were spherical, with an average size of 
155.3 ± 22.1 nm, falling into the nanoscale range [20–500 nm]. This formulation 
exhibited controlled release in vitro with the fivefold enhanced bioavailability and 
enhanced intestinal absorption compared to free quercetin [141]. In another study, 
quercetin was incorporated into NLCs employing glyceryl monostearate, stearic 
acid, and soy lecithin using the emulsion evaporation–solidification method at low 
temperatures to evaluate the formulation’s potential as a topical delivery system 
providing the evidence that NLCs have a targeting capability, a prolonged release, 
and a great potential for dermal delivery [142].

11.5 COMBINATION NUTRACEUTICAL TREATMENT

Combinatorial approaches can be of the various types such as a phytonutrient and an 
effective drug, two or more phytonutrients, a synthetic phytonutrient and an effec-
tive drug, or a synthetic phytonutrient and a natural nutrient during the prevention 
or treatment of diseases or medical conditions. Synergistic effects of many combi-
nations of nutraceuticals and/or drugs belonging to different or the same chemical 
class of compounds have been investigated for their antitumorigenic activities, and 
the overall results have been reviewed [12]. A synergistic therapeutic effect is defined 
as a stronger effect by the combination of two or more compounds compared to indi-
vidual compounds. Basically, chemotherapeutic or chemopreventive combinational 
approaches have been used to reduce drug toxicity, to delay the development of can-
cer cells, and to reach a greater effect than with one active agent alone. Although the 
nutraceuticals may act both independently or in combination as anticancer agents. 
The additive and synergistic effects of nutraceuticals may be attributed to their potent 
antioxidant and anticancer activities, as well as the benefit of a diet rich in fruits and 
vegetables is attributed to the complex mixture of nutraceuticals present in whole 
foods. This hypothesis partially explains why a single antioxidant cannot replace the 
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combination of natural nutraceuticals in achieving health benefits. Limited knowledge 
is available regarding any interaction between/among nutraceuticals in suppressing 
neoplastic development. Some of the combinatorial effects of nutraceuticals against 
neoplastic development are described in Table 11.2. Literature reports detailed review 
of combination mechanisms of nutraceutical or nutraceuticals with drugs [32,143].

TABLE 11.2
Nutraceuticals’ Combinations for Enhanced Anticancer Effect

Type of Cancer
Combination of Nutraceuticals 

With or Without Drugs Main Food Source

Oral cancer Tomato + garlic
Curcumin + EGCG

Tomato, garlic
Turmeric, Green tea

Breast cancer Apple extract + Q3G
Capsaicin + genistein
EGCG + tamoxifen*

Honokiol + adriamycin*

Apples
Chilli peppers, soybeans
Green tea
Magnolia plant bark

Lung cancer Luteolin + EGCG
PPE + atorvastatin*

Green vegetables such as artichoke, celery, 
broccoli, cauliflower, green pepper, cabbage, 
and spinach

Green tea

Skin cancer PFE + DAS Pomegranate fruit extract and garlic 
constituent

Colorectal cancer Curcumin + green tea
EGCG + sulindac*

EGCG + EC
Curcumin + celecoxib*

Turmeric, green tea
Green tea
Green tea
Turmeric

Ovarian cancer I3C + resveratrol
ITC + cisplatin*

I3C in broccoli, cabbage, and cauliflower
Resvaretrol in peanuts, pistachios, grapes, red 
and white wine, blueberries, and cranberries

ITC in cruciferous vegetables such as 
cabbage, broccoli, Brussels sprouts, 
watercress, and cauliflower

Prostate cancer PEITC + curcumin
Genestein + resveratrol
Black tea + green tea
EGCG + genestein + quercetin
Sylibin + doxorubicin*

Sylibin + mitoxantrone*

Cruciferous vegetables, turmeric
Soybean, broccoli, cabbage, and cauliflower
Black tea, green tea
Green tea, soybean, leafy vegetables, 
broccoli, red onions, peppers, apples, grapes, 
black tea, green tea, red wine, and some fruit 
juices

Sylibin is a supplement prepared from seed 
extract of milk thistle

* Drug/pharmaceutical agent, PEITC, phenylethylisoathiocyanate; EGCG, epigallocatechin-3-gallate; 
Q3G-quercetin-3-glycoside; PFE, standard green tea polyphenol preparation; PPE, polyphenol E; PFE, 
pomegranate fruit extract; DAS, diallyl sulfide; EC, epicatechin; I3C, indole-3-carbinol; ITC, indole-3-

ethyl isothiocyanate.
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11.6 CHALLENGES IN ANTICANCER NUTRACEUTICALS’ DELIVERY

Due to various reasons, the successful incorporation of nutraceuticals into foods 
requires to be protected by a specifically designed delivery system for achieving the 
target application. Also, since the incorporation of nutraceutical impacts the taste and 
aroma of the final product, the requirement to deliver an effective dosage of nutra-
ceuticals for a specific health benefit is a major challenge. Other challenges include 
the prevention of undesirable interactions of the nutraceutical with the environment 
and components of the food matrix, avoiding the degradation of the nutraceutical 
when it is incorporated under conditions used for food processing, stabilization of 
the nutraceutical during the shelf life of the finished product, and assurance that the 
food containing the nutraceutical provides the intended health benefit after ingestion. 
Further, many bioactives are unstable after isolations from their natural food sources, 
necessitating encapsulation of the nutraceutical to produce more stable ingredient 
formats prior to be used in the manufacture of formulated functional foods, and the 
development of an encapsulation system for an unstable nutraceutical ingredient can-
not be considered suitable for the end food application and desired health outcome. 
There are also many challenges to be considered for achieving desired nutraceuticals 
bioavailability. This is because the bioavailability of a nutraceutical after ingestion 
depends on its absorption and in part on the changes that occur to it and the sur-
rounding food matrix during passage through the GIT. Also, the chemopreventive 
or therapeutic action is affected by nutraceuticals’ pharmacokinetic properties, that 
is, absorption, distribution, metabolism, and excretion. The chemical structure of a 
compound influences its rate and level of absorption and the nature of the derivatives 
or metabolites circulating in the plasma. The absorption affects bioavailability, as it 
has consequences on how much of the nutraceutical or its active metabolites end up 
in the circulatory system, become available at the site of action, and are distributed 
into tissues and organs following absorption. However, the rate of the delivery of a 
nutraceutical can have a significant effect on the health outcome even when the same 
dose is provided in different food matrices. In some cases, there could be benefits for 
some nutraceuticals that escape absorption in the small intestine and make their way 
to the colon [144]. The chemical structure of some bioactives such as polyphenols 
and their interactions with the food matrix and gut microflora as they transit through 
the gastrointestinal tract can affect bioavailability [145]. Although the in vivo physi-
ological environment is more complex than in vitro conditions, in most of the cases, 
evaluations of delivery systems to improve the bioavailability and efficacy of nutra-
ceuticals are based on in vitro chemical or cell line models. This accounts for the 
lack of correlation between in vitro and in vivo bioavailability when different deliv-
ery systems are used. Researchers must take care when considering the relevance of 
various in vitro models to in vivo conditions [146]. Delivery systems can provide an 
effective means to enhance the oral bioavailability and bioefficacy of nutraceuticals; 
however, no universal delivery system is available for all nutraceuticals [42]. Unlike 
pharmaceuticals, which are typically taken in a well-defined dose at a particular 
time, nutraceuticals are obtained from numerous sources at levels that vary from 
person to person and from time to time as part of a complex diet. In addition, the 
beneficial effects of nutraceuticals may arise from taking relatively low levels over 
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an extended period. Consequently, it is often difficult to carry out clinical studies 
using humans to prove their efficacy.

11.7 CONCLUDING REMARKS AND FUTURE PROSPECTIVE

There is growing interest in using specific nutraceuticals commonly found in foods 
as chemopreventative agents. Cell culture and animal studies suggest that ingestion 
of these nutraceuticals may inhibit certain types of cancers. However, many antican-
cer nutraceuticals cannot simply be incorporated into foods because of their poor 
solubility, stability, and bioavailability characteristics; there is a considerable poten-
tial to create functional food products designed to overcome these challenges and 
therefore increase the potential efficacy of anticancer nutraceuticals. These foods 
may be designed to contain the nutraceuticals themselves as delivery systems, or 
they may be designed to boost the bioavailability of nutraceuticals in other foods 
excipient systems. Production of nanoparticles using the environment-friendly pro-
cesses and their controlled release from food products are quite promising areas 
of nutraceuticals research. There is increasing awareness about the potential health 
benefits of nutraceuticals, and the ongoing research advancements in this field reveal 
that nanoparticle-based delivery systems will have more commercial status in the 
market in the near future. Also, such enabling nanotechnology-based systems may 
interest the food product manufacturers to introduce nano-based ingredients into 
their food products as part of their marketing strategy. However, regardless of the 
strategy applied, the interaction between the nutraceutical ingredient and the differ-
ent components of the food matrix during processing needs to be understood as such 
interactions can influence the bioavailability and bioefficacy of the added nutraceuti-
cal ingredient. More work is required to understand the interaction of nutraceuticals 
with complex food matrices to support the potential health benefits of nutraceuticals 
added to food to apprehend the complexities of their passage from the gut into the 
body and to understand how the encapsulant may influence this process.
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12.1 INTRODUCTION

Nutraceutical was first defined by Stephen DeFelice in 1989 “as a foods, food com-
ponents or nutritional supplements that show specific health or medical benefits 
counting the prevention and treatment of disease further than essential nutritional 
functions” (Kalra 2003).

Plant foods have crucial nutrients whose deficiency are associated straightfor-
wardly to explicit pathological situations, for example, deficiency of vitamin C and 
scurvy, in addition to nonessential ingredients that may possibly be short of nutri-
tional importance but can control manifold cellular processes. Together recognized 
as nutraceuticals, these foodstuff ingredients contain extensive list of biologically 
active matters, counting, although not  restricted to, carotenoids for instance astax-
anthin from salmon and shellfish, catechins from tea and chocolate, isoflavones from 
soybeans, lutein from soybeans, lycopene from tomatoes, polyunsaturated fatty acids 
derived from fish as well as plant oils, probiotics, polyphenolic substances such as res-
veratrol obtained from grapes plus wine, and quercetin obtained from berries as well 
as leafy vegetables. Several in vitro in addition to animal studies have determined that 
nutraceuticals can slow down the development of tumor cells (Jang et al. 1997; Espin 
et al. 2007; Ahmad et al. 2015), and these outcomes recommended a defensive role for 
nutraceuticals against cancer. However, there is not enough clinical or epidemiologi-
cal confirmation to sustain these outcomes, and the existing information for human 
being are either questionable or debatable (Espin et al. 2007; Ahmad et al. 2015).

12.2  TIME SERIES OF NUTRACEUTICALS IN CANCER MANAGEMENT

Till 1990, the notion of nutraceuticals was regarded as natural foodstuffs to give 
energy as suggested every day requisite in the body for healthiness. Afterward the 
significance of nutraceuticals was comprehended as helpful in diverse dietetic dis-
orders with increasing utilization of the nutraceuticals as self-prescription in cancer, 
cardiovascular, and developmental situations in the last decade. Tremendous rising 
knowledge of nutraceuticals as powerful beneficial supplements with established 
notion of nutraceutical medicine as the latest branch of “complementary and alterna-
tive medicine” (CAM) was demonstrated in new era of twenty-first century. In last 
nine years, nutraceuticals have been accepted by the national and federal bodies as 
a promising nutraceutical therapy in most important stream of medical education as 
well as health. The  shift of increasing number of people from medicinal manage-
ment of cancer toward nonprescription nutraceuticals as self-medication in cancer 
therapy and avoidance have been established by the healthcare industry. The upward 
knowledge of nutraceutical advantages and shift of healthcare finances in favor of 
nutraceuticals conveyed nutraceutical medication in focus of government health plan 
on efficient exploitation of nutraceuticals in the suppression as well as management of 
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a variety of chronic disorders. In the last six years, the National Cancer Institute (NCI) 
and other universal attempts have well-documented information sheets and a num-
ber of health documentation on nutraceuticals in managing cancer (Sharma 2009). 
The most important attempts were committed in study of inhibitory consequence of 
active nutraceutical constituent(s) on cell propagation, cancer oncogenesis to up-shoot 
the diminished metastasis, late apoptosis, decreased necrosis, and malignancy growth 
rate in primary phases. In last two years, the employment of nutraceuticals for man-
agement of diseases has been extended further as defensive nutrition supplementa-
tion strategy by Center of Disease Control (CDC) under its independent direction. 
Nevertheless, mechanisms remain unproven and invalidated, although use of nutra-
ceuticals as food supplements in prevention of cancer is admissible (Sharma 2009).

12.3 NUTRACEUTICALS AND CANCER

In developing nations, cancer has come out as a main community health problem. 
According to the World Cancer Report, the rate of cancer is growing and would be 
approximately 15 million new cases in 2020 to be precise, an increase of about 50%. 
Diet and healthy way of life can aid in prevention of cancer (Nasri et al. 2013).

At present, a number of nutraceuticals are available in the market. Table 12.1 shows 
examples of existing nutraceuticals, their ingredients, sources, and prospective human 
health advantages explicitly for cancer (Wildman and Kelley 2007; Parasuram 2011).

TABLE 12.1
Nutraceuticals, Their Sources and Potential Human Health

Nutraceuticals 
(Functional Ingredients) Source Potential Health Benefits

Conjugated linoleic acid Cheese, meat products Decrease risk of certain cancers

Flavonones Citrus fruits Reduce risk of cancer

Flavones Fruits, vegetables, soya beans Reduce risk of cancer

Glucosinolates Cruciferous vegetables, 
cauliflower

Anticancer-greatest protection 
against bladder cancer

Insoluble dietary fiber Whole grain foods, wheat and 
corn bran, nuts

Reduce the risk of breast or 
colon cancer

Lignans Flaxseed, rye, vegetables Inhibit the development of breast 
cancer and colon cancer

Lutein Corn, avocado, egg yolk, spinach Anticancer (colon cancer)

Lycopene Tomatoes, watermelon, pink 
grapefruit, guava, papaya

Reduce the risk of prostate, 
bladder, cervical, leukemia

Phenolic acids Berries, legumes Reduce formation of cancer

Phytoestrogens (Isoflavones 
like genistein and daidzein)

Soya beans, legumes, linseeds Reduce risk of prostate, breast, 
bowel, and other cancers

Saponins Chickpeas, soya beans Effective against colon cancer

Soluble dietary fiber 
(Prebiotics)

Legumes, oats, barley, some 
fruits

Anticancer

Tocotrienol (Isoprenoids) Grains, palm oil Anticancer (breast cancer)
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Comprehensive investigation recommends that regular eating of specific fruits and 
vegetables can lessen the danger of getting particular cancers (Cragg and Newman 
2001). The  cause looks to be associated with the components in this foodstuff. 
The predominant data referred to compounds known as chemopreventive agents, 
that consist of curcumin, genistein, resveratrol, in addition to others, for example 
capsaicin, ellagic acid, 6-gingerol, and lycopene (Aggarwal et al. 2004; Dorai and 
Aggarwal 2004). Those compounds have been recommended to subdue proliferation 
of cancer cell, slow down growth factor signaling pathways, cause apoptosis, and 
prevent angiogenesis (Dorai and Aggarwal 2004).

12.4  EFFICACY AND SAFETY PROFILE OF SOME CHEMICAL 
CONSTITUENTS OF NUTRACEUTICALS IN CANCER

12.4.1 carotenoids

Carotenoids are category of photochemical accountable for various colors of 
the foodstuffs, which contain antioxidant activities and are effective in prevent-
ing cancer. One of the main carotenoids, a lycopene is mostly present in guava, 
papaya, pink grapefruit, tomatoes, and water melon (Stahl and Sies 2005). Latest 
curiosity in carotenoids is regarding the effect of lycopene on human health, par-
ticularly on various cancers (Willis and Wians 2003). Lycopene is regarded as a 
strong antioxidant and a single oxygen quencher owing to its unsaturated nature. 
Lycopene found to be concentrated in the prostate, skin, testes, and adrenal where 
it protects against cancer (Kruger et al. 2002; Shirzad et al. 2013). The relation-
ship among carotenoids and cancer prevention intensified the significance of 
fruits and vegetables in human diet. Fruits and vegetables containing lycopene 
showed cancer-protective result through reduction in oxidative stress and change 
in the DNA (Shirzad et al. 2013).

β-Carotene mainly presents in green, orange, and yellow leafy fruits and veg-
etables, for example, broccoli, cantaloupe, carrots, lettuce, oranges, tomatoes, spin-
ach, sweet potatoes, and winter squash. β-Carotene exhibits the greatest antioxidant 
activity and prevents cancer as well as other ailments. The antioxidant activity of 
α-carotene is 50%–54% of β-carotene, while ɛ-carotene has 42%–50% of the anti-
oxidant activity (Stahl and Sies 2005). Encapsulation of carotenoids results in better 
effectiveness in pharmacological doses; so, it can be employed for the treatment of 
some types of cancers (Gonnet et al. 2010).

12.4.2 flavonoids

Flavonoids are familiar photochemicals that are formed by a variety of plants in large 
amounts. They are subdivided into anthocyanidins, flavan-3-ols, flavones, flavonols, fla-
vanones, and isoflavones. Epidemiological investigations recommend that nutritional 
ingestion of flavonoids may well lessen the danger of tumors of the breast, colon, lung, 
pancreas, and prostate (Romagnolo and Selman 2012). Flavonoids demonstrated inhi-
bition of carcinogenesis in vitro; however, ample data point out that they can as well 
perform in vivo (Caltagirone et al. 2000). Catechin tea can prevent lung tumorigenesis, 
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as demonstrated in the A/J mice (Yang et al. 2000). Nobiletin, a polymethoxy flavonoid, 
derived from Citrus depressa, suppresses the human fibrosarcoma HT-108 cell’s activ-
ity of tumor invasion in the Matrigel model by restraining the of expression of matrix 
metalloproteases (MMPs) along with boosting tissue inhibitors of metalloproteinase 
(Sato et al. 2002). Quercetin, a natural product flavonoid, present in lots of fruits and 
vegetables, has revealed antitumor activities. Quercetin at 25 and 50 μM concentrations 
considerably subdued the development of PC-3 plus DU-145 prostate cancer cell line, 
where it was not influenced by the formation of colony via weakly hostile LNCaP pros-
tate cancer cell line or the usual BG-9 fibroblast cell line (Nair et al. 2004).

