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Preface

Recent studies from global cancer statistics have revealed that gastrointestinal (GI)
cancers include esophagus, gastric, pancreas, colorectal, liver, and gallbladder
cancers. These cancers collectively depict public health issues in the USA and
around the globe. According to the American Cancer Society (ACS), GI cancers
are reported to have the highest incidence rate and are the second leading cause of
cancer-related mortality. Colorectal cancer (CRC) exhibits increased incidence rate
in high-income countries, whereas other cancers like gastric, liver, and esophageal
most frequently occur in low-income countries. GI cancers are among the five most
common cancers detected in both males and females. The most common risk factor
associated with GI cancer is diet. It is clearly elucidated from previous studies that GI
cancer incidence is highly correlated with food intake. Other common factors
include Helicobacter pylori, gastric ulcers like gastroesophageal reflux disease,
smoking, and alcohol. Conventional therapies including surgery followed by
chemo- and radiotherapies are usually the only therapeutic strategies, which can be
effective, but the patient survival rate is only 5 years. Even though advanced research
techniques treat patients for a certain period of time, the issue of recurrence and
metastasis still persist. This could be due to the resistance that is developed by tumor
cells and dysregulated signaling pathways. The tumor microenvironment is an
extracellular matrix that includes collagens, glycoproteins, dendritic cells, tumor-
associated macrophages, and mast cells. Moreover, the tumor microenvironment
regulates the behavior of cancer stem cells (CSC) via modulating immune surveil-
lance and cell-to-cell signaling. Thus, it has gained attention as it is required to
induce initiation, progression, and metastasis. Phytochemicals are now a focus for
researchers due to their antioxidative property to treat cancer cells. Therefore,
including fresh fruits and vegetables rich in antioxidants can control the growth of
tumor. This book illustrates various dysregulated signaling pathways and the role of
phytochemicals. This also includes novel nanotechniques used to enhance the
therapeutic efficacy of drugs in use.

Our book mainly focuses on CRC, gastric, hepatic, and pancreatic cancers. These
cancers are the most prevalent cancers that are detected worldwide. Besides the
genetic and environmental alterations, gut microbiota plays a profound role in
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causing GI cancer. The human body has significant microorganisms among which
gut microbiota and H. pylori play a chief role in the advancement of GI cancer,
especially CRC. The gut microbiota shows its impact on epithelial cells and drives
cancer progression. This chapter outlines the process to control the growth of gut
microbiota in order to avoid the risk of GI cancer. Moreover, tumor resistance and
recurrence are the main reasons for poor prognosis of these cancers. Cancer stem
cells (CSCs) were suggested to play a crucial role in recurrence as well as developing
resistance to traditional therapies. The extracellular matrix continuously maintains
cross talk between the cancer cell and tumor microenvironment to maintain the
stemness of CSCs. The authors focus on the biology of CSCs in the tumor micro-
environment. They are widely detected in various cancers and are suggested as an
important therapeutic target. Additionally, the CSCs of GI cancers express unique
surface markers including CD24, CD44, CD133, CD26, CD166, and CD90. They
play an important role in the self-renewal of tumor cells and activate Wnt, Hedge-
hog, and Notch signaling pathways. Therefore, targeting these specific CSC markers
could offer new therapeutic approach to eradicate GI malignancies.

Diet and nutrition are the two primary factors to uphold good health. Diet can
show both positive and negative effects equally. These are the principal determinants
for causing chronic diseases like cancer. They are also studied as antioxidant
determinants to prevent cancer. Thus, diet can be studied as a blend of mutagenic,
carcinogenic, and protective agents. The relationship of GI cancers with diet has
been widely studied in various epidemiological research data. High intake of fruits
and vegetables probably reduces the risk of GI cancer occurrence. Using these
natural agents and their derivatives for the therapy of human chronic diseases like
cancer is known as naturotherapy. This form of therapy includes use of plant
derivatives, supplements, herbs, and nutrients. These therapies are completely free
of chemical exposure and may or may not include marginal processing. Our book
focuses on various herbal medicines and has highlighted preclinical evaluations
against GI cancers. Phytochemicals, on the other side, are nonnutritive bioactive
secondary compounds abundantly extracted from fruits, vegetables, and grains.
Consumption of these phytochemicals keeps chronic disorders like neurodegenera-
tive and cardiovascular diseases away. Moreover, they are also studied as chemo-
preventive agents against cancers like GI cancer. They were determined to alter
various signaling pathways like PI3K/Akt and NF-κB. Authors of this book describe
various phytochemicals including resveratrol, genistein, curcumin, and EGCG.
Curcumin and its relation with gut microbiota are highlighted in the book to direct
its association to decreased GI cancer progression and its role in inhibiting CRC.
Additionally, garlic and its natural constituents are found to possess medicinal
benefits. These constituents are sulfur compounds and are found to inhibit GI cancer
angiogenesis. They downregulate the expression of VEGF and NO signaling.

Furthermore, phytochemicals are used in combinational therapies to potentiate
the therapeutic efficacy of various inhibitors like checkpoint inhibitors that are used
against GI cancers. They induce cell cycle arrest and block cell cycle to mediate
apoptosis of tumor cells. With the advancement of nanotechnology in the field of
research, drug efficiency has increased tremendously. This chapter focuses on the
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combination of nanoparticles and phytochemicals. The phytochemical usage is
limited in the medical field due to their poor bioavailability and low stability.
Researchers are now combining nanoparticles and phytochemicals, which can
improve the bioavailability, solubility, and half-life and increase the stability of
phytochemicals.

Our book summarizes the contemporary advances performed so far for managing
GI therapy. The biology and molecular mechanisms explained would enable
researchers to concentrate on markers. A clear understanding regarding the devel-
opment of resistance and metastasis would support in drug designing and therapeutic
strategies for improving the drug delivery mechanisms. It is our pleasure to present
the novel advances with updated clinical information to the research community.
This will encourage novel thoughts and ideas for innovative therapeutic to benefit GI
patients.

Atlanta, GA, USA Ganji Purnachandra Nagaraju
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Chapter 1
Role of Specific Phytochemicals Against
Gastrointestinal Malignancies

Dariya Begum, Neha Merchant, and Ganji Purnachandra Nagaraju

Abstract The estimation from the American Cancer Society recorded cancer with
the highest incidence and mortality rate every year. The most common cancer as
estimated from the global cancer statistics is the gastrointestinal cancers with a major
mortality rate. The common conventional therapies including chemo- and radiation
therapies can improve prognosis of the patient only up to 5% due to adverse toxic
side effect and multidrug resistance (MDR) developed by the patient against thera-
peutic drugs. The onset of these digestive system-related cancers is due to the
Western lifestyle and food habits. The epidemiological studies evidenced that use
of phytochemicals has significant health benefits. They are bestowed with their
antioxidant and anticarcinogenic properties that control multiple signalling pathways
involved in tumor progression like PI3k/Akt/MAPK and sensitize the tumor-
suppressor gene like p53 to the chemo-drugs. This chapter presents cancers of the
upper gastrointestinal tract (esophagus and gastric) and a part of lower intestine
(colon and rectum) with specific phytochemicals inhibiting the tumor. It also focus
on the molecular mechanism involved in promoting cancer and role of the phyto-
chemicals in regulating these signalling pathways. It also include derivative forms of
phytochemicals and their enhancement efficacy when used in combinational thera-
pies. We further focus on novel nano-formulated phytochemicals used against
cancer therapy. Thus, our chapter summarizes the use of phytochemicals that
strengthen as a therapeutic candidate against gastrointestinal malignancies.

Keywords Gastrointestinal cancers · Phytochemicals · CRC · Esophageal cancer ·
Gastric cancer · Chemo-drugs
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Abbreviations

5-FU 5-Fluorouracil
ABCB ATP-binding cassette subfamily B member
ACF Aberrant crypt foci
AMPK 50-AMP-activated protein kinase
APC Adenomatous polyposis coli
Chk1 Checkpoint kinase 1
COX-2 Cyclooxygenase-2
CRC Colorectal cancer
CSC Cancer stem cells
DCA Deoxycholic acid
EC Esophageal cancer
EGCG Epigallocatechin-3-gallate
EGFR Epidermal growth factor receptor
EMT Epithelial mesenchymal transition
GC Gastric cancer
HER2 Human epidermal growth factor
IL-8 Interleukin-8
iNOS Inducible nitric oxide synthase
JAK Janus kinase
MDR Multidrug resistance
MMP Matrix metalloproteinases
mTOR Mammalian target of rapamycin
NF-κB Nuclear factor kappa B
NRF2 Nuclear factor erythroid 2-related factor 2
PARP Poly (ADP-ribose) polymerase
PEG Polyethylene glycol
P-gp P-glycoprotein
PLGA Poly (lactic-co-glycolic acid)
ROS Reactive oxygen species
STAT3 Signal transducer and activator of transcription 3
TNF-α Tumor necrosis factor-alpha
VEGF Vascular endothelial growth factor