12.4.3 phytoestrogen

Right now, photochemicals with cancer-preventive characteristics have maximum 
interest (Shirzad et al. 2009). An extensive variety of phytopharmaceuticals with 
the stated hormonal activity, identified as “phytoestrogens,” is suggested for the 
avoidance of breast and prostate cancers (Limer and Speirs 2004). Phytoestrogens 
have a pivotal role in cell cycle arrest, antiangiogenic potential and anti-metastatic 
potential and in improving of the outcome of radiotherapy. Phytoestrogens nota-
bly suppress tumor growth, invasion, and metastasis in rodent cancer models. By 
regulating the nuclear factor kappa light-chain enhancer of the activated B cells 
(NF-kB), phytoestrogens were found to be valuable in dropping the resistance to 
anticancer drugs (Virk-Baker et al. 2010). The use of phytoestrogens in diet has been 
related with many positive effects, predominantly concerning cancers of breast, 
colon, endometrium, lung, prostate, rectum, and stomach (Dixon 2004). In different 
studies, some of active phytoestrogens have exhibited antitumor activity comprises 
puerarin as of Kudzu vine (Pueraria lobata) (Boue et al. 2003), formononetin of 
clovers, fenugreek in addition to black cohosh (Actaea racemosa syn. Cimicifuga 
racemosa) (Piersen 2003).

12.4.4 soy isoflavones

Soy isoflavones, nutritional components have an imperative role in lessening the 
occurrence of breast and prostate cancers. The three major isoflavones in soybeans 
are daidzein, genistein, and glycitein, and these compounds have been proposed 
and established to be the most important biologically active anticancer constituents 
(Zhou et al. 1999; Sarkar and Li 2004). It has been revealed that these soy isoflavones 
suppress the development of cancer cells during the inflection of genes controlling 
the cell-cycle progression. Genistein slows down the activation of NF-kB signal-
ing pathway, which is related to the steadiness among cell survival as well as pro-
grammed cell death (apoptosis) (Adiakly et al. 2013).

Epidemiological and animal investigations have found that the eating of dietetic 
soy declines the prevalence of certain tumors, especially those of colon and rec-
tum (Toyomura and Kono 2002; Spector et al. 2003). The mechanism by which soy 
defends against the growth of colorectal cancer stays indistinct. It has been stated 
that there is a reduction in the expression of estrogen receptor-β (ER-β) expression in 
colorectal cancer (Bielecki et al. 2011).
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12.4.5 epigallocatechin gallate

Epigallocatechin gallate (EGCG) is the uppermost copious catechin-type polyphe-
nol mostly found in green plus white teas and defensive outcomes of EGCG against 
cancer have been described (Isbrucker et  al. 2006). There was not  any genotoxic 
special effects found in vivo or in vitro (Isbrucker et  al. 2006), though EGCG is 
a powerful preventer of DNA methyl transferases (Lee et  al. 2005), histone acet-
yltransferases (Choi et al. 2009), and topoisomerases I and II (Suzuki et al. 2001). 
These results possibly will be behind a number of the anticancer properties associ-
ated with EGCG; however, they as well elevate distresses for carcinogenicity.

12.4.6 curcuMin

Curcumin, a natural pigment, gives the spice turmeric its yellow color. Latest inves-
tigations have studied its cancer-fighting ability (Takahashi et al. 2009). Curcumin 
adapts manifold molecular pathways implicated in the prolonged carcinogenesis 
process to put forth its chemopreventive effects through some mechanisms: encour-
aging apoptosis, preventing survival signals, scavenging reactive oxidative species 
(ROS), and lessening the microenvironment of inflammatory cancer. Curcumin 
accomplishes the individuality for an idyllic chemopreventive agent by the way of its 
affordability, easy accessibility, and little toxicity (Park et al. 2013).

In the present day, clinical trials have been carried out using curcumin for the treat-
ment of breast, colon, pancreatic, gastric, hepatocellular, lung, prostate, and skin can-
cer, as well as multiple myeloma. Such in vivo animal studies investigating curcumin’s 
chemosensitizing as well as radiosensitizing characteristics have positively established 
the effect of curcumin on the Gemcitabine for pancreatic cancer (Epelbaum et  al. 
2010). Additional investigations have confirmed comparable effects of curcumin and 
oxaliplatin on colon cancer (Zhou et al. 2014). In the management of colorectal cancer, 
the role of curcumin is particularly imperative for the reason that the assumed mecha-
nism of its effectiveness could transform the way to treat malignancies (Fadus et al. 
2017). Takahashi et al. (2009) showed that nanosized curcumin capsules may enhance 
the body’s uptake of the element and improve its ability to prevent colon cancer.

12.4.7 capsaicin

Capsaicin, the pungent constituent of red hot chili peepers, has been shown to have 
anticancer activities on quite a few cancer cells, including prostate cancer (Torres 
et al. 2016). Capsaicin has been revealed to change the expression of more than a few 
genes implicated in angiogenesis, cancer cell survival, growth arrest, and metastasis. 
In recent times, numerous research associations have established that capsaicin tar-
gets manifold signaling pathways and oncogenes in addition to tumor-suppressor 
genes in different types of cancer models (Clark and Lee 2016).

12.4.8 saponins

Saponins are photochemical mostly present in alfalfa, clove, potatoes, peas, spinach, 
soybeans, tomatoes, and a few herbs with names indicative of foaming properties, 
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for example, soapberry, soapbark, and soapwort. Commercial saponins are isolated 
mostly from Yucca schidigera as well as Quillaja saponaria. Saponins are stated 
to have antimutagenic and antitumor activities and may lessen the danger of human 
cancers by stopping cancer cells from growing (Li et al. 2003).

12.4.9 tannins

Tannins, found in blackberries, blueberries, cranberries, grapes, lentils, and tea, is 
a proven anticarcinogen and employed in alternative medicine to prevent cancer. 
Tannins hunts injurious free radicals and detoxifies the carcinogens. Tea is, in addi-
tion water, the most extensively consumed cocktail globally. Of quite a few forms of 
this beverage existing, most investigations probing the effectiveness of tea in avoid-
ance of cancer focus on green tea; this attention is rooted in epidemiological confir-
mations, which suggest that populace who drink more quantities of green tea have a 
lesser chances of developing different cancers (Jung and Ellis 2001).

12.4.10 glucosinolates

Glucosinolates and their hydrolysis products, like indoles as well as isothiocyanates, 
and elevated ingestion of vegetables belonging to cruciferous have been related 
to minor hazard of colorectal as well as lung cancer. Dithiol thiones, isothiocya-
nates, and sulforaphane are the biotransformation products of glucosinolates, which 
obstruct the enzymes that encourage tumor growth, chiefly in breast, colon, esopha-
gus, liver, lung, and stomach (Higdon et al. 2007).

12.4.11 sulfur coMpounds

Sulfur compounds, found in garlic, improve the immune system and diminish athero-
genesis and stickiness of platelet as well as cancer. Sulforaphane, a powerful phase 2 
enzyme inducer mostly found in broccoli, generates D-glucarolactone, an important 
preventer of breast cancer. Sulforaphane is an antioxidant along with stimulator of 
natural detoxifying enzymes and has been described to decrease the danger of breast 
as well as prostate cancer (Tamadon et al. 2014).

12.4.12 BerBerine

Berberine is an isoquinoline flavonoid mostly found in the bark, root, and other parts 
of plants, characteristically present in traditional Chinese as well as East Asian med-
icines (Teodoro et al. 2013). Berberine is a dominant anti-neoplastic agent (Sun et al. 
2009). Experimentation with a broad group of cell lines and tumors has revealed 
that berberine has the ability to apprehend growth, carcinogenesis, and metasti-
zation in almost all types of cancers (Ortiz et al. 2014). These effects range from 
radio-sensitization of the modified cells, however not of normal cells, by modulating 
the levels of anti-apoptotic along with pro-apoptotic proteins (Khan et  al. 2010). 
Per se, berberine has a significant role in fundamental pathway for growth of cancer; 
for instance, the mitogen-activated protein kinase (MAPK) as well as the NF-kB 
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pathways (Lin et al. 2004). Interestingly, berberine can also guard normal cells from 
adverse effects of radiotherapy (Liu et al. 2008).

Berberine attaches to the molecular DNA and quite few other proteins impli-
cated in cancer progressions, such as telomerase, topoisomerase I plus p53 (Ortiz 
et al. 2014), resulting in DNA strand breakdown, cell cycle capture, and generation 
of proapoptotic features. Interestingly, these pro-apoptotic properties of berber-
ine come out to be p53-dependent because its elimination obstructs anticancerous 
effects of berberine (Zhang et al. 2010). Berberine has been stated to induce arrest 
of cell cycle at both G0/G1, as well as G2 and G2/M stages, depending on the 
types of cell and dose utilized (Ortiz et al. 2014). Actually, the dissimilarities in 
berberine being protective and inducing apoptosis may rely on the dose. A similar 
result is observed in the mitochondrial function, where doses of berberine bring 
about improved mitochondrial function (Gomes et al. 2012; Teodoro et al. 2013), 
while high doses induce mitochondrial complex I dysfunction (Diogo et al. 2011), 
which may in addition clarify some of the anticancerous effects (Pereira et  al. 
2007). Berberine and its derivatives may well present an influential means of fight-
ing nearly all types of cancers.

12.4.13 resveratrol

Resveratrol is a stilbenoid phenol formed by a number of plants, predominantly in 
the skin of berries such as blueberries and raspberries, with significant effects on 
human fitness (Frémont 2000). Since the late 1990s, resveratrol has been the focus 
of cancer investigation, as various available works confirmed quasi-incredible alle-
viation for numerous cancer types, mainly in rodent animal models. Starting from 
small doses of resveratrol to pharmacologically accessible higher doses, its effects 
on cancer expansion and propagation were simply amazing (Baur and Sinclair 
2006; Baur et  al. 2006). By inhibiting COX1, COX2, and other related proteins 
related to cancer development and reducing the rate of angiogenic and metastiza-
tion (Tseng et al. 2004), resveratrol could prevent cancers (Khanduja et al. 2004). 
It  can also reduce levels of drug-metabolizing enzymes, reducing the processing 
of carcinogens via the cells and consequently permitting the body to remove them 
rather than manage them (Baur and Sinclair 2006). Compared to berberine, res-
veratrol too hinders cell cycle and induces apoptosis. A decisive set of informa-
tion on resveratrol and tumor cell lines as well as in vivo tumor models (Aggarwal 
et al. 2004) undoubtedly depicts that the anticancer activity of resveratrol greatly 
depends on the downregulation of the cell cycle proteins in addition to the initiation 
of apoptosis. However, it is still ambiguous whether these activities take place in the 
course of straight resveratrol action or else due to the sensitization of cancer cells to 
other proapoptotic effectors (Baur et al. 2006). Resveratrol is also able to change the 
antioxidant capability of cells either through alteration of the level of antioxidant 
enzymes or its intrinsic antioxidant effect (Sengottuvelan et al. 2006). Owing to its 
anticancer properties, resveratrol inhibits the propagation of lymphoid and myeloid 
cancers, cancers of breast, colon, thyroid, pancreas, prostate, and stomach, head 
and neck squamous cell carcinoma, ovarian carcinoma, and cervical carcinoma 
(Aggarwal et al. 2004).
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12.4.14 nexrutine

Concerning the photochemical, substantial attempt has been made to search for 
naturally arising compounds that may possibly helpful in the management of cancer 
(Kwon et al. 2007). Nexrutine is a commercially available herbal extract from the 
Phellodendron amurense. Isoquinoline alkaloids, phenolic compounds, and flavone 
glycosides are active constituents of nexrutine. A latest investigation discovered that 
nexrutine prevented the proliferation of lung and prostate cancer cells via the modu-
lation of signal pathways mediated by Akt and cAMP response element binding; 
furthermore, its antiproliferative capabilities are analogous to those of berberine 
(James et al. 2011). In the mouse prostate model, nexrutine was found to be effectual 
against the initial stage of prostate tumor growth in addition to tumor succession in 
transgenic adenocarcinoma. Moreover, a recent study performed of stage II mouse 
skin tumorigenesis model demonstrated that nexrutine prevented the progress of 
skin tumorigenesis (Kumar et al. 2012). The similar group supplementary stated an 
antitumor effect in a tumorigenesis model of rat liver (Alam et al. 2015). In mice, 
only single dose of nexrutine before the use of 12-O-tetradecanoylphorbol 13-acetate 
(TPA) considerably reduced TPA-induced skin edema, hyperplasia, incorporation of 
thymidine, and activity of ornithine decarboxylase (Kumar et al. 2012).

12.5 ROLE OF NUTRACEUTICALS IN CANCER CHEMOTHERAPY

Concurrent utilization of nutraceuticals with chemotherapy is common. Cancer 
patients self-medicate to alleviate the adverse effects of chemotherapy, get a better 
disease upshot, and recover their health. Conversely, there is limited experimental 
confirmation on the possible drug–nutraceutical interactions and their resultant con-
sequences on the effectiveness of chemotherapy (Angka and Spagnuolo 2015).

At some point after diagnosis, 60%–80% of the patients suffering from a hemato-
logical malignancy consumed an over-the-counter nutritional supplement (i.e., nutra-
ceutical, or food-derived bioactive compound) (Ben-Arye et al. 2010). Although the 
development of methotrexate involved understanding the negative impact of folic 
acid on acute lymphoblastic leukemia cell growth and acute lymphoblastic leukemia 
cell growth and patient survival, there remains limited clinical evidence supporting 
or refuting nutraceutical use by cancer patients. Thus, given the importance of under-
standing the role of nutraceuticals in cancer chemotherapy, researchers performed 
a drug combination screening to identify nutraceuticals that enhanced and hindered 
the efficacy of cytarabine and daunorubicin, two primary therapeutics used in the 
treatment of acute myeloid leukemia (Angka and Spagnuolo 2015). A high through-
put screening of a nutraceutical library has shown that zinc is able to enhance and 
echinachea is able to hinder the efficacy of acute myeloid leukemia chemotherapy. 
Given the high rate of nutraceutical consumption, this information is critical for 
accurate patient recommendations.

Zinc is an vital trace constituent in humans and supplementation (2 mg/kg/day for 
60 days) in children and adolescents with acute leukemia and was effective in reliev-
ing chemotherapy-associated side effects (weight loss, malnutrition, nausea, and 
vomiting) (Consolo et al. 2013). This study demonstrated the safety and physiological 
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benefit of zinc supplementation but did not  evaluate the supplementation effects 
on chemotherapy efficacy (Angka and Spagnuolo 2015). Through this screening 
researchers have also demonstrated that echinacea, among the most purchased nutra-
ceuticals, hindered the efficacy of acute myeloid leukemia chemotherapy. Echinacea 
has been shown to increase the cellular concentration of CYP3A, a  potent drug 
metabolizer, which could decrease the plasma concentrations of anticancer drugs 
that are CYP3A substrates such as cytarabine (Colburn et al. 2004; Penzak et al. 
2010). Therefore, given echinacea’s ability to reduce chemotherapy efficacy, cancer 
patients undergoing chemotherapy should avoid echinacea until further studies can 
confirm its safety (Angka and Spagnuolo 2015).

12.6  POSSIBLE MECHANISMS OF ACTION OF 
NUTRACEUTICALS AS CHEMOPREVENTIVE AGENT

The study of natural or synthetic chemicals to reverse, repress, or stop the develop-
ment of carcinogenesis is known as chemoprevention. In  initial stages, solid can-
cers are in general identified as intraepithelial neoplasia or carcinoma in situ, which 
resemble the promotion and progression phases. Consequently “anti-promotion” and 
“anti-progression” components might require meticulous experimental attention. 
Eventually, these components hinder the development and survival of cells previ-
ously devoted for melanoma.

Bioactive substances present in nutritional compounds, even in miniscule concen-
trations, possibly will have a far better influence than earlier recognized on the gene 
expression regulation. Understanding the mechanism behind the prevention of dis-
eases like atherosclerosis, cancer, diabetes, hypertension, and obesity through nutri-
tional manipulations has come from ongoing studies on the effects of nutraceuticals 
on gene expression. A few current studies on the action of selected nutraceuticals on 
the activity of transcription factors for instance activator protein (AP-1), counting 
NF-kB, peroxisome proliferator-activated receptor-gamma (PPARgamma), sterol 
response element binding proteins (SREBPs), and intonation of the expression of 
antioxidant genes similar to Bcl-2 as ultimate targets in the signal transduction 
cascade, in addition to gene regulation, have covered a route to additional study these 
compounds in a splendid detail, by means of a variety of genetically diseased models 
of animal (Orzechowski et al. 2002; Tripathi et al. 2005).

12.7  GENOMIC AND PROTEOMIC MECHANISMS AND MODELS IN 
TOXICITY AND SAFETY EVALUATION OF NUTRACEUTICALS

12.7.1 nutraceuticals in cell culture

There is a need to develop method for quick and authentic evaluation of nutraceutical 
effectiveness and safety. At present, the widespread practices entail testing precise 
doses of nutraceuticals as well as extracts in most suitable cell cultures plus animal 
models, for instance mice as well as rats. The medicinal and nutritional values of 
grapes and its products, for example, wine, have been extensively argued (Nassiri-
Asl and Hosseinzadeh 2009; Li and Forstermann 2012). A mixture of polyphenolic 
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molecules like flavonoid present in grape products is supposed to be responsible for 
the anticancer activity (Zhou and Raffoul 2012). Therapy of human pancreatic can-
cer cells by grape seed proanthocynidins considerably declined the viability of cell 
and induced apoptosis in a dose-dependent as well as time-dependent way and can 
inhibit migration of human pancreatic cancer cells through deactivating the NF-kB 
(Prasad and Katiyar 2013). In one more investigation, extracts of diverse varieties of 
grape were studied for their effect on human colon cancer cells through antioxidant 
as well as anti-inflammatory effects (Kountouri et al. 2013).

12.7.2  high-throughput technologies for transcriptoMic analyses 
and verification

Resveratrol is one of the well-known nutraceuticals that has chemopreventive, anti-
angiogenic, and anti-inflammatory activity. To study the activity of resveratrol in 
diverse human cancer cell lines, microarray technique has been widely used. Yang 
et  al. (2003) investigated the alterations of global gene expression at some stage 
in resveratrol-induced growth suppression along with apoptosis in the human ovar-
ian cancer PA-1 cells. The investigation established over 100 genes that alter their 
level of expressions considerably, comprising NAD(P)H: quinone oxidoreductase 1 
(NQO-1), which is known to be related to the regulation of p53 and offers hints for 
resveratrol’s mechanism of action (Yang et al. 2003). Similarly, human prostate can-
cer cell line LNCaP was processed with resveratrol; moreover, DNA microarray was 
employed to examine the temporal transcriptional profile (Jones et al. 2005).

In an additional case, by utilizing RNA microarray, resveratrol’s apoptotic effects 
on the human fibrosarcoma cells (HT1080) were examined. Resveratrol-induced 
death of the apoptotic cell, considerably diminished HT1080  cells proliferation, 
and microarray study demonstrated changed apoptosis-associated genes expression 
(Harati et al. 2015). Such in vitro investigations demonstrated resveratrol’s antican-
cer activity against human cancer cells in addition assisting in vivo trials evaluating 
the outcome of the natural polyphenol resveratrol.

Polyphenol curcumin, a chemopreventive agent, has been observed to be an 
important nutraceutical having anticancer effects. Kronski et al. (2014) demonstrated 
that curcumin in metastatic breast cancer cells modified the expression of miRNA, 
in particular miR181b. This investigation revealed that miR181b downmodulates the 
expressions of proinflammatory cytokines CXCL1 and CXCL2, thereby reducing 
the development of breast and prostate cancer. Taken together, these data show that 
curprovides promise in the therapeutic campaign for cancer (Kronski et al. 2014).

12.7.3 application of proteoMic approaches to nutrition research

Remarkably, proteomic examinations established that food supplement containing 
genistein boosts the GTP cyclohydrolase-I expression, a major protein concerned 
with the synthesis of nitric oxide in the rat mammary gland in connection with a 
decrease in the proliferation of cell as well as vulnerability to cancer (Rowell et al. 
2005). Nevertheless, the majority of research studies have been carried out in ani-
mal models; therefore, restricted proteomics analysis in humans was implicated in 
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recognizing the molecular goal of nutritional ingredients in human being. For exam-
ple, proteomic study of butyrate-treated human colon cancer cells (Tan et al. 2002, 
2008), recognition of cellular target proteins of genistein action in the endothelial 
cells of human (Fuchs et al. 2005), and detection of quercetin molecular targets in 
human colon cancer cells (Wenzel et al. 2004). For identification of novel impending 
soybean allergens from transgenic plus nontransgenic samples of soy Batista et al. 
(2007), 2D gel as well as mass spectrometry technique was employed.

The effectiveness and security of nutraceuticals have been evaluated by various 
examinations, and adverse effects have been stated. This  information requires to 
be coupled with the information obtained from the studies on adverse reaction to 
facilitate patients as well as physicians to create the best risk–benefit estimation prior 
to using any nutraceutical product. Perfect and better manage over the security and 
superiority of nutraceuticals might be attained during good manufacturing practice, 
regulatory control, in addition to research attempts, over and above by describing of 
adverse effects (Koh and Woo 2000).

12.8 TOXICITY POTENTIAL OF NUTRACEUTICALS

A great number of populaces accept that nutraceuticals are progressively being uti-
lized as dietary supplements in the management of diseases without side effects. 
This belief has been raised from the fact that they have been used for a long period 
without serious toxicities. Even if this is factual for an extensive range of nutraceu-
ticals and they normally contain lesser side effects compared with pharmaceuticals, 
traditional medication is reasons that if a medicine is effective, it will inexora-
bly comprise side effects (Baradaran 2012). The therapeutic organization believes 
herbal medicines as drugs, and intrinsically, they must have side effects and so, 
they need to be prepared with right constituents and use with caution, as well (Nasri 
et al. 2014).

Most commonly used nutraceuticals are compounds derived from fruits and veg-
etables. They are often compounds with antioxidant or anti-inflammatory properties 
that are suggested to provide protection against chronic diseases such as cardiovas-
cular disease, diabetes, cancer, and osteoporosis (Weaver et al. 2012). Widely con-
sumed nutraceuticals include flavonoid plant pigments such as anthocyanins from 
berries, flavonols from dark chocolate, polyphenols such as resveratrol from red 
grapes, catechins from tea, and quercetin. There are little data to suggest that these 
compounds are toxic.

Owing to the plant source of these supplements, they are regarded as harmless for 
human consumption. Nonetheless, the quantities of the active ingredient eaten show 
a discrepancy when interpreted as a complete foodstuff, as contrary to a food sup-
plement (Egert and Rimbach 2011; Kyselova 2011). There are scarce investigations 
that have described the long-standing consequences of food supplements in humans. 
Higher intake of lipids is linked with a greater risk of cancer, cardiovascular dis-
ease, diabetes, and obesity (Hooper et  al. 2011; Salas-Salvado et  al. 2011). High 
intake of flavonoid supplements can change the physiological levels of iron, vita-
mins, and other nutrients (Kyselova 2011). Flavonoids have the ability to interrelate 
with cytochrome P450 enzymes and consequently change the pharmacodynamics 
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and pharmacokinetics of a variety of medicines (Cermak 2008; Choi and Kim 2008; 
Simmen et al. 2010). Several flavonoids, for example genestein, have been related 
with a greater risk of cancer (Koro et  al. 2007; Ramos-Nino et  al. 2007; Andres 
et al. 2011).

Since evidence has emerged regarding health risks following hormone replace-
ment therapy in postmenopausal women, menopausal women have increasingly 
turned to dietary supplements to treat symptoms such as hot flashes, depression, 
and bone loss. Latest study suggested that up to 42% of women were using soy food-
stuffs; counting isoflavone extracts plus purified isoflavones, for example, genistein 
(Mazzanti et  al. 2009). As these products are concentrated or purified, they have 
higher levels of plasma in comparison to isoflavones eaten as a portion of soy protein 
isolate or soy foodstuff, which are complex mixes of bioactive proteins, peptides, 
and more than one hundred phytochemicals (Fang et al. 2004; Ronis et al. 2016). 
There  have been case reports of endometriosis in women consuming isoflavone 
supplements (Mahady et al. 2003); also, there is a likelihood of increased risk of 
estrogen-sensitive cancers in consumers of these products.

Humans eat thousands of varieties of plants and additional nutraceuticals to 
meet their fundamental dietary requirements; however, very few people have estab-
lished noteworthy safety examinations. Many remain poorly understood and largely 
undeveloped, and their wild relatives are threatened with extinction and in need of 
conservation attention. Stewardship of these precious plant resources will have need 
of rigorous science combined with an approach that respects and values traditional 
knowledge systems (Nasri et al. 2014). For that reason, apart from safeguard outlines 
regarding these nutraceutical supplements in humans, vigilance ought to be prac-
ticed in their long-term use.

12.9 POTENTIAL TOXIC CONTAMINATION OF NUTRACEUTICALS

Nutraceuticals are defined by the Dietary Supplement Health and Education Act 
(DSHEA) as food supplements that might include herbs or else botanical, or a con-
centrate, constituent, extract, metabolite, or mixture of a few components from other 
classes (Frankos et  al. 2010). At  some stage in the production, presence of toxic 
contamination in nutraceutical can bring about alterations in their trait and safety. 
The health risk of these products mostly relies on the existence of abnormally ele-
vated amounts of chemical components that might bring about adverse or even fatal 
effects if consumed (Chan 2003). The DSHEA sets up regulations as well as confines 
label claims on food supplements in the United States, whereas food supplements 
are congregated by the Directive 2002/46/EC and herbal therapeutic products are 
congregated by Directive 2004/27/EC in Europe. Conversely, there is no official 
legislation controlling the products of nutraceuticals (Gulati and Ottaway 2006; 
Martínez-Domínguez et al. 2014).

Plant-based nutraceuticals can be gathered arbitrarily from noncultivated and non-
environmentally affable regions by untaught populace and positioned into the mar-
ketplace devoid of any regulation. It clearly indicates that users may be subjected to 
herbal foodstuffs possibly infected with pesticides, heavy metals, as well as metal-
loids, mycotoxins, or else radioactive materials or drugs (Figure 12.1). The existence 
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of verboten pesticides or extreme quantities of pesticides plus heavy metals relies 
on the origin of herbal substances and whether or not they are grown in a polluted 
region. In addition, chemical pollutants possibly enter from hostile or incorrect stor-
age or chemical treatment at some point in the storage. Sequentially, the occurrence 
of medicines might be linked to unethical methods of manufacturing. In  an ideal 
world, nutraceutical ingestion must be austerely managed and is relevant to superior 
understanding of the levels of diverse contaminants (distinctively heavy metals as 
well as pesticides) in raw materials (Chan 2003; Meena et al. 2010; Harris et al. 2011).

On the basis of a variety of factors, the amount of important as well as trace 
elements in therapeutic plants differ (Haider et al. 2004). Among these factors are 
geoclimatic conditions, geochemical uniqueness of the soil, anthropogenic activi-
ties, plant types (a few could be capable of electively generating toxic elements), 
along with the portion of the plant utilized for the preparation of herbal medication. 
In plants, the level of metals is also affected by the physicochemical characteristics 
of the soil where plants grow (distinctiveness of soil or else sediments, level of pH, 
exposure time, range of dispersion, and existence or nonexistence of other essential 
elements). These characteristics decide the nature of the connection of trace con-
stituents with soil elements and are major elements for the bioavailability of metal 
elements (Sarma et  al. 2011). Whereas plants voluntarily consume trace elements 
through roots, these composites are capable of rapt via the leaves. Rainwater, atmo-
spheric dirt, plant’s defense agents, and fertilizers are supplementary supplies of 
trace elements for plants (Lozak et al. 2002).

FIGURE 12.1 Major toxic contaminants found in nutraceuticals.
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Even if a few trace metals present in foodstuffs take part in the physiological 
function as indispensable components as well as co-factors, contagion or defile-
ment of nutraceuticals by heavy metals, metalloids, and mineral nutrients is a topic 
of interest. Even though low quantity of trace elements has health profits, elevated 
amounts may perhaps pretense health hazards (Bhat et al. 2010). On account of their 
cumulative belongings, as well as toxic potential, heavy metal concentrations might 
attain levels possibly conductive of harmful effects on human well-being.

The International Agency for Research on Cancer (IARC) has categorized spe-
cific trace elements (As, Sb, Be, Cd, Cr, Co, Pb, Ni, and V) as conceivably carci-
nogenic to humans owing to their ability to cause damage of DNA. Therefore, it 
must be distinguished that it is imperative to observe the existence of metal elements 
in medicinal plants utilized as nutraceuticals to avoid excess exposures of humans 
(Sarma et al. 2011).

Most extensively used chemicals in the earth are pesticides, and they are also 
one of the most hazardous contaminations for humans. The application of pesticides 
in modern cultivation becomes indispensable for a growing demand of quantity 
and quality in products, particularly to increase crop productivity and minimize 
any possible loss due to uncontrollable pests. Lot of diverse adverse health effects 
occur because of exposure to pesticide residues such as asthma, skin rashes, chronic 
problems including cancer (Zuin and Vilegas 2000; Calvert et al. 2004; Parrón et al. 
2011). These pesticides, in addition, demonstrate long-term toxicity, mainly, cancer 
and endocrine disruption capacity (Mnif et al. 2011).

12.10 RESTRAINTS OF NUTRACEUTICALS IN CANCER

The ability of certain herbal supplements to obstruct drug treatment is renowned. 
Such as, anti-coagulant activities have been recognized for intake of garlic supple-
ments and warfarin interactions have been shown for ginger and gingko (Posadzki 
et  al. 2013). Almost certainly, the most widely known drug–herb interaction is 
the prospective for St. John’s Wort (Hypericum perforatum) to cause cytochrome 
P4503A4, the main cytochrome related to the metabolic activation of definite drugs 
of cancer (Ranzato et al. 2014).

Antagonism of selective estrogen receptor modifiers such as tamoxifen has 
been demonstrated for the isoflavones characteristic of soy (Ranzato  et  al. 2014). 
Anthranoid-comprising plants like senna (Cassia senna) plus cascara (Rhamnus 
purshiana) in addition to soluble fibers like guar gum as well as psyllium are capable 
of reducing the absorption of certain drugs (Fugh-Berman 2000). Latest investiga-
tions have also established that a few antioxidants derived from plant extracts pos-
sibly will augment the endurance to chemotherapy if employed in patients having a 
higher cancer stage (Zhang 2010; Ranzato et al. 2014).

12.11 CONCLUSION AND FUTURE DIRECTIONS

At  the moment, nutraceuticals have gained sky-scraping attentions owing to their 
probable nutritional and safety profiles, excluding therapeutic ability. The victory of 
nutraceuticals is anchored in the self-prescription and own individual familiarities. 
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Yet, the amazing benefits of nutraceuticals would not  be understood unless criti-
cal clinical trials provide proof and particulars of nutraceuticals’ defensive thera-
peutic efficiency. Despite every existing tool, cancer is one of the chief health 
perils. The majority of existing information on nutraceuticals in cancer comes from 
epidemiological health and populace data. The reduced cancer incidence due to 
nutraceuticals seems hype but greater hopes are anticipated with advancements in 
food science. Pharmaceutical and nutritional companies are attentive to the shift in 
the development owing to the benefits of these substances. The majority of nutraceu-
ticals have manifold therapeutic advantages. The common community and healthcare 
professionals ought to be well knowledgeable regarding the fundamental notion of 
nutraceuticals and their helpfulness and must also be advised regarding the possible 
adverse events linked to their use due to the prospective contamination. Supervisory 
body must also acquire actions to diminish these difficulties.
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13 Dietary Habits 
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13.1 INTRODUCTION

Cancer is ranked one of the leading causes of death in the twenty-first century. 
In 2018, it is estimated that there will be roughly 18 million new cases of cancer 
and 10 million cancer deaths. Based on the number of new cases, the most com-
monly diagnosed forms of cancer around the world (percent of all cases) include 
lung (12%), breast (12%), colorectal (10%), prostate (7%), stomach (6%), and liver 
(5%). However, within individual countries, the incidence and mortality due to onco-
logical malignancy varies based on socioeconomic factors. Additionally, incidence 
of cancer increases with age, with almost a third of cancer diagnoses occurring in 
adults over the age of 75 years [1,2]. Only about 5% of cancers in the United States 
occur in individuals below the age of 40 years. Cancer in children and young adults 
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appear to be more likely due to inherited genetic predisposition, viral infection (HIV, 
HPV, etc.), exposures to chemotherapy or radiation from treatment of childhood 
 cancer, or  exposure to ultraviolet (UV) light from tanning beds or from the sun. 
These  exposures occurring in young individuals play an important role in cancer 
risk as they age [3].

Cancer risk is due to a combination of both modifiable and nonmodifiable risk 
factors. Nonmodifiable risk factors include age, race, genetics, and family history, 
whereas modifiable risk factors include environmental and lifestyle factors such as 
diet, tobacco use, physical activity, alcohol use, and exposure to carcinogens. It  is 
estimated that roughly half of cancers are potentially preventable with adequate life-
style modifications taken at an appropriate stage of life. It  is important that indi-
viduals attempt to minimize potential risk factors and exposures throughout their 
lifetime in order to prevent malignancy  [4]. Due to the importance of modifiable 
risk factors, adequate public health policies and education can play a significant role 
in the prevention of cancer. Robust public health interventions have resulted in a 
decline in various preventable forms of cancer. For example, smoking cessation has 
shown to reduce lung cancer rates in the United States [4,5].

Nutrition is generally considered an important modifiable risk factor for a mul-
titude of diseases including cardiovascular disease, type 2  diabetes, and cancer. 
A wholesome diet that includes high intake of fruits, vegetables, and whole grains 
are recommended to decrease cancer risk [4].

The American Heart Association (AHA) Guidelines recommend the following 
nutrient composition 20%–35% fat, 45%–65% carbohydrates, and 10%–35% protein 
for most adults.

Modifiable Risk Factors for Cancer [4]

• Tobacco Smoking
• Physical Activity and Exercise
• Weight, Obesity, and Metabolic Diseases
• Diet and Nutrition
• Alcohol Consumption
• Sun Exposure
• Vaccination (Human papillomavirus, Hepatitis B)

Being physically active decreases the risk of many cancers by reducing body fat, 
likely by improving immune response, decreasing inflammation, and improving the 
body’s use of insulin. Avoidance of excess caloric intake can prevent obesity-related 
risk factors.

Individuals come into contact to a wide range of carcinogenic substances through-
out their lifetime. Carcinogens can either be naturally occurring or can occur through 
industrial or manufacturing processes. Oral and lung cancers have been directly 
linked to carcinogens found in tobacco smoke and chewing tobacco. The rise in the 
incidence of certain cancers involving the esophagus, colorectal, and stomach are 
likely due to changes or differences in dietary habits. However, achievable lifestyle 
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changes like limiting one’s calorie consumption, or avoiding foods like red meat, 
fried foods, or refined sugar can make potentially make a significant difference in 
risk over the course of a lifetime for certain types of cancers [1,4,5].