1 Introduction

The American Cancer Society estimated 1,762,450 new cancer cases with 606,880
deaths recorded for the year 2019 [1]. The current results from the global cancer
statistics, 2018, estimated that the most common cause for the mortality was
gastrointestinal cancers worldwide that mainly include colorectal (CRC), gastric,
and liver cancers [2]. The incidence for this disease varies in terms of both
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geography and population showing social and environmental variations [3]. For
instance, the highest incidence rate diagnosed is for CRC in high-income countries
and esophageal, gastric, and liver cancers in low-income countries [2, 4]. The tumor
initiates in the small intestine commonly and causes symptoms only after the tumor
is stabilized at a certain location and attains a certain size. The risk factors including
usage of opium, biomass, H. pylori, smoking, and alcoholism with an incidence rate
increased exponentially in respect to the individual’ s age and lifestyle. Diagnosing
and screening GI malignancy at its higher risk followed by surgical resection and
conventional therapies are considered as the golden standards for GI malignancy
therapy. The novel adjuvant chemo- and radiation therapies may increase the overall
survival rate of patients but are with serious symptoms. The widely used drugs are
cisplatin, methotrexate, doxorubicin, taxanes, and many molecular targeting agents
[5]; however they are with serious unwanted adverse side effects including cardiac
toxicity, hair loss, lesions in the gastrointestinal tract, bone marrow suppression, and
neurological dysfunction [5–7]. Additionally, development of resistance against the
drugs used is a serious hurdle and results in poor prognosis of patients. In this regard,
new anticancer drugs with more efficacy, less side effects, and less toxicity to
healthy cells are necessary and are continued.

Earlier, the natural compounds extracted from herbal medicinal plants were
traditionally used for the therapy of various diseases like cancers. Phytochemicals
are the heterogenous, bioactive compounds extracted from medicinal herbs and are
naturally obtained from fruits and vegetables that include compounds like quercetin,
resveratrol, isoflavones, curcumin, and epigallocatechin gallate [8]. They are found
to show chemopreventive properties. Cancer chemoprevention includes the use of
varied forms of natural and biological agents that inhibit the tumor growth via
participating in various signalling pathways that are involved in tumor suppressing,
apoptosis, and cell proliferation [8–12]. Moreover, they are found to possess anti-
oxidant, anticarcinogenic, and anti-inflammatory characteristics [8]. Thus, as
evidenced from the earlier research works on chemoprevention, the higher the
consumption of fruits and vegetables the lower the occurrence of gastrointestinal
malignancies. This chapter focuses on the therapeutic role of various phytochemicals
used for the prevention of gastrointestinal cancer.

Gastrointestinal malignancies include a group of cancers that affect the digestive
system. The tumors included are esophagus, gallbladder, hepatic, gastric, pancreatic,
and colorectal cancer.

2 Esophageal Cancer

Esophageal cancer [EC] is the eighth most serious gastrointestinal cancer worldwide
and sixth leading cause for mortality [13]. As estimated from the American Cancer
Society for the year 2020, the new EC cases diagnosed were 18,440 and deaths
recorded were 16,170. It is a common disease detected mostly in male than in
female. It exists as two common forms, adenocarcinoma and squamous cell
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carcinoma; it is revealed from their etiological and epidemiological studies that the
main cause of EC is the severity in gastroesophageal reflux disease, Barrett’s
esophagus, human papilloma virus infection, alcohol, and smoking. Jenkins et al.
[14] reported that the patients with reflux disease are highly prone to EC since
deoxycholic acid (DCA) which is a secondary bile acid is carcinogenic and causes
the nonlinear response for the activation of NF-кB. The molecular alteration in EC
includes changes in the genes like APC, telomerase, p12, and p53 as well as
signalling pathway including Wnt, Hedgehog, and Notch.