13.2 NUTRITION IN CANCER PATIENTS

Nutrition and diet play an essential role in management of individuals with a diag-
nosis of cancer. Side effects of chemotherapy and radiation treatments can include 
nausea and mucositis, which often makes receiving adequate nutrition a challenge, 
especially with patients with head and neck or stomach cancers. Many chemotherapy 
regimens cause side effects including nausea, vomiting, changes in taste or smell, 
gastrointestinal side effects, and loss in appetite. Gastrointestinal side effects may 
alter how the body digests and absorbs nutrients. Weight loss and cachexia occur fre-
quently in patients with late stage cancer. Conversely, weight gain may also occur as 
a complication of chemotherapy treatment. Cancer patients should attempt to main-
tain a body mass index (BMI) between 18.5 and 25. Patients with cancer of the head 
and neck areas often have difficulty swallowing, and may be unable to eat without 
the assistance of feeding tubes and enteral feeding. In extreme cases, intravenous 
parenteral nutrition is an option.

Registered dietitians play a central role in the interdisciplinary care of these 
patients and can make recommendations to assist in changes in nutritional needs in a 
patient. Adequate nutrition increases the quality of life in these patients and greatly 
improves patient outcomes. Patients who are unable to receive adequate nutrition 
from food can benefit from nutrient-fortified beverages and shakes. Doctors may 
also prescribe medications to improve appetite. Individuals who exercise regularly 
and have a well-balanced diet have a lower risk of getting cancer, and patients with 
cancer who exercise generally have a better prognosis and outcome. It is important 
for those with cancer to maintain good nutrition because cancer survivors are at 
increased risk of developing secondary cancers and are at higher risk of other meta-
bolic diseases from chemotherapy. Inadequate nutrition and cachexia may also delay 
healing and prevent continuation of chemotherapy. Individuals treated appropriately 
for their cancer are now living longer with a diagnosis, and a healthy lifestyle can 
not only help prevent their cancer from returning but also prevent secondary chronic 
diseases such as diabetes and kidney disease [3,6,7].

13.3 OBESITY

Calorically dense but often nutritionally poor foods can be obtained inexpensively 
and conveniently thanks to modern facilities like drive-throughs and meal deliv-
ery services. American food service companies cater to consumer demand, which 
historically has meant that healthier food choices come secondary to palatability. 
Women and men need an average of 2000 and 2500 calories per day, respectively. 
A  hamburger combo meal from a popular American fast food restaurant, which 
comes with a large hamburger with toppings (540 calories), medium soda beverage 
(220 calories), and medium French fries (340 calories) contains 1090 calories for a 
single meal. An individual who consumes the equivalent of these three times daily 
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would have a daily surplus of 500 calories, which would result in an average gain of 
one pound in weight per week [8].

The prevalence of obesity has increased globally with increased availability of 
food in modern developed countries and predisposition to a sedentary lifestyle. It is 
a major modifiable risk factor for cardiovascular disease, cancer, and diabetes. It is 
implicated in about 20% of total cancer-associated mortality. Obese patients also are 
at higher risk of postoperative infections, poor wound healing, and failure of chemo-
therapy treatment due to differences in the pharmacokinetics of drugs in overweight 
individuals. Cancer patients should be educated on how weight loss and positive 
lifestyle modifications can improve survival because currently most Americans are 
unaware of the relationship between obesity and cancer. Obese individuals are at 
a higher risk of certain cancers including gastroenterological, prostate, breast, and 
gynecological [9]. In addition to direct effects of obesity and cancer, obese individu-
als suffering from cancer have a poorer cancer prognosis once a diagnosis made [10]. 
Obese people have a much higher risk of complications and side effects of surgery, 
resulting in predisposition to mortality after surgery to remove or debulk tumors. 
Patients are at increased risk of poor wound healing, infection, post-op pneumonia, 
and other complications specific to each type of surgery [11]. Weight management 
from healthy eating habits and exercise is a sensible and recommended strategy 
to prevent cancer and reduce overall burden of the disease. However, studies have 
shown that the general public have limited awareness of the link between obesity and 
cancer risk. Overweight patients often misperceive their status and may not know 
that they are at increased risk of diseases. Healthcare providers should make an 
effort to educate patients at this risk in order to increase awareness. Patients report 
higher degrees of success with weight loss when it is discussed with their doctor. 
However, many healthcare providers may not be properly trained in order to deliver 
adequate weight management and nutrition counseling [10]. Weight status should be 
discussed by primary care providers, along with reduction of alcohol use and smok-
ing cessation [9–11].

Obesity is considered to be a proinflammatory state due to increased levels of free 
fatty acids, interleukins, and other oncogenic cell signaling factors. Increased adi-
pose tissue results in increased levels of active estrogens by expression of aromatase 
enzymes, which may help drive tumor development. Insulin resistance appears to 
play a role in cancer progression by activation of oncogenic cellular signaling path-
ways affecting cellular proliferation and metabolism. Insulin and insulin-like growth 
factor (IGF) receptors are found to be expressed on malignant cells, and their over-
activation can help drive tumor growth. Cancer signal transduction pathways like 
AKT, Ras, and mitogen-activated protein kinase are downstream targets of these 
IGF receptors. Additionally, insulin can reduce endogenous sex-hormone binding 
globulin (SHBG), which effects bioavailability of estrogen [12,13].

13.4 WHOLE GRAINS VERSUS REFINED SUGAR

It is recommended to avoid excess consumption of calories in one’s diet and prevent 
excess body fat. Consumption of simple refined sugars sugary beverages or other 
foods high in starches or sugars can result in excess caloric intake and are associated 
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with adverse risk of various cancers. Refined sugars like flour also lack fiber, which 
has known benefits. Whole-grain wheat, on the other hand, contains multiple health-
ful bioactive compounds. Bran contains fiber, antioxidants, vitamins, and minerals. 
The majority of whole-grain fraction is the starchy endosperm component, which, 
in addition to starches, also contains antioxidants, minerals, and vitamins. Various 
benefits of whole grains are lost during the refinement process, including loss of 
fiber. It is recognized that synergy exists in the beneficial components of whole-grain 
cereals that are lost when individual components are supplemented alone. Whole 
grains contain many trace elements like zinc and selenium, which are involved in 
hormone activation and synthesis [14].

13.5 FIBER

The health benefits of a diet containing adequate amounts of fiber are numerous. 
Adequate fiber intake can help lower the risk of obesity and diabetes by increasing 
early satiety and preventing spikes in blood sugar. Heart disease, stroke, and other 
inflammatory-related diseases can be reduced by fiber’s effect on lowering blood 
pressure, cholesterol, and inflammation. Compared to a low-fiber diet, a  high-fiber 
diet does a better job at enhancing satiety, thus helping with weight loss. Some 
 scientists speculate that consuming fibrous whole grain may actually help neutralize 
some potentially carcinogenic compounds in food [14]. Of note, adequate intake of 
fiber is important for lower risk of esophageal, gastric, and colorectal cancers. It is 
recommended that individuals receive enough fiber in their diet by choosing fruits, 
vegetables, whole grains, and legumes. The majority of Americans do not receive 
the recommended amount of daily fiber of 14 grams per 1000 calories consumed. 
In fact, most only receive about half that amount. Fiber is categorized as either being 
soluble, meaning it absorbs water in the food, which can help slow down the diges-
tive process and help lower spikes in blood sugar. Soluble fiber has also been shown 
to help reduce LDL cholesterol. Soluble fiber is found in whole grains and fruits and 
vegetables. Fiber supplements may be used if an individual is unable to get adequate 
amounts from dietary sources. Soluble fiber supplements are available in the form 
of methylcellulose, inulin, psyllium, wheat dextrin, among others. Insoluble, or bulk 
forming fiber, helps maintain regularity and relieve constipation. Insoluble fiber can 
be found in foods such as nuts, wheat bran, and green leafy vegetables. Insoluble 
fiber can help deliver antioxidant phenol compounds to the colon where it can pre-
vent colon cancer. Resistant starches, which by definition cannot be broken down by 
digestion, contain butyrate, which serves as a tumor suppressant. Oligosaccharides 
like fructans, stachyose, and raffinose also are involved in butyrate production and 
help stimulate the immune system [15–17].

13.6 ANTIOXIDANTS

Adequate intake of antioxidant vitamins and minerals like carotenoids, α-tocopherol, 
and vitamin C, either from whole foods or dietary supplements, provide cells pro-
tection from oxidative damage. Oxidative damage occurs naturally from cellular 
metabolism, various enzymatic processes, exercise, radiation, and xenobiotics [18]. 
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This  oxidative stress results in damage to cellular components including DNA, 
lipid membranes, carbohydrates, and proteins. Damage to DNA, if left unrepaired, 
leads to mutations in genes and may potentially promote cancer phenotypes in cells. 
Natural antioxidant sources from whole foods like fruits, nuts, legumes, and veg-
etables help lower the risk of cancer, as well as cardiovascular disease and even 
all-cause mortality. Receiving sufficient daily requirements of vitamins and min-
erals is best achieved through the diet; however, alternative sources like vitamin 
supplements are available. Additionally, a well-balanced diet can ensure that the 
immune system is strong enough to recognize and eliminate abnormal cancerous 
cells. Achieving sufficient amounts of nutrition from the diet can prevent cancer 
from occurring due to their role in metabolic and signaling pathways, which regulate 
cancer growth [19] (Table 13.1).

Folate (B9), or its synthetic form, folic acid, is a naturally occurring water-soluble 
vitamin B involved in cellular development and growth. It is an important nutrient 
needed by the body for many metabolic processes involved in DNA synthesis and 
maintenance. There are many known associations of folate with various health con-
ditions including cancer, heart disease, dementia, mental health, autism, and birth 
defects. Deficiencies in folic acid can lead to adverse health effects including neural 
tube defects, anemia, and certain cancers. Like many vitamins, it appears to be more 
easily usable by the body when obtained from natural food sources. Foods found to 
contain the greatest sources of folate include beef liver, leafy green vegetables like 
spinach, fortified breakfast cereals, and beans. Some countries, including the United 
States, require that wheat flour is fortified with at least 140  micrograms of folic 
acid per 100 grams of grain cereal. It is recommended that children receive around 
150–300 micrograms (mcg) per day of dietary folate equivalents (DFE), while the 
average teens and adults obtain 400 mcg per day. Pregnant women should get at least 

TABLE 13.1
Important Antioxidants from Food Sources

Antioxidant Example Food Source Known Benefit

Vitamin C (ascorbic acid) Citrus fruits, berries, 
broccoli, green beans

Immunity, skin health, reduced risk of 
cancer, cardiovascular disease, and 
mortality

Vitamin E (α-tocopherol) Vegetable oils, fresh fruits, 
vegetables, nuts and seeds

Antiaging, vision, anti-inflammation, 
reduced risk of stroke, total cancer, 
all-cause mortality

Carotenoids (β-carotene, 
lycopene, β-cryptoxanthin)

Carrots, green yellow fruits 
and vegetables

Eye health, reduced risk of cancer, 
cardiovascular disease, and mortality

Lutein Leafy green vegetables Vision, skin health

Folate Beef liver, Spinach, Avocado Reduced risk of cancer, Mental health, 
fetal development

Source: Lobo, V. et al., Pharmacogn. Rev., 4, 118–126, 2010; Aune, D. et al., Am. J. Clin. Nutr., 108, 
1069–1091, 2018.



297Dietary Habits and Susceptibility to Various Cancers

600 mcg of folate per day. Women who do not receive adequate folate before and 
during earlier stages of pregnancy run the risk of giving birth to children with seri-
ous birth defects of the brain and spine. Because it is important for pregnant women 
to receive adequate amounts of folate early on in pregnancy, women and teens who 
could become pregnant should consume adequate amounts of folate or receive folic 
acid from prenatal vitamins. Individuals generally require larger amounts of folate 
as they get older. Folate is available over the counter as a supplement in 1000 mcg 
(1 milligram) tablets. Patients with nutrient deficiencies such as chronic alcoholics 
and cancer patients may be prescribed to take folic acid supplements by their doctor. 
Individuals with a genetic polymorphism in the MTHFR gene are unable to convert 
active folate and are at increased risk of deficiency. However, it should be noted that 
folic acid may interact or interfere with certain medications used to treat cancer 
(methotrexate) or many antiepilepsy drugs like valproate, phenytoin, and carbam-
azepine. Supplementation may decrease the risk of many forms of cancer; however, 
higher doses taken in some patients who already have cancer may actually have their 
cancer progression sped up. However, like many aspects of nutrition and cancer, 
more studies are needed to further assess the role of folate [20–22].

Foods Highest in Folic Acid

Food Micrograms (mcg) per Serving Percent of Daily Requirement (%)

Beef liver (3 ounces) 215 54

Spinach (boiled, ½ cup) 131 33

Breakfast cereals 100 25

Asparagus (4 spears) 89 22

Avocado (raw, ½ cup) 59 15

Rice (½ cup) 54 14

Broccoli (cooked, ½ cup) 52 13

Kidney beans (½ cup) 46 12

Nutrient content available by U.S. Department of Agriculture’s National Nutrient Database

Vitamin C, also known as ascorbic acid or ascorbate, is a water-soluble  antioxidant 
with many essential physiological functions. It is a cofactor used by cells in the process 
of building collagen fibers and aids in the absorption of nonheme iron. This  vitamin 
is important for cellular immunity, with high amounts found in  leukocytes. Its 
 carcinogen-neutralizing activity and role in cellular immunity may be why it is 
a  popular area of research in the prevention or treatment of cancer. It  is found in 
various foods including fruits and vegetables. The highest amount of ascorbic acid 
is found in red and green peppers, oranges, grapefruit, kiwis, and broccoli. Many 
breakfast cereals in the United States are fortified with vitamin C. Since heat can 
degrade this vitamin, so it is best consumed from raw fruits and vegetables. Humans 
are unable to synthesize their own vitamin C and therefore it is an essential dietary 
requirement. Serum vitamin C is tightly regulated by the body, and excess supple-
mentation is likely to have little benefit. According to the Food and Nutrition Board 
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at the Institute of Medicine, the recommended daily amount of vitamin C for adults is 
90 mg in males and 75 mg in females. Pregnant or lactating women may require up to 
120 mg per day. Even though it is water soluble, adults should limit their consumption 
of  vitamin C to 2 grams per day due to the potential for adverse effects. Prolonged 
excess  consumption has been associated with kidney injury due to the breakdown of 
the vitamin into oxalate leading to the formation of kidney stones, thus should not be 
used in those with history of kidney disease. A deficiency of vitamin C, also known as 
scurvy, can lead to bleeding, weakness, anemia, and various other maladies. Scurvy 
is best known to affect individuals with poor nutrition, and it historically affected 
 malnourished sailors in the eighteenth century or residents of underdeveloped coun-
ties. Scurvy can develop in less than a month’s time in individuals who lack adequate 
daily requirements. Smokers require higher daily amounts and are at an increased risk 
of deficiency, likely due to the increased expenditure of antioxidants from the harm-
ful effects of cigarette smoke. It  is a popular dietary supplement available over the 
counter and advertised for the management or prevention of cold symptoms; however, 
its efficacy in this use is questionable unless taken before the onset of symptoms [23]. 
Multiple clinical trials have been performed in cancer patients given intravenous vita-
min C either alone or in combination with chemotherapy; however, the results have 
been mixed or inconclusive. However, it is recommended that individuals with cancer, 
intestinal malabsorption, or other chronic disease receive adequate amount to pre-
vent deficiency-related complications. Cancer patients should first consult with their 
oncologist because it and other antioxidants may interfere with chemotherapy [24].

Vitamin E, or α-tocopherol, is a fat-soluble vitamin with antioxidant properties. 
It is found in vegetable oils, nuts, and seeds. Most adults should consume about 15 mg 
(about 22 international units, or IUs) of vitamin E daily. Excess supplementation actu-
ally appears to be harmful, with consumption greater than 400 IU/day resulting in 
a significant increase in all-cause mortality. Most Americans, especially individuals 
on low-fat diets, may be receiving insufficient daily amounts, but deficiency does 
not appear to display noticeable symptoms like with vitamin C. It has been researched 
for its potential health benefits for its antioxidant and anti-inflammatory properties. 
Scientists have looked at how it could be involved in cardiovascular health, preven-
tion of dementia, vision and eye health, and cancer [25]. Major studies investigating 
the utility of vitamin E in cancer prevention included the HOPE-TOO Trial, Women’s 
Health Study, and the ATBC trial. In  the HOPE-TOO trial, which was a random-
ized double-blinded trial, participants aged ≥55 years were either given 400 IU per 
day of vitamin E (552 patients) or placebo (586 patients) for an average of 7 years. 
The authors concluded that supplementation did not prevent cancer or cardiovascular 
events. There was a decreased incidence of lung cancer, but it did not reach statistical 
significance [26]. In the Women’s Health Study, approximately 40,000 women aged 
≥45 years were randomized to receive either 600 IU of natural vitamin E or placebo 
every other day for an average of 10 years. The authors of this study concluded that 
vitamin E supplementation does not have a significant role in the prevention of can-
cers [27]. The ATBC trial was conducted in men, and the patients given 50 mg per day 
of vitamin E had lower incidence of prostate cancer; however, further studies would 
be needed to confirm this finding. Current evidence has been insufficient to recom-
mend that vitamin E supplementation can be used to prevent cancers [28].
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13.7 ARTIFICIAL SWEETENERS

Artificial sweeteners are preferred by some because of their minimal impact on 
blood sugar in relation to the fact that their sweetness is much greater than com-
pared to regular table sugar. They are generally considered healthy sugar alternatives 
for individuals with diabetes. Artificial sweeteners are regulated by the US Food 
and Drug Administration (FDA) and are “generally recognized as safe.” However, 
they have been frequently scrutinized for a purported increased risk of cancer. One 
study group in 2006 looked at whether aspartame had the potential to cause cancer 
in rats. They concluded from the study that aspartame had carcinogenic properties 
and should not be used as an artificial sweetener. However, FDA challenged their 
results due to design flaws present in the study and requested the results be retracted. 
The FDA and other health regulatory agencies have concluded that aspartame is safe 
based on results of numerous epidemiological studies. In addition to aspartame, the 
FDA has also concluded that sucralose, acesulfame, and cyclamate do not pose a 
significant cancer risk [29–31].

Common Artificial Sweeteners [29–31]
Cycalmate Assugryn, Sucaryl, Banned by FDA in 1970 but still available in certain foreign 

countries. Blended with saccarin

Aspartame Equal, NutraSweet, Sugar substitute

Saccharin Splenda, Sweet’nLow, Sugar substitute

Xylitol Various commercial food products
Sugar alcohol. Found in various low sugar foods. May cause GI symptoms. Toxic to dogs

Sorbitol Chewing gum, candy, toothpaste, mouthwash, laxative effect

13.8 ALCOHOLIC BEVERAGES

There is strong evidence to support the finding that ethanol consumption can pre-
dispose an individual to cancer at various locations including esophagus, liver, 
breast, larynx, and pharynx. It is likely one of, if not the most important modifi-
able risk factor for cancer. Ethanol is metabolized by the body into acetaldehyde 
by alcohol dehydrogenase (ADH). Acetaldehyde is a highly toxic substance and 
it, along with free radicals produced by ethanol metabolism, can damage cellular 
components like lipids, DNA, and proteins. Chronic exposure can decrease cel-
lular glutathione (GSH) levels. Heavy alcohol consumption in women is related 
to increased levels of estrogen, which is associated with increased risk of breast 
cancer. Additionally, various alcoholic beverages may also contain other chemi-
cals introduced via the manufacturing process like nitrosamines. Alcohol can also 
impair the body’s ability to absorb various nutrients due to damage to intestinal 
mucosa. Chronic alcoholics often suffer from malnutrition from deficiencies in 
important nutrients such as folate, thiamine, pyridoxine, vitamin A, and calcium. 
Chronic heavy drinkers have reduced intake of food calories because they receive 
a greater amount of their daily calories from alcohol consumed. Lean body mass, 
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which may be protective against cancer, is reduced in alcoholics. The secondary 
end organ damage to the liver and pancreas caused by excessive alcohol intake can 
also cause nutritional complications. Limiting consumption of alcohol is recom-
mended by multiple health agencies to reduce the risk of cancer. It is recommended 
that treatment of alcoholism should include supplementation with vitamins to 
make up for any deficiency [32–34].

13.9 DIET AND ESOPHAGEAL CANCER

Heartburn is felt as a burning pain in the chest, which often is described in a simi-
lar manner as cardiac symptoms. Certain foods can trigger heartburn or acid-
reflux including spicy or fatty foods, chocolate, alcohol, caffeine, or peppermint. 
Esophageal adenocarcinoma is an associated complication of gastroesophageal 
reflux disease, or GERD, which is when heartburn occurs on a regular basis over at 
least a 2-week period. In addition to heartburn, regurgitation of food can occur, or 
even vomiting and difficulty and pain when swallowing [35]. Barrett’s esophagus is 
when abnormal cellular growth (dysplasia) occurs in the lining of the esophagus due 
to chronic acid reflux from the stomach. Normal esophageal cells lining the lower 
esophagus are typically squamous epithelial cells. However, in Barrett’s esophagus, 
these squamous cells have differentiated into a more intestinal cell type capable of 
malignant transformation. Individuals with chronic heartburn symptoms or GERD 
may want to have an endoscopy in order to test for Barrett’s esophagus as directed 
by a healthcare provider. Endoscopy is a procedure when a small flexible tube is 
placed down the esophagus in order to view whether tissue is damaged. Additionally, 
a 24-hour pH study can be performed when endoscopy is inconclusive. However, 
patients should be made aware of the benefits or risks of the procedure, including 
cost. If left unmanaged, Barrett’s esophagus could potentially lead to esophageal 
cancer [36].

Antacids can be used in order to neutralize acid from the stomach; however, 
they should only be taken as needed and are known to interact with certain medi-
cations by affecting drug absorption. Other medications such as proton pump 
inhibitors (PPIs) (e.g., pantoprazole, omeprazole) or histamine 2 receptor antago-
nists (H2RAs) (e.g., famotidine, ranitidine) may be used to suppress acid produc-
tion to treat reflux symptoms. PPIs are FDA approved for treating symptomatic 
GERD and healing erosive esophagitis  [37,38]. PPIs are best taken 30  minutes 
before breakfast and on an empty stomach. Alternatively, acid reflux symptoms 
can be managed nonpharmacologically with multiple methods including modifica-
tions to lifestyle. Weight loss and limiting alcohol should be encouraged. Eating 
smaller portions but possibly more frequently may help minimize heartburn symp-
toms. Various activities that trigger or exacerbate heart burn should be avoided 
including smoking tobacco and consuming spicy or fatty foods and caffeinated 
or acidic beverages, as previously mentioned. It is advised to avoid lying flat after 
eating in order to prevent acid reflux. A triangular pillow may be used when lying 
in bed in order to keep a more elevated position of the head. It is recommended that 
raising the head of the bed about six to eight inches, or higher than the stomach 
can prevent reflux [39].
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13.10 COLON CANCER, RED MEATS, NITRATES

Consumption of cooked animal meat, including red or processed meats, may be 
associated with elevated cancer risk due to the fact they contain various chemicals 
that are known to be carcinogenic. Processed foods are widely available for their 
convenience to the modern world. Nitrates/nitrites, heme iron, polycyclic aromatic 
hydrocarbons (PAHs), heterocyclic aromatic amines (HAAs), and N-nitroso com-
pounds are all carcinogenic and are contained in meats [40,41]. Heterocyclic aromatic 
amines, or HAAs, are chemicals formed via the Maillard reaction when proteins like 
meats are heated which have been shown to have the property of inducing cancer in 
animal cells. Creatine, sugars, and amino acids found in meats serve as substrates 
of this reaction  [42,43]. This  reaction can occur whenever foods of animal origin 
are heated, including chicken and fish. The World Cancer Research Fund recom-
mends that individuals limit their weekly intake of red meat to less than 500 grams. 
Consumption of processed meat should be limited to less than 50 grams weekly. 
This recommendation is based on strong evidence that frequent consumption of red 
and/or processed meat increases risk of colorectal cancers. The consumption of red 
meat was significantly associated with increased rates of breast cancer [40,44].

The food manufacturing process of curing meats such as bacon, hot dogs, and 
pepperoni is used to prolong shelf-life and give meats a more appealing coloration. 
These foods are highly popular and consumed to a large degree in the Western 
world. A diet high in processed meals additionally contains a greater proportion of 
saturated fats and cholesterol.

Nitrate compounds, which are commonly used as a food additive introduced in the 
meat curing process, includes nitrate, nitrites, and nitrosamines. They are found in 
various foods as a preservative. The nitrosamines, such as N-nitrosodimethylamine 
(NDMA), can increase the risk of developing cancer. Consumption of these com-
pounds are weakly associated with susceptibility of gastric cancer [42].

13.11 MEDITERRANEAN DIET

Epidemiological data may suggest that the “Mediterranean diet,” which is a plant- 
centric diet that may lower the risk of various types of cancers including colorectal, 
breast, liver, prostate, and gastrointestinal cancer. This diet includes adherence to con-
sumption of olive oil or polyunsaturated fats, legumes, vegetables, and fish. The ratio 
to monounsaturated to saturated fatty acids is recommended. Researchers are inter-
ested in the impact of the Mediterranean diet on cancer risk because  individuals 
located in regions appear to have a lower burden of disease. A  meta- analysis  concluded 
that a diet with a high intake of fruits, vegetables,  moderation of alcohol, and whole 
grain could reduce the overall cancer risk, including breast cancer. Risk of colorectal, 
breast, liver, gastric, gallbladder, head and neck, and biliary  cancers were observed. 
These studies demonstrated that a  potential benefit specifically for dairy, fish, and nuts 
while additional risk of cancer with consumption of meats. Essential polyunsaturated 
fatty acids include omega-3 and omega-6. Other foods that include  monosaturated or 
polyunsaturated fats include nuts, fish, and  vegetable oils. Saturated fats are typically 
found in red meats and dairy products [43,45].
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13.12 KETOGENIC DIET

The ketogenic diet has recently become a new trend for losing weight and it has 
even been advertised by some as a potential way to help prevent or starve off cancer 
cells. Its utility as a treatment modality for epilepsy has been extensively demon-
strated. It is a low-carbohydrate, high-fat diet in which the body transitions to utiliz-
ing fat and ketones as the primary source of ATP production. The fat burning state is 
referred to as ketosis, which takes 3–4 days after carbohydrates have stopped being 
consumed. This is partially based on the hypothesis that some cancer cells become 
more heavily reliant on glucose metabolism as an energy source. The cancer cells 
cannot then more adapt as readily to lowered glucose availability when an individual 
is in a ketogenic state. It is common for cancer cells to modulate their metabolism in 
order to promote growth and survival by increasing the update of glucose and rely-
ing heavily on anaerobic metabolism (e.g., glycolysis) despite the fact that oxygen 
is readily available to the cells. This  is known as the Warburg effect, which was 
discovered in the 1920s when it was observed that tumors were utilizing glucose at a 
faster rate than surrounding tissue while downregulating oxidative phosphorylation. 
Even though glycolysis is a generally considered an inefficient means of producing 
ATP compared to oxidative phosphorylation, it may give cancer cells an advantage 
when sources of energy are limited within the tumor microenvironment. Additional 
mechanisms have been proposed to explain how this increased utilization of aerobic 
glycolysis can allow for increased growth and proliferation.

Early studies performed in mice and other animal models have shown that the 
ketogenic diet may be able to slow the growth of brain, prostate, and gastric cancer 
cells. Small human trials have shown some varying degree of success when used in 
addition to the current standard of care. Randomized controlled trials would need 
to be performed to in order to determine which cancer genotypes would be likely to 
respond to this diet in human patients, and where its place in therapy would be located. 
Additionally, there may be risks involved with the utilization to this diet. For example, 
a diet that relies heavily on fats for energy may put an individual at increased risk of 
heart disease. And if the individual in ketosis increases the amount of red meat they 
consume, then that can actually increase their risk of certain cancers. In order to be 
successful, the patient would likely need to be consistently adherent with the diet in 
order for it to be efficacious. Another criticism of the ketogenic diet in use in cancer 
patients is that it may potentially worsen cachexia in patients. It is strongly recom-
mended that anyone interested in putting themselves into ketosis, especially cancer 
patients, speak to their doctor or a dietitian before beginning this new diet [46–52].

13.13  MYCOTOXIN AFLATOXIN HAS BEEN 
FOUND IN CERTAIN FOODS

Aflatoxins are fungus-derived toxins that are food contaminants. Aflatoxin B1 is the most 
carcinogenic to humans and can be found in food grains and is widespread in Sub-Saharan 
regions of Africa and Southeastern Asia. It is produced by Aspergillus species and can be 
found as a contamination of stored grain crops in warmer weather conditions. This is more 
likely to occur in low-income countries with poor sanitary and/or food handling practices.
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After being taken up by the liver, the toxin is metabolized by cytochrome P450 
enzymes where they form a highly reactive epoxide capable of forming com-
plexes with various cellular components. Reaction to the active form of the toxin 
with DNA can cause double strand breakage, potentially leading to pro-oncogenic 
mutations including mutations in the p53 tumor suppressor gene. Individuals are at 
increased risk of hepatocellular carcinoma if repeatedly exposed to aflatoxin con-
taminated food. This highlights the importance of proper food handling and storage 
techniques and the downstream implications to public health and safety [53].

13.14 CONCLUSION

Diet may affect susceptibility specific types of cancers more than others. Studying 
the influence of diet on cancer may be challenging due to the fact that individuals 
who have a healthy diet also tend to have a healthier lifestyle as well. Unhealthy 
dietary patterns seem to be associated with a higher risk of colon and colorectal 
cancers, particularly in women. Colon cancer risk may be reduced, however, with a 
diet rich in fiber. Epidemiological evidence supports the hypothesis that unhealthy 
diet is associated with increased risk of breast, pancreatic, lung, and prostate  cancers. 
Alcohol consumption may increase estrogen concentrations and increase risk of 
breast cancers. Alcohol should be consumed in quantity of no more than 1 serving 
or wine or beer per day. A diet rich in antioxidants may help prevent lung cancer by 
countering the detrimental and inflammatory effects of smoking. An antioxidant-rich 
diet can potentially help prevent different types of cancers. Differences in body mass 
index (BMI) and smoking status differ between individuals with healthy dietary pat-
terns versus unhealthy ones. Higher amounts of body fat in obese individuals can be 
considered a low-grade state of chronic inflammation.

Overall, dietary habits are known to have an important role in the susceptibility 
of various cancers. Adherence to a healthy diet containing 2–3 cups of fruits and 
vegetables per day and 13 ounces of meat per week reduced that risk. Avoidance 
of red and processed meat, sugary beverages and sodas, and refined carbohydrates 
can also decrease the risk. Not only does the content of foods matter but also the 
quantity consumed. Cancer has a significant burden on society in terms of cost but 
also morbidity and mortality. Since it is a modifiable risk factor, individuals, health 
organizations, and governments can all play a role in helping to mitigate the risk of 
cancer due to diet. This risk can be minimized by adherence to a healthy diet and 
supplementing with appropriate nutrients if they are unable to be obtained through 
foods. Healthcare practitioners and public health officials play an important role in 
educating the populace in healthy dietary habits to reduce the risk of cancer through 
both primary and secondary preventions [54].
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14.1 INTRODUCTION

The use of chemoprophylaxis occurring in natural substances in fruits, vegetables, 
herbs, and spices is increasing significantly nowadays, as recent research studies 
suggest that they contain chemicals that may reduce the incidence of cancer  [1]. 
Substances that are potential cancer-preventing compounds are likely to have one or 
more properties such as the ability to prevent DNA damage, enhance DNA repair, 
and augment apoptosis of damaged cells. They should also be able to improve immu-
nosurveillance, reduce tumor growth, and prevent metastases [2]. This implies that 
the consumption of fresh aliments diminishes the risk of carcinogenesis in the body. 
One particular diet that encompasses fresh vegetables and many spices is the Indian 
diet, and this diet has the potential to prevent cancer.

The Indian diet is one of the most diverse in the world, stemming from a multitude 
of cultural and religious backgrounds. Indian cuisine is known to comprise a myriad 
of spices adding flavor to fresh, natural ingredients [3]. A few common spices used 
in the dishes prepared are turmeric, black pepper, and amrita bindu. Several research 
studies have demonstrated the cancer-combating effect of these spices. Turmeric, an 
ingredient common in Indian curry powder, is the most studied and has been found 
to suppress and destroy blood cancer cells. Turmeric is also a potent antioxidant and 
anti-inflammatory agent [4].

Apart from the heavy use of spices in this cuisine, the Indian diet comprises a 
variety of vegetarian dishes, as vegetarianism is prevalent in Indian communities. 
A vegetarian diet can be considered to be cancer preventive, as it is high in dietary 
fiber and phytochemicals and eliminates the intake of potential carcinogens found in 
red meat. According to a report by the International Agency for research on cancer, 
red and processed meats are sources of essential carcinogens [5].

The cancer incidences in India are considered to be among the lowest in the world in 
an analysis by the Institute of Health Metrics and Evaluation, Washington University. 
Figure 14.1 demonstrates the cancer incidence risk in various regions of the world.

FIGURE 14.1 Cancer incidence among people aged between 0 and 74, all cancers considered.
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This chapter’s focus is on the common spices used in the Indian diet and their 
cancer-preventive effects as well as how a vegetarian diet can help reduce the risk of 
getting cancer.

14.2 VEGETARIANISM IN INDIA

Vegetarianism is a diet that involves little to no consumption of meat, poultry, and 
fish or meat products. One of the largest vegetarian communities of the globe is India, 
with 37.71% of the population adopting a vegetarian diet [6]. The four main types of 
vegetarians, which are prevalent in India are vegans, ovo-lacto-vegetarians, Jain veg-
etarians, and lacto-vegetarians. Vegans consume no meat or meat products, and their 
diet consists only of plant-based food products, ovo-lacto-vegetarians’ diet includes 
eggs and milk but excludes any other animal product, and the Jain diet consists of no 
products harvested under the ground and no meat, but includes dairy products.

Most people in India follow a vegetarian diet because of their religious beliefs. 
About one-third of Indians are lacto-vegetarians, and this form of vegetarianism was 
popularized during the rule of Emperor Ashoka of the Maurya Empire. He was a 
promoter of Buddhism [7]. Vegetarianism is less prevalent amongst Sikhs, Muslims, 
Christians, Bahais, Parsis, and Jews [8]. Several studies have demonstrated that con-
sumption of meat has been linked to a variety of cancers, while a vegetarian diet can 
be considered a cancer preventive diet [9].

Figure 14.1 demonstrates the percentage of vegetarians in every state in India. 
The state of Rajasthan has the highest population of vegetarians with 81.2% of its 
population consuming no meat, fish, or poultry  [10], while the state of Telangana 
has the fewest consumers of a vegetarian diet with only 1.3% of the population being 
vegetarian (Figure 14.2) [11].

14.2.1 vegetarian proteins as cancer-preventive agents

The main proteins eaten in a vegetarian Indian diet are legumes such as peas, beans, len-
tils, peanuts, and other podded plants [12]. Pulses contain a wide range of nutrients and 
non-nutrient bioreactive microconstituents that can be protective against cancers such 
as resistant starch, which contain protease inhibitors, nonstarch polysaccharides, which 
contain saponins, oligosaccharides, which contain phytosterols and folates, which are 
the primary sources of lectins and selenium. These phytochemicals, if consumed in ade-
quate quantities, may help in protecting one from cancer [2]. However, in a recent report 
from the World Cancer Research Fund and American Institute for Cancer Research, 
there was a limited suggestive evidence for a protective effect on cancers, but Aune et al 
(2009) investigated the relationship between legume intake and the risk of cancer and 
the result suggested that higher the consumption of legumes, the lesser the risk of devel-
oping certain types of cancers such as cancers of the digestive tract and this includes oral 
cavity and pharynx, esophagus, larynx, stomach, and colorectum [12].

14.2.2 coMponents of leguMes and their cancer-preventive properties

Dietary fiber is defined as “that part of plant material in the diet which is resistant to 
enzymatic digestion which includes cellulose, noncellulosic polysaccharides such as 
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hemicellulose, pectic substances, gums, mucilages, and non-carbohydrate compo-
nent lignin” [13]. Dietary fibers from pulses play a significant role in breast, colon, 
and colorectal cancer prevention through various mechanisms [14]. They increase 
the fecal bulk, which dilutes the number of carcinogens, especially tumor promoters 
like secondary bile acids [15]. Dietary fibers also increase the viscosity of the food 
digested, and this decreases the time of proteolytic fermentation and decreases the 
contact between potential carcinogens and mucosal cells [16]. The dietary pectin is 
a fiber that produces high amounts of butyrate during fermentation  [17]. There  is 
evidence of butyrate as a cancer-protective chemical against colorectal cancer from 
studies in carcinogen-induced rodent models of this malignancy [18].

Resistant starch from pulses is a complex carbohydrate that is resistant to deg-
radation in the small intestine by α-amylase, an enzyme that digests starch  [19]. 
In vitro studies with human feces suggest that the fermentation of the resistant starch 
produces butyrate, which, as mentioned above, is cancer protective and also down-
regulates Bcl2, which acts as an oncogene when it prevents apoptosis [14].

Pulses are rich in phenolic compounds, and many phenolic compounds are known 
to have anticancer properties. These compounds are important for plants, as they 
have different functions such as coloring the leaves and the fruits and protecting the 
plants against predators [20]. Table 14.1 shows the several phenolic acids and how 
they protect against cancers.

FIGURE 14.2 Percentage of vegetarians in India.
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TABLE 14.1
Polyphenols and the Herbs and Spices Where They Are Found

Polyphenols

Class Subclass
Examples of Compounds and 

Herbs and Spices

Flavonoids Flavanols Catechin
• Nutmeg

Flavonols Quercetin
• Basil, Coriander, Cumin, 

Fennel
Kaempferol
• Basil, Coriander, Cumin, 

Fennel

Isorhamnetin
• Dill, Parsley, Tarragon

Flavanones Hesperitin
• Peppermint
Naringenin
• Rosemary
Eriodictyol
• Peppermint

Flavones Apigenin
• Parsley, Thyme
Luteolin
• Oregano, Parsley, 

Peppermint, Rosemary

Phenolic 
Acids

Hydroxybenzoic acid derivatives Vanillic acid
• Sage

Gallic acid
• Thyme

Salicylic acid
• Cumin
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14.2.3 Meat consuMption in indian diet

Indians have the lowest rate of meat consumption according to a report by the United 
Nations Food and Agriculture Organization (UNFAO) in 2007. Meat consumption 
is however increasing, and according to Fiala (2008), if the meat consumption trend 
remains along the same line, the rates would be higher by 72% in 2030 than the rate 
of meat consumption recorded in the year 2000 [21]. The current average annual sup-
ply of meat per capita, in carcass weight, is below 5 kg in India [22].

Chicken is the meat protein that is the most eaten in India [23]. Meat preference 
is also related to the cultural criteria the consumer is abiding by or to their religious 
beliefs. For instance, Hinduism followers do not eat cattle meat and Islam follow-
ers do not eat pork [22]. Goat is the next most preferred meat in India and about 
95% of the goat meat produced is consumed locally. Fish is popular in coastal areas 
of the country, and pork is consumed mainly in the northeastern regions [22].

14.2.4 coMpounds froM Meat causing tuMors and cancers

Red meat such as lamb, pork, and beef as well as processed meat such as bacon, 
chicken nuggets, salted and cured meats, luncheon meats, and hot dogs have been 
associated with higher risks of developing certain types of cancers as shown 
in Figure 2.1. Four main cancers have been associated with the intake of meat, 
and they are colorectal cancer, breast cancer, prostate cancer, and pancreatic 
cancer. Animal studies and human studies have shown evidence that there are 
meat carcinogens, such as heterocyclic amines (HCAs) and polycyclic aromatic 
amines (PAHs), which enmesh that they have a role to play in the pathogenesis of 
cancer [24].

Heterocyclic amines (HCAs) are potent mutagenic compounds found in cooked 
meats. These compounds are formed from the reaction of creatine and creatinine, 
amino acids, and sugar [24]. The higher the temperature used to cook the meat and 
longer cooking time creates more HCAs in meat. The most mass-abundant HCAs 
detected in meat are 2-amino-1-methyl-6-phenylimidazo (4,5-b) pyridine (PhIP) and 
2-amino-3,8-dimethylimidazo (4,5-f) quinoxaline (MeIQx). These HCAs are also 
the most readily absorbed in the body [25].

Most HCAs are mutagenic in bacterial mutagenicity assays, and many of them are 
carcinogenic when administered to laboratory animals such as rodents and nonhu-
man primates [26,27]. Nineteen HCAs have been identified, and ten of them were 
tested for carcinogenicity. The  results demonstrated that all ten of them induced 
tumors in rodents at multiple sites  [28,29]. The  tumors were found mainly in the 
large intestine in rodent models [30].

HCAs require metabolic activation to act as a mutagen or a carcinogen, and there-
fore, the cancer risk posed to humans by the intake of HCAs through food may 
depend on the extent to which the compound has been metabolized.

Polycyclic aromatic amines (PAHs) are formed by incomplete combustion of 
organic materials. Grilling meat over a direct flame, resulting in fat/meat juices 
dripping onto the fire, yields to the production of PAHs such as benzo(a)pyrene 



313Indian Diet and Cancer Prevention

(BaP), which adhere to the surface of the food [24]. PAHs have been found mainly 
in charcoal-broiled, grilled, and smoked meats, and such cooked meats contain the 
highest levels of BaP, up to 4 ng BaP per gram of cooked meat [31]. PAHs, in order 
to be excreted, need to be metabolized, and the resulting metabolites can damage 
DNA. When BaP is given to rodents as part of their diet, tumors of the forestomach, 
esophagus, and tongue were diagnosed [32].

14.3 SPICES AND ADDITIVES PREVENTING CANCER

In Indian cuisine, the dishes served are known to comprise a plethora of spices. Other 
than having flavor-enhancement characteristics, spices have been known to have 
medicinal properties [33]. The definition of a spice according to the FDA is “Aromatic 
vegetable substances, in the whole, broken, or ground form, whose significant function 
in food is seasoning rather than nutrition” and the spices “are true to name, and from 
them no portion of any volatile oil or other flavoring principle has been removed” [34]. 
From the definition stated, it can be implied that the spices are used in their most pris-
tine forms and therefore all the nutritive values are conserved for a maximum benefit.

Phytochemicals are compounds found in spices, and these compounds are known 
to have chemoprotective properties. These substances are formed during secondary 
metabolisms in plants. They are not vital for the plants’ tissue growth, storage, or 
energy production but are important for the viability of the plant in nature. The three 
main pathways through which the phytochemicals are formed are the shikimate 
pathway, the cinnamic acid pathway, and the isoprenoid pathway  [35]. The shiki-
mate pathway provides three end products, namely, phenylalanine, tryptophan, and 
tyrosine [36]. Phenylalanine starts the cinnamic acid pathway and produces phenolic 
acids, coumarins, flavonoids, isoflavonoids, and lignans [35]. Pyruvic acid, formed 
during early photosynthesis, starts the isoprenoid pathway and this pathway pro-
duces terpenes. Table 14.2 show the sources and subfamilies of some phytochemi-
cals and in which spices they can be found [33].

14.3.1 curcuMin

Curcuma Longa, or turmeric, is one of the most commonly used spices in Indian 
dishes. This yellow-orange spice is a critical ingredient in many Indian dishes, provid-
ing a unique flavor and color to the food. In addition to its culinary value, turmeric 
is known for its perceived health benefits in Ayurveda, traditional medicine in India. 
It has been used as a treatment to bruises and sprains and as an antiseptic. As this spice 
has been brought to the attention of modern-day researchers, many began to believe 
that there may be a link between the prevalence of turmeric in the Indian diet and the 
low rates of certain cancers. This sparked many experiments and clinical trials.

As the fundamental component of turmeric, curcumin was isolated and studied 
as part of the effort to pinpoint the source of turmeric’s health benefits. Curcumin’s 
ability to target cancer cells and its role as an anti-inflammatory agent reveal the 
potential advantages of using the ancient spice to limit or prevent cancer.
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14.3.1.1 Curcumin’s Ability to Target Cancer Cells
Since curcumin has been found to target and kill cancer cells, researchers have stud-
ied it as a potential alternative to cancer treatments that target both cancer cells and 
healthy cells. Curcumin can lead to apoptosis, or cell death, through the regulation 
of gene expression. As apoptosis is an effective way to remove cancer cells, the ten-
dency of curcumin to induce apoptosis is of interest in many studies.

Proteases called caspases are involved in the process of apoptosis. A  research 
study exploring lung cancer revealed that there was an activation of caspase-3 and 
caspase-9 with the addition of curcumin. The activation of these caspases can subse-
quently lead to apoptosis and the reduction of cancer cell proliferation [37,38].

Studies involving the function of curcumin in colorectal cancer indicated that 
the compound is a possible contributor to the low rates of colorectal cancer in India. 
With curcumin, there was limited growth of the adenocarcinoma cell lines of the 
human colon. Epidermal growth factor receptor (EGFR) is commonly present in 
colorectal tumors, but it is reduced with the addition of curcumin through the sup-
pression of gene expression [37,39].

By inducing the expression of death receptors that lead to apoptosis, curcumin 
can effectively lead to the removal of cancer cells in a manner that is more selec-
tive than many current cancer treatment options. The selectivity of curcumin to 
cancer cells may be due to the lower glutathione levels in cancer cells, the specific 

TABLE 14.2
Terpenes and Examples of Herbs and Spices Containing Terpenes

Terpenes

Class Examples of Compounds and Herbs & Spices

Monoterpenes Camphor
• Thyme, Sage, Rosemary, Marjoram, Fennel, Coriander, Basil
Citral
• Thyme, Sage
Limonene
• Cumin, Thyme, Rosemary, Caraway, Mint, Dill, Celery seed, Sage, 

Coriander, Fennel, Marjoram
Menthol
• Peppermint, Basil
Perillyl alcohol
• Spearmint, Sage

Sesquiterpenes Humulene
• Turmeric, Coriander

Diterpenes Retinol
• Paprika, Red pepper, Chili powder

Triterpenes Glycyrrhizin
• Licorice

Tetraterpenes Carotenoids
• Mustard, Fennel, Cumin, Coriander, Sage
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genes expressed by cancer cells, or a generally increased uptake of curcumin by 
cancer cells [38].

14.3.1.2 Curcumin as an Anti-inflammatory Agent
Inflammation plays a significant role in many cancers by creating an environment 
more favorable for cancer cells, contributing to their continued survival and repro-
duction [40]. Anti-inflammatory properties in curcumin have been discovered, per-
haps due to the methoxy groups present in the structure of the compound [41].

NF-kB is a transcription factor involved in the regulation of inflammatory genes. 
This transcription factor is a target of curcumin, and through the inhibition of NF-kB, 
inflammation can be significantly reduced. This can lead to the subsequent reduction 
of cancer cell proliferation [37].

Clinical trials have indicated that curcumin is useful in reducing symptoms pres-
ent in many cancer patients, like cachexia, which involves weakness of the body and 
the wasting of skeletal muscle. This is most likely because the symptoms reduced by 
curcumin are caused by or aggravated by inflammation [37].

14.3.1.3 Limitations of Curcumin
However, although the benefits of curcumin seem advantageous, the limitations 
must also be taken into consideration. Despite considerable research, the unknown 
effect of curcumin’s interaction with the drugs used for cancer treatment prevents 
it from being commonly used to reduce the symptoms of chemotherapy. Another 
concern in herbal compounds like curcumin is that they sometimes contain impuri-
ties and may have unexpected side effects based on the specificities of individual 
patients [42].

The bioavailability of curcumin when introduced to patients also must be consid-
ered, as only around 1% of orally administered curcumin was found to be bioactive, 
partly due to its hydrophobic properties. In an effort to increase bioavailability, lipid 
nanoparticles and other similar techniques are being tested [43].

14.3.2 Black pepper

Piper nigrum or black pepper is a spice that originated in Kerala, a region in India. 
Over time, black pepper became accessible to the rest of the world through trade [44]. 
It remains a staple ingredient in the Indian diet.

Piperine is a constituent of black pepper that has been found to have anticancer 
functions. Piperine, with its nitrogen and ring structure, is an alkaloid, and many 
alkaloids contain properties that aid in the formulation of drugs [45]. Through the 
induction of cancer cell apoptosis, the regulation of specific genes that contribute to 
cancer growth, and the interruption of the cell cycle of cancer cells, piperine is able 
to block cancer in many experiments. Piperine also contains antioxidative proper-
ties, enabling it to impact cancer growth.

14.3.2.1 Piperine’s Anticancer Properties
Similar to curcumin, piperine also induces apoptosis in order to limit the growth 
and spread of cancer. A study utilizing 4T1 mouse breast cancer cells revealed the 
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ability of piperine to induce apoptosis by activating caspase-3, a protease commonly 
involved in cell death [46].

Another anticancer function of piperine is its ability to reduce the expression of 
the HER2 gene. Abundant expression of HER2 gene is linked to an increase in the 
continuance of cancer, a resistance to apoptosis, and an increase in cancer cell pro-
liferation. A study indicated that piperine was able to inhibit the expression of HER2 
in breast cancer cells [47].

In mice prostate cancer cells, proliferation was reduced significantly, along with 
the suppression of cancer cell growth at the G0/G1 phase of the cell cycle. In this way, 
piperine was able to lessen the growth of cancer adequately [37].

14.3.2.2 Piperine as an Antioxidant
Oxidative stress can lead to inflammation through the activation of transcription 
factors such as NF-kB. This, in turn, can aggregate cancer by increasing cancer cell 
proliferation. Thus, according to research and observational studies, there is a very 
potent connection between oxidative stress and cancer due to inflammation  [48]. 
According to a study conducted on rats, piperine was able to lessen the oxidative 
stress caused by an unhealthy diet [49].

14.3.3 ginger

Zingiber officinale, commonly known as ginger, is a widely used spice in India, pres-
ent in entrées, desserts, and teas. Beyond its culinary value, ginger has been used for 
medicinal purposes in Asian culture, primarily to provide relief for those suffering 
from indigestion [50].

The effect of ginger on many cancer cells, including breast cancer, gastrointes-
tinal cancer, and prostate cancer cells, determines the usefulness of ginger as an 
anticancer agent. Specifically, the phenolics that make up ginger, such as gingerol 
and shogaol, have unique properties that act against cancer [37].

14.3.3.1 Ginger’s Effect on Cancer Cells
Approximately 23%–25% of ginger is comprised of gingerol, one of the phenolic 
constituents of ginger. In experiments exploring the impact of ginger on gastrointes-
tinal cancer, 6-gingerol was able to successfully cause apoptosis of the cancer cells 
involved in gastric cancer through gene regulation. 6-Gingerol was also effective in 
the inhibition of pancreatic cancer cells by interrupting the cell cycle and the regula-
tion of the expression of certain transcription factors [51].

Besides, the growth of prostate cell lines has been effectively inhibited in an 
experimental study with the application of ginger extract [52].

14.3.3.2 Ginger and Oxidative Stress
Similar to piperine, ginger can reduce oxidative stress, thus reducing inflammation 
and the survival of cancer cells. A study of breast cancer patients used the identifi-
cation of biomarkers commonly associated with oxidative stress in order to reveal 
whether or not ginger supplements had an impact. The result of this study showed 
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that ginger supplementation coupled with water-based exercise was able to lessen 
oxidative stress [53].

14.3.4 aMrita Bindu

Amrita bindu, commonly used in cooking in India, is a collection of various salts, 
spices, and herbs. This  combination is antioxidant-rich, with a multitude of phy-
tochemicals that can provide health benefits in addition to flavor. One of the first 
spices present in this mixture is black pepper, which is useful in inhibiting cancer 
and acting as an antioxidant. Other spices in amrita bindu include long pepper (piper 
longum) and ginger (Zingiber officinale) [54].

The salts in amrita bindu include rock salt, bangle salt, and black salt, providing 
a myriad of nutritional values and trace minerals. The main herbal constituents of 
amrita bindu are Cyperus rotundus and Plumbago zeylanica [54].

14.3.4.1 Antioxidative Properties
Many of the compounds that make up amrita bindu act as antioxidants. 
Antioxidants can find and neutralize free radicals, which are reactive chemicals 
that can cause extensive damage to DNA and cell parts. This cell damage can lead 
to cancer [55].

The results of a research study indicate that amrita bindu can successfully scav-
enge free radicals and potentially preserve the number of antioxidant enzymes and 
vitamins A, C, and E [56].

Although the antioxidants that makeup amrita bindu are able to scavenge free 
radicals successfully, the results from a multitude of clinical trials have not been able 
to find a clear link between dietary antioxidant supplementation and cancer preven-
tion [57]. Specific clinical trials involving vitamin E proved that the compound was 
not effective in preventing cancer [58]. Therefore, it is likely that the prevalence of 
amrita bindu in the Indian diet does not have a significant impact on the cancer rates.

14.3.5 Black cuMin

Nigella sativa, or black cumin, is used for culinary and medicinal purposes in many 
countries, including India, Egypt, and countries in the Middle East. The spice has 
been highly regarded for its medicinal purposes throughout history, but its benefits 
have only recently been considered as a cure for diseases like cancer in Western 
medicine [59].

Research studies indicate that the component in black cumin that contains the 
majority of beneficial properties in healing is thymoquinone (TQ). TQ is a bioactive 
compound extracted from black cumin oil. It has been found to reduce cancer cell 
proliferation and work against tumors [37].

14.3.5.1 Black Cumin’s Ability to Inhibit Cancer
Black cumin oil is able to inhibit cancer in a few different ways. One of these includes 
the regulation of gene expression to encourage the apoptosis, or cell death, of cancer 
cells. By suppressing gene products like IAP1 and IAP2 that are known to reduce 
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apoptosis, thymoquinone was able to increase apoptosis in the presence of other 
anticancer drugs [60].

Another way in which cumin is able to act as an anticancer agent is through the 
promotion of Bax and p53. These proteins are useful in stopping the cell cycle, thus 
reducing the growth and spread of cancer cells [61]. In a study involving rats, treat-
ments of black cumin extract successfully reduced the size of tumors located in the 
colon and lessened esophageal and lung cancer. This  was most likely due to the 
inhibition of cell proliferation [62].

Thymoquinone can also impact epithelial to mesenchymal transition (EMT) of 
cervical cancer cells. EMT is thought to encourage cancer metastasis, and thymo-
quinone limited the effect of the transcription factors that contribute to EMT [63].

14.3.5.2 Anti-inflammatory Properties of Thymoquinone
Thymoquinone can also reduce inflammation by regulating NF-kB, a transcription 
factor involved with inflammation. Inflammation can lead to greater cell prolifera-
tion among other cancer-promoting processes, hence making the anti-inflammatory 
properties of thymoquinone relevant when discussing its role as a potential antican-
cer agent [64].

14.3.5.3 Toxicity of Thymoquinone
An additional property of thymoquinone is its proven lack of side effects when 
orally administered. A  clinical trial administered thymoquinone in breast cancer 
patients, and the study indicated that thymoquinone was relatively safe to use based 
on the lack of side effects in the patients [65]. However, administering thymoquinone 
through injections was proven toxic on rats, indicating the importance of the man-
ner of administration when considering thymoquinone for treatment purposes [66].

14.3.6 saffron

Crocus sativus L. belongs to the Iridaceae family and is cultivated in mild and dry 
climates such as Iran, India, and Greece. It is mainly cultivated to harvest the bright 
red colored stigma from its flowers. The dried red stigma with a small portion of the 
yellowish style attached is commonly referred to as saffron [67]. Saffron is known as 
an adaptogen in Ayurvedic Medicine, as it is used to treat several ailments such as 
diaphoretic, eupeptic, tranquilizer, expectorant, aphrodisiac, abortifacient, emmena-
gogue, and in the treatment of hepatic disorders, flatulence, spasm, vomiting, den-
tal, and gingival pain, insomnia, depression, seizures, cognitive disorders, lumbago, 
asthma, cough, bronchitis, colds, fever, cardiovascular disorders, and cancer  [68]. 
The anticarcinogenic activity of saffron was reported in 1990 and research about this 
topic has increased immensely since then.

The chemical analysis of Saffron shows that contains more than 150 volatile, non-
volatile, and aroma-yielding compounds. This comprises lipophilic and hydrophilic 
carbohydrates, proteins, amino acids, minerals, vitamins such as riboflavin and thia-
mine, and pigments including crocin, anthocianin, carotene, lycopene, zigzantin, fla-
vonoids, starch, gums, and other chemical compounds [69]. The compounds that are 
of interest are crocin and crocetin, as it has been found from in vitro and in vivo that 
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they can have anticancer properties in breast, lung, pancreatic, and leukemic cells. 
The  in vitro studies have been designed to evaluate and observe how the saffron 
and its derivatives work against certain types of cancer. Cultured malignant cells 
were observed and the behavior of its distinct cell surface receptors and intracellular 
retention were recorded. The cytotoxic effect of the components of saffron was also 
observed (Figure 14.3).

14.3.6.1 Mechanisms of Crocin and Crocetin against Certain Cancer Types
Crocin and crocetin have the ability to induce several anticarcinogenic mecha-
nisms such as the induction of cytotoxicity, the inhibition of cell proliferation, the 
induction of apoptosis, the inhibition of DNA, RNA and protein synthesis, among 
others [69].

Crocin and crocetin have been found to be responsible for the inhibition of 
growth of human chronic myelogenous leukemia K562 and promyelocytic leuke-
mia HL60 cells  [70]. Dimethyl-crocetin and crocin disrupt DNA–protein inter-
actions, thus inhibiting cellular DNA  synthesis  [71]. Liposomal encapsulation 
of crocin was used on HeLa cells derived from a cervical epitheloid carcinoma 
and apoptosis of these cells were observed, therefore implying that the liposomes 
were cytotoxic to the cancer cells. Crocetin did not  have much effect on this 
HeLa cell line according to a study by Abdullaev [72,73]. Although crocetin does 
not  have an anticarcinogenic effect on cervical cancer cells, Abdullaev (1994) 
indicated that it is effective in causing apoptosis in certain lung cancer cell lines 
such as A549 cells.

FIGURE 14.3  Molecules of crocetin and crocin.
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14.4 CONCLUSION

The  Indian diet consists of several cancer-preventive components. However, there 
are more elements of the Indian diet and lifestyle that need to be assessed in order 
to get an appropriate picture of how effective the Indian diet in preventing cancer.
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15 Dietary Isoflavones-
Mechanism and Efficacy 
in Cancer Prevention 
and Treatment
Richa Dayaramani and Jayvadan K. Patel

15.1  DIETARY ISOFLAVONES: DEFINITION, 
CLASSIFICATION, EXAMPLES

Isoflavones are colorless, diphenolic compounds belonging to the category of natural 
flavonoids with limited taxonomical distribution (only found in legumes) [1]. It is an 
essential component of the human diet, which reduces the risk of heart disease [2], 
prostate cancer and breast cancer [3]. In Asian countries, especially those in the East 
Asian region, the traditional cuisine commonly contains natural isoflavones at high 
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concentration. It  is probably a prime cause that Eastern Asia is less prone to can-
cer (specifically breast and prostate) and coronary heart diseases than the Western 
countries. Due to the well-known health benefits, in 1999, the USFDA approved soy 
protein containing food as a protective agent against coronary heart disorder [4] and 
as dietary supplements.

Isoflavones are nonsteroidal phenolic bioactive molecules that are structurally 
similar to the mammalian estrogen, particularly estradiol. Owing to the structural 
similarity, they competitively bind to the estrogen receptors and also exert mild 
estrogen-like behavior [5,6]. Along with this activity they are also found to exhibit 
potent antioxidant property and protect the cells from the free radicals produced dur-
ing the normal metabolic processes [7,8]. The antioxidant and estrogen-like behavior 
make isoflavones potential candidates to act against the prostate cancer and breast 
cancer.

Extensive scientific works and studies prove the health benefits of isoflavones 
and consider it as a functional food that relieves different chronic disorders. Various 
studies show that the isoflavones can be useful in chronic heart disorder, prostate 
cancer, breast cancer, gastrointestinal cancer, menopausal symptoms, osteopo-
rosis, diabetes, obesity, neuronal and cognitive functions, and various microbial 
infections [9].

15.1.1 occurrence

Isoflavone is a by-product of phenylpropanoid pathway, which is responsible for 
flavonoid synthesis [10]. It is the secondary plant metabolite, exclusively found in 
the members of Leguminosae family such as soybean, red clover (blossom and 
sprout) (Trifolium pratense), and Kudzu root (Pueraria lobate) at high concentra-
tion [9,11]. Among all these plants, soybean (Glycine max L.) is the prime source 
of isoflavones. Along with this, green beans, cowpea, chickpea, moong beans, 
alfalfa sprout, peanuts, highly processed food like tofu also contain isoflavones in 
lesser amounts [12]. Moreover, it is also found in some animal and dairy products 
like seafood, egg, and meat, but the concentration is very low [13]. Some coun-
tries like the UK utilize the Chorleywood bread process to prepare soy isoflavone-
rich bread [14]. The composition and content of Isoflavone in various plant species 
are shown in Table 15.1.

15.1.2 classification

The  phytoestrogens were first discovered in 1926 as plant-based sex hormone 
and named over two Greek words “phyto,” which stands for plant and “estro-
gen” depicting the sex hormone [15]. The phytoestrogens can be obtained from 
300 different plant species among which most belong to the leguminous fam-
ily  [16]. These are secondary metabolites of plants that mimic the properties 
of human estrogen. The  phytoestrogens are classified into various classes by 
their chemical structure. The  most commonly occurring phytoestrogens are 
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flavones, flavonoids, isoflavonoids, chalcones, coumestans, lignans, and stilbenes 
(Figure 15.1) [17,18]. All of these above compounds are steroidal, while the iso-
flavones are nonsteroidal in nature. The general classification of phytoestrogens 
is shown in Figure 15.2.

15.1.2.1 Isoflavones
Chemically, they are heterocyclic compounds having a chemical name as 
3-phenyl-4H-chrome-4-one or 4H-1-benzopyran-4-one. They differ from flavones in 
the location of the phenyl group, which is found attached to the second carbon in the 
latter. Their molecular formula is C15H10O2 and molecular weight is 222.243 g/mol. 
The basic structure of isoflavone is shown in Figure 15.3.

TABLE 15.1
Isoflavone Composition and Content in Different Plant Species

S. No. Plant Species Isoflavone Content Types of Isoflavones

1. Soyabean (Glycine max) 0.1%–0.5% Daidzein, Genistein, Glycetein

2. Red clover (Trifolium 
pratense)

1.5%–2.5% Daidzein, Genistein, 
Formononetein, Biochanin A

3. Kudzu root (Pueraria lobate) 0.95 gm/kg Daidzein Puerarin, Daidzein, Genistein

4. Chickpea (Cicer arietinum) — Biochanin A, Genistein

5. Alfalfa (Medicago sativa) 0.5%–3.5% Formononetin, Coumestrol

6. Moong bean (Vigna radiata) 3.51 mg/kg crude 
sample

—

7. Psoralea (Psoralea corylifolia) 2 gm/kg dried sample —

Source: Nikolić, I.M. et al., Adv. Technol., 6, 96–106, 2017.

FIGURE 15.1 General structure of some common phytoestrogens. (Adapted form Nikolić, 
I.M. et al., Adv. Technol., 6, 96–106, 2017.)
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The isoflavones found in the plants are broadly classified into two categories by 
glucose conjugation. It occurs in the form of β-glucosides (conjugated to glucose), 
aglycone form (without glucose residue), and cyclites  [15]. These are also pres-
ent in the form of nonactive glycosides (like genistin, daidzin) and 4-methylated 
derivative (formononetin and biochanin A). The  basic aglycone and glycosides 
skeleton are shown in Figure 15.4 and Table 15.2, respectively. The sugar/glucose 
and the hydroxyl group enhance the aqueous solubility of isoflavones, while the 
isopentyl and methyl groups impart lipophilicity [19]. Daidzein, genistein, glycitein, 

FIGURE 15.2 Classification of phytoestrogen by their chemical structure.

FIGURE 15.3 The basic skeleton of isoflavone.



329Dietary Isoflavones-Mechanism and Efficacy

formononetin, and biochaninA are some common isoflavones abundant in the natu-
ral source (Figure 15.5). On the basis of the structural composition, the isoflavones 
can be divided into four categories: 

 1. aglycone
 2. 7-O-glucoside
 3. 6′-O-acetyl-7-O-glucoside
 4. 6′-O-malonyl-7-O-glucoside

The glycoside, acetyl, and malonyl forms of isoflavones get converted into the cor-
responding aglycone derivatives by degradation into the acidic or alkaline medium. 
The  transformation of acetyl and malonyl esters into the respective glycoside by 
hydrolysis and decarboxylation of malonyl glycoside into the aglycone are a most 
common form of chemical transformation. The  formation of aglycone isoflavones 
takes place by degradation of the glycosidic bond (Figure 15.6) [20].

15.1.3 MetaBolisM of isoflavones

Acidic hydrolysis and alkaline hydrolysis are the two primary and most popular 
ways of the transformation of glycosidic isoflavones into the aglycone isoflavones. 
The  glycosidic hydrolysis could be conducted before, during, and even after the 

FIGURE 15.4 Basic skeleton of two primary isoflavones (a) aglycones and (b) glycosides. 
(Adapted form Nikolić, I.M. et al., Adv. Technol., 6, 96–106, 2017.)

TABLE 15.2
Structural Components of Some Common Isoflavones

S.N. Aglycone Glycoside R1 R2 R3

1. Daidzein Daidzin (daidzein-7-glucoside) H H OH

2. Genistein Genistin (genistein-7-O-glucoside) OH H OH

3. Glycitein Glycitin (glycitein-7-O-glucoside) H OCH3 OH

4. Formononetin Ononin (formononetin-7-O-glucoside) H H OCH3

5. Biochanin A Sissotrin (biochanin A-7-O-glucoside) OH H OCH3

Source: Nikolić, I.M. et al., Adv. Technol., 6, 96–106, 2017.
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FIGURE 15.6 Schematic representation of decomposition of the glycosidic derivative of isofla-
vones into the aglycone form. (Adapted form Nikolić, I.M. et al., Adv. Technol., 6, 96–106, 2017.)

FIGURE 15.5 Chemical structure of some common isoflavones like (a) daidzein, (b) genis-
tein, (c) glycitein, (d) formononetin, and (e) biochanin A.
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extraction of isoflavones. For example, the use of hydrochloric acid at 80°C tempera-
ture results in complete hydrolysis of isoflavones [21]. Acidic hydrolysis of genistin 
into the genistein form is shown in Figure 15.7. Now, in the past few years, the hydro-
lysis of glucosidic isoflavone into the desired corresponding aglycone can also be 
carried out by enzymatic hydrolysis using the β-glucosidase enzyme [22].

If the isoflavones are taken in its natural form via food, the decomposition into the 
aglycone form takes place after ingestion in the body. The raw glycosidic isoflavone 
releases the active constituent aglycones like genistein, glycitein, and daidzein by enzy-
matic degradation with an intestinal β-glucosidase enzyme or by fermentation  [23]. 
The conversion of malonyl-daidzin into the aglycondaidzein is shown in Figure 15.8.

The aglycon form of isoflavones are found to be relatively more stable in the GIT 
and possess higher estrogenic and antioxidant properties than the glycosidic form. 
Some of the aglycons like genistein and daidzein decomposed in the GIT into the 
more effective metabolite equol [20]. The equol binds to both the estrogenic recep-
tors and hence demonstrates higher estrogenic behavior and anti-oxidant property. 

FIGURE 15.7 Schematic representation of acidic hydrolysis of genistin (glycosidicisofla-
vone) into genistein (aglycon isoflavone) by removal of a glucose molecule from the seventh 
position. (Adapted form Nikolić, I.M. et al., Adv. Technol., 6, 96–106, 2017.)

FIGURE 15.8 Schematic representation of malonyl-daidzin into daidzein form via a series 
of chemical processes including decarboxylation, acidic hydrolysis, and enzymatic hydroly-
sis, respectively. (Adapted form Nikolić, I.M. et al., Adv. Technol., 6, 96–106, 2017.)
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The studies have shown that the human body cannot produce equol itself and, hence, 
it should be consumed externally from the food [16].

15.2  MECHANISM OF VARIOUS ISOFLAVONES 
IN CANCER PREVENTION

The dietary isoflavones or phytoestrogens are found to be effective in breast cancer, 
ovarian cancer, prostate cancer, gastric cancer, and many other types of cancers. 
They are also found to be effective in coronary heart diseases. The isoflavones pos-
sess strong antioxidant activity and mimic the behavior of human estrogen, which 
is supposed to be the possible mechanism of its anticancer activity. According to a 
study, it was demonstrated that once the isoflavones enter into the body, owing to 
the estrogen-like structure, they interact with the estrogen receptors and produce 
estrogenic or antiestrogenic effects. Together with this, they also affect the hormone 
production and hormone-binding proteins by inhibiting the enzyme activity  [24]. 
On the other hand, its antioxidant property also reduces the tumor formation and 
protects the cells from the harmful effect of free radicals.

It  antagonizes the growth promoting the effect of 17β-estradiol by binding 
with the estrogen receptor as a ligand. Genistein is one of the most studied and 
biologically active isoflavones for the treatment of cancer. It has been observed 
that, after interacting with the estrogenic receptors, it promotes the cell growth 
at lower concentration and inhibit the cell growth at a higher concentration [25]. 
The  plasma concentration of isoflavones is 100  times higher than the endoge-
nous estrogens after that it is considered as weaker than the endogenous estro-
gen. The phytoestrogen and endogenous estrogen, both compete for the estrogenic 
receptors, which sometimes block the estrogenic activity or produce antiestro-
genic behavior and thus result in hormonal diseases. The isoflavones particularly 
bind to the β-estrogen receptor and α-estrogen receptor, which target it to the par-
ticular body tissues like thymus and bone in female and vascular and prostate in 
the male. Thereby, it is found useful in the disease of the relevant area like breast 
cancer, prostate cancer, and heart diseases.

Various studies reported that the metabolites of isoflavones like equol, 
p-ethylphenol,  o-DMA, etc., are sometimes more effective than the parent com-
pounds owing to the higher affinity toward the estrogenic receptors [26]. For example, 
the equol was found to be more effective in tumor lines and have a higher estrogenic 
effect than its parent compound daidzein. This may be because of equol decreased the 
expression of the estrogen-responsive pS2 gene in the MCF7 breast cancer cell line.

15.3  AN ACCOUNT OF THE EFFICACY OF 
ISOFLAVONES IN CANCER PREVENTION

Nowadays, the natural bioactives, food contents, dietary supplements, and nutrients 
become more popular among scientists to prevent and treat various pathological 
conditions including cancer because of their safety and biocompatibility. Research 
demonstrated that a modification in lifestyle and healthy dietary habits significantly 
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reduces the risk of cancer and also slowdown and sometimes cure the developing 
cancers [27]. One of the potential compounds is dietary isoflavones, which are found 
effective in breast cancer, ovarian cancer, prostate cancer, gastrointestinal tract can-
cer, and some other cancer owing to its antioxidant and estrogen-like properties. 
The efficacy of isoflavone in cancer prevention is discussed in the following sections.

15.3.1 Breast cancer

Breast cancer is the most frequent malignancy and a prime cause of cancer mortal-
ity in women throughout the world [28]. The statistics show around 14 million new 
patients and 8 million casualties each year throughout the globe [29]. A strange fact 
about breast cancer is that it is not limited to the women but also affect the men and 
trans genders [30]. Hence, the effective treatment or preventive measures are highly 
desirable to control the disease and improve the survival. The  studies reported a 
relationship between the dietary and lifestyle habits and risk of the cancer preva-
lence [31]. Frequent consumption of oily food, animal products, high-calorie con-
tent, alcohol, refined sugar, etc., increases the risk of cancer [32], while a healthy 
lifestyle and some inclusion of some phytochemical in a regular diet may reduce 
the risk. Phytoconstituent like isoflavone or phytoestrogen possesses effective anti-
cancer activity and acts by interfering with various metabolic pathways, modulat-
ing the enzymatic and hormonal functions, modifying the DNA synthesis process 
and by free radical scavenging  [33]. In  Asian countries, the incidences of breast 
cancer are significantly lower than those in the Western countries like the USA and 
Europe [34,35]. The reason behind that is the daily Asian food is rich in isoflavone 
content with around 30–50 mg of mean isoflavone intake in the form of soy foods 
like soy milk, tofu, miso, soybean seed oil, and other products. On the other hand, 
after recognizing the benefits of soy food or isoflavone in the cancer therapy, the 
Western countries also started to incorporate soy protein in their food and prepared 
soy foods like soy protein added meat, bread, and many more  [36]. The  WHEL 
(Women Healthy Eating and Living) study reported a significant reduction (31%) 
in the risk of breast cancer in the group of women provided with a high vegetable, 
fruits, dietary fibers, and low-fat diet than the others [37].

Among different isoflavones, genistein, daidzein, biochaninA, formonone-
tin, and glycitein are the most effective phytoestrogens in the prevention of breast 
cancer. The  structure of these compounds shows a higher resemblance with the 
17-β-estradiol, and thus it binds to the β-estrogen receptors. Depending on the estro-
gen level in the body the isoflavones act as estrogen receptor agonist (postmenopausal 
stage) and antagonist (premenopausal stage) [38,39]. It inhibits the tumor formation 
by modifying the hormonal level and enzymatic activity. Also, the isoflavones inter-
fere with the DNA transduction process and thus inhibit the excessive cell growth. 
Moreover, the antioxidant potency also reduces cancer cell formation [40]. Genistein 
mainly inhibits the tyrosine kinase enzyme and encourages the tumor suppressor 
protein  [41]. Some commercial products containing isoflavones are also available 
in the market, which include red clover extracts for the menopausal symptoms and 
other health benefits, Promensil® (for bone loss and dyslipidemia), Trinovin® (as men 
health supplement), and so on [42].
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15.3.2 ovarian cancer

As per the annual report on cancer statistics “Cancer Facts and Figures 2018” pub-
lished in American Cancer Society, nearly 22,240 new cases of ovarian cancer were 
diagnosed in the year 2018 in the USA [43], which is significantly higher than the 
past data. It is a leading cause of death in women because of the late diagnosis of the 
disease, which reduces the survival rate. The Reports shows that incidences of ovar-
ian cancer may vary in different geographical regions. Majority of cases are observed 
in the developed countries, which shows that lifestyle and diet play major role in the 
control of the disease prevalence [44]. However, the exact role of dietary nutrients 
in cancer growth and prevention is still not clear [45,46]. A dietary modification trial 
by Women Health Initiative (WHI) evaluated the effect of diet on the ovarian cancer 
risk. The  trial suggested a low-fat diet after menopausal stage could be helpful in 
reduction ovarian cancer risk  [47]. Isoflavone is one of the phytoconstituent with 
estrogen-like activity and modifies the hormonal regulation in the body. Hence, it is 
found to be effective in ovarian cancer, which may be affected by hormonal changes. 
A meta-analysis shows the protective effect of soy isoflavone in ovarian cancer [48]. 
On a similar note, approximately 41% of risk reduction in women with regular intake 
of high amount of soy seed oil was observed by the Italian multicentered case–
control study [49]. Control case studies conducted USA, Japan, Korea, China, etc. 
support the same hypothesis that the isoflavones reduce the risk of ovarian cancer. 
The Southern Asian region have less disease prevalence because of isoflavone-rich 
food habits [50]. Chen et al. studied the effect of isoflavone on the in vitro ovarian 
cancer cell lines. They observed that the soy isoflavone inhibits the cancer cell prolif-
eration by affecting the cytokine synthesis. Specifically, daidzein and genistein bind 
to the estrogen receptor and modify the cytokine synthesis pathway, thus reducing 
the ovarian cancer cell line viability [51].

15.3.3 prostate cancer

Prostate cancer is a growing disease in men, commonly known as the enlargement 
of the prostate gland, which further develops into tumor and/or malignancy [9]. It is 
one of the most common malignancies and the second-leading cause of cancerous 
death among men. Despite higher disease frequency and increasing risk every year, 
the exact pathology of the disease is still not clear. The  incidences of the disease 
may vary according to the geographical locations, age, race, and ethnicity [11]. It is 
more frequent in the American population than Asian men. The  difference in the 
disease frequency is also because of the microbiota of the individual, which convert 
the genistein and daidzein into equol and other relevant, more effective, metabolites. 
The microbiota is more abundant in the Asian region than in America and Europe [52]. 
In addition, environmental, genetic, and epigenetic factors also affect tumor growth. 
Dietary habits also influence the occurrence of prostate cancer. Various studies 
throughout the world found that soybean and soy products effective in the prevention 
of prostate cancer. The soy isoflavones reduce the prostate tumor growth by minimiz-
ing the serum PSA (prostate-specific antigen) concentration. The multiple analysis of 
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randomized clinical trial confirms the efficiency of dietary isoflavones in controlling 
prostate cancer. A significant reduction in the prostate tumor growth was observed in 
the group of men with regular intake of soy isoflavones. However, short-term isofla-
vone intake does not affect the hormonal concentration in serum and does not reduce 
the disease [53]. The studies demonstrated that the isoflavones pleiotropically affect 
the cancer cell line and also interfere with the signal transduction pathways of cancer 
cells, thus inhibiting the cell growth and proliferation [11]. Additionally, the cellular 
studies indicate that isoflavones genetically regulate the cell cycle and cellular apop-
tosis. Other possible mechanisms are the apoptosis and the androgen- and estrogen-
mediated signaling pathway-related growth arrest of the prostate tumor cells by 
intake of isoflavone-rich food. Moreover, the antioxidant property, angiogenesis 
inhibition, DNA repair, and so on are other mechanisms of anticancer efficacy of the 
isoflavones. The genistein and daidzein reverse the DNA methylation in cancerous 
cells by interacting with β-estrogen receptor [54].

15.3.4 gastric cancer

Gastrointestinal cancer is referred to as a malignant disease of GIT and related 
organs, which commonly includes stomach cancer, pancreatic cancer, colorectal 
cancer, esophageal neoplasm, ulcerating antralneoplasia, and so on [55]. Stomach 
cancer is the second major type of cancer affecting the people worldwide and a 
leading cause of cancer-related death [56,57]. While the colorectal cancer is con-
sidered as the third primary type of cancer in both women and men, a report by 
the American Chemical Society, “Cancer Facts and Figures 2012,” claims increas-
ing incidences of pancreatic cancer, liver cancer, and esophageal adenocarcinoma. 
These data are supported by a recent report “Global Cancer Statistics 2018,” that in 
2018, the incidences of colorectal cancer, stomach cancer, and liver cancer increase 
by 9.2%, 8.2%, and 8.2, respectively  [58]. In  this sequence, some of the food, 
nutrients, and dietary supplements drag the attention of scientists and researchers 
because of their ability to prevent the occurrence, delay the onset, and treat disease 
condition [59].

It has been reported that the constant intake of N-nitroso compound and salty 
food may increase the risk of gastric cancer, while the consumption of some veg-
etables, fruits, isoflavone-rich food material like soy products, peanuts, chick-
peas, red clover, alfalfa, and so on prevent gastric cancer [60,61]. Among different 
types of isoflavones, genistein and daidzein were most effective in the treatment 
of gastric cancer  [62]. In  the GIT, the daidzein gets converted into a more bio-
logically active form equol by enzymatic hydrolysis [63]. The dietary isoflavones 
interfere with various metabolic pathways and thus prevent tumor formation [64]. 
Owing to the structural similarities with 17β-estradiol, it has an affinity toward 
the β-estrogenic receptor, which also helps to avoid gastric cancer. Along with 
this, the anticancer property is also attributed to the anti-inflammatory and anti-
oxidant properties [65].

However, some studies in Asian countries including Korea and Japan, reported 
adverse effects of isoflavones on gastric cancer, which might be because of the higher 
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N-nitroso and salt content in some of the soy products [66]. Such results establish 
controversies among the scientists for the effectiveness of isoflavone in gastric cancer.

15.4  PROSPECTS OF USE OF ISOFLAVONES 
AS NUTRITIONAL SUPPLEMENTS

Isoflavones, particularly the soy isoflavones, are found beneficial in controlling 
various chronic diseases primarily the cardiovascular disease, hormonal disorders 
and cancer (breast cancer, ovarian cancer, prostate cancer, gastric cancer, etc.). 
In  the present global scenario, due to the environmental changes, lifestyle, food 
habits, genetic factors, and many other reasons, the risk of such incurable dis-
eases is increasing every year. The survival rate is relatively poor because of the 
late diagnosis; also, after diagnosis, the treatment is very painful and costly. So, it 
would be better if we have some preventive measures to reduce the risk of disease 
prevalence. The dietary supplements can be an answer to such a situation, and iso-
flavones are important nutrients found to control various cancers if taken regularly 
in the diet. Worldwide, some studies have been conducted to study the effect of 
dietary isoflavones in the cancer occurrence, and most of the studies found posi-
tive effect. While some negative results are also observed on the different side of 
the globe (Korea, Japan, etc.), possibly due to the geographical and environmental 
factors, such a contradiction between scientists provides a huge scope of studying 
the efficacy of isoflavones and confirming its benefits. In addition, a proper inves-
tigation of the in  vivo behavior, toxicity assessment, and clinical trials are also 
desirable in the future.

15.5  CHALLENGES IN ISOLATION AND USE OF 
ISOFLAVONES AS NUTRITIONAL SUPPLEMENTS

The  isolation/extraction of isoflavones from the natural sources is a critical and 
challenging process because the composition of isoflavone may be altered at the 
time of sample preparation. Previously, the method used commonly for the separa-
tion of isoflavone utilizes the reflux alcohol, which causes conversion of glycone 
to aglycone form. Hence, the latest method employs chilled extraction or extrac-
tion at room temperature to avoid the decomposition of bioactives. Thus a proper 
extraction of isoflavones is necessary to prevent hydrolysis of isoflavones for better 
efficacy of the nutraceutical ingredients. There  is lot of evidence supporting the 
health benefits of dietary isoflavones, but no proper evidence related to the safety 
consideration and toxicity profile is available. Some observations suggested harm-
ful effect of multiple and high doses of isoflavones. Also, the proper use of iso-
flavones in single or combined dose of different derivatives and their benefits are 
not clear. Genistein, daidzein, glycitein, and biochanin arrest the cell cycle, modify 
the DNA transduction, and promote cell apoptosis of the tumor cells, but they can 
also exert cytotoxicity to normal cells. Although USFDA recognizes it as a dietary 
supplement, it is sometimes found effective at a lower dose and shows adverse 
effects at higher dose. Such conflicts and dilemma need to be clarified through 
proper scientific investigations.
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nutritional supplements, 19

isoflavones, 336

O

obesity, 293–294
N-Octyl-N-arginine-chitosan (OACS), 226
ODC (ornithine decarboxylase), 160
OIS (oncogene induces senescence), 123
oleanolic acid, 138
omega-3 acids, 177–178
oncogene induces senescence (OIS), 123
organosulfur compounds, 90
ornithine decarboxylase (ODC), 160
ovarian cancer, 135, 139, 146

isoflavones, 334
ovo-lacto-vegetarians, 309
oxidative damage, 295
oxidative stress, 296, 316

and ginger, 316–317

P

PAHs (polycyclic aromatic amines), 312–313
papanicolaou test (PAP test), 135
permeation enhancers, 249, 251
pharmacokinetics, 280–281, 294

polyphenols, 44
SFN, 47–48

phase II enzymes, 197

Phellodendron amurense, 277
phenolic acids, 84–85
phenylpropanoids, 85–86
phytocannabinoids, 28
phytochemicals, 2

catechins, 180
curcumin, 178
gingerol, 179
piperine, 179
resveratrol, 180

phytoestrogens, 273, 326–327, 332
classification, 328
structure, 327

phytosterols, 89, 138
piperine, 179, 183

anticancer properties, 315–316
Piper nigrum, 315–316
plasma concentration, isoflavones, 332
PLGA nanoparticles, 226
polycyclic aromatic amines (PAHs), 312–313
polymer conjugates, 252–253
polymeric nanoparticles, 213, 255–256
polyphenolic compounds, 67
polyphenols, 198, 199, 310, 311; see also natural 

polyphenols
curcumin, 279

polyps, 63
polyunsaturated fatty acids (PUFAs), 177–178
prebiotics, 91–92, 154
probiotics, 91, 154, 158

anticarcinogenic properties, 158–159
Bifidobacterium strains, 181
defensive functions, 159–160
Faecalibacterium prausnitzii, 181
health attributes, 155
Lactobacilli strains, 181
mechanisms, see mechanisms of probiotics, 

bowel cancer
properties for effective and successful, 157–160

probiotics-induced CRC protection, 160
Promensil®, 333
prostate cancer, 39–40

agents, 52–53
chemical structure/sources, 52–53
genistein, 49–50
GT polyphenols, 42–45
isoflavones, 334–335
lycopene, 48–49
resveratrol, 50–51
SFN, 45–48
vitamin D, 40–42

prostate-specific antigen (PSA), 40, 48–50, 198
proteases, 314
proteomic approaches, nutrition research, 279–280
PUFAs (polyunsaturated fatty acids), 177–178
pulses, 309–310
putrefactive gut microbiota, 161
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Q

quercetin, 184, 244

R

RA (rosmarinic acid), 143
reactive oxygen species, 13
rectal cancer, drugs for, 186
red meats, 301, 312
resistant starch, 310
resveratrol, 33, 85, 184, 276, 279

anticancer nutraceuticals, 243–244
prostate cancer, prevention of, 50–51
structure of, 180

retinoids, 8
rosmarinic acid (RA), 143

S

Saccharomyces boulardii (Sb), 163
saffron, 318–319
saponins, 274–275
SCFAs (short-chain fatty acids), 154, 157, 163, 

177, 182
seciosolariciresinol diglucoside (SDG), 85
selenium, 32–33

deficiencies, 3
Selenium and Vitamin E Cancer Prevention Trial 

(SELECT), 12
selenoproteins, 3
SFN (sulforaphane), 45–48, 245–246
6-shogaol, 24
short-chain fatty acids (SCFAs), 154, 157, 163, 

177, 182
side-chain degradation products, 12
signaling pathways, 163
silibinin, 28
Silybum marianum, see milk thistle
siphonaxanthinis, 88–89
solid lipid nanoparticles (SLNs), 214, 256–257
soy

isoflavones, 273, 334, 336
products and breast cancer, 120
saponins, 184

spices
amrita bindu, 317
black pepper, 315–316
curcumin, 313–315
definition, 313
ginger, 316–317
and herbs, polyphenols, 311
phytochemicals, 313
terpenes, 313, 314

steroidal saponins, 89
stomach cancer, 335–336
sulforaphane (SFN), 45–48, 245–246

sulfur compounds, 275
superoxide dismutase, 2
synbiotics, 161; see also prebiotics; probiotics

T

tamoxifen, 283
tannins, 275
terpenes, 313, 314
terpenoids

carotenoids, 88–89
limonoid, 89
phytosterols, 89
steroidal saponins, 89
tocopherols, 87
tocotrienols, 87
triterpene, 89

Th17 cells, 164
Theracurmin, 227, 228
thymoquinone (TQ), 317–318
tocopherols, 87
tocotrienols, 87
total parenteral nutrition (TPN), 6
Trinovin®, 333
triple-negative breast cancer, 117
triterpene, 89
tumor

cell regulation, 141–142
generation, 146
growth, 3

turmeric spice, 308, 313
type I and II endometrial cancer, 135
tyrosine kinase signaling pathway, 163

U

uterine cancer, 135

V

vaginal cancer, 135–138
vegans, 309
vegetarianism

legumes, 309–311
meat consumption, 312
proteins, 309
vegetarians percentage, 309, 310

vinca alkaloids, 244–245
vitamin(s), 200–201
vitamin B12 and breast cancer, 121
vitamin C, 4, 11, 13, 120, 297–298
vitamin D, 12

and breast cancer, 121
chemical structures/common names, 41
forms, 40, 41
prostate cancer, 40–42
source, 40, 41



348 Index

vitamin D receptors (VDRs), 40
vitamin E, 5–6, 12, 298
vulvar cancer, 135–138

W

Warburg effect, 302
weight management, 294
whole grains vs. refined sugar, 294–295

withaferin A, 146–147
Women Healthy Eating and Living (WHEL) 

study, 333

Z

zeaxanthin, 200
Zingiber officinale, 316–317
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