Many chemo-drugs like 5-fluorouracil (FU), mitomycin, cisplatin, and
gemcitabine are used for the treatment of EC but the tumor cells have developed
resistance against these drugs. Therefore, combinational therapies in chemo- and
radiotherapies have emerged. The combinational therapy of 5-FU and cisplatin was
regarded as a standard combo for the therapy of EC with the survival rate improved
to 9.2 months [15, 16]. Wagner et al. reported that the addition of anthracycline to
the 5-FU and cisplatin as a third agent showed an improvement in the survival period
[17]. With the development of neoadjuvant chemoradiotherapy the combo forms of
oxaliplatin-capecitabine (OxCap), paclitaxel-carboplatin (CarPac), and irinotecan-5-
FU showed promising results in EC therapy. The multitargeted therapies including
tyrosine kinase inhibitors (erlotinib and gefitinib) targeting EGFR [18, 19], COX-2
inhibitors, monoclonal antibodies for EGFR, and FOLFIRI (leucovorin/5-FU/
irinotecan) with cetuximab and matuzumab [20] are few therapies reported from
phase I/II clinical trials against EC. However EC is widely considered as patho-
genic worldwide; therefore, the conventional chemotherapy is made more effective
via combining it with novel molecular targeted drugs and neoadjuvant therapies.
However, the usage of these multiple drugs is associated with multidrug resis-
tance (MDR) in tumor cells and are highly toxic to the healthy cells. The serious
side effects include gastrointestinal lesion, pigmentation in skin, hair loss, cardiac
toxicity, and neurologic dysfunction. Moreover, the current interventions are with
poor prognosis; therefore this reflects the search for better anticancer agents without
side effects and better efficacy. Researchers, are now finding interest on using
naturally available phytochemicals like resveratrol for cancer therapy. The phyto-
chemicals extracted from herbs and medicinal plants are used since ancient time for
the therapy. These phytochemicals are found to possess anti-cancerous, antioxidant,
and anti-inflammatory properties. Earlier studies also revealed that these phytochem-
icals behave like chemopreventive agents against cancer cells. They induce apopto-
sis and inhibit proliferation and metastasis. Furthermore, they are used as an adjunct
to chemo-drug as they sensitize the resistant EC cells to chemo-drugs and are
non-toxic to the healthy cells compared to them. Thus, these novel therapeutic
approach can be considered as advantageous for EC therapy in the future. The status
of the phytochemicals in clinical trials is illustrated in Table 1.1. In this chapter we
focus on few phytochemical compounds used widely for the therapy of EC.
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2.1 Isothiocyanates

Isothiocyanates are naturally available phytochemicals in various cruciferous vege-
tables like cauliflower, cabbage, turnips, and sprouts [21]. They occur as
glucosinolates that are later converted into isothiocyanates in the presence of
myrosinase enzyme through hydrolysis. They are otherwise released from these
vegetables while chewing or by the action of microflora present in the intestine of
humans. They are found to possess chemopreventive properties and its active
metabolites include phenethyl isothiocyanate (PEITC), sulforaphane (SFN), allyl
isothiocyanates (AITC), and benzyl isothiocyanate (BITC) that actively showed
chemopreventive properties. For instance, PEITC effectively inhibits EC in rats
induced with tobacco-induced carcinogen (N-nitrosobenzylmethylamine) [22–
24]. Additionally, PEITC is also found to inhibit cytochrome P450 enzyme in EC
[25–27]. A P450 enzyme is a phase I enzyme that plays a crucial role in carcinogen
and xenobiotic absorption that is later converted into electrophilic metabolites,
which eventually disturb the genomic stability, causing damage to DNA. PEITC
inhibits DNA methylation and inhibits O6-methylguanine formation in the DNA of
esophagus [24]. Stoner et al. [28] determined that various compounds including
isothiocyanates from berries inhibit the growth of tumor in esophagus. They sup-
press the metabolic activation of carcinogens that are responsible for converting the
lesion into cancer, via inhibiting iNOS, VEGF, COX-2, and c-Jun expression.
Similarly, SFN was found to downregulate the expression of p63-iRHOM2, where
p63 targets iRHOM2. iRHOM2 is the gene encoded by RHBDF2 which is an

Table 1.1 Clinical trial status of phytochemicals performed against gastrointestinal cancers

Phytochemical
ClinicalTrials.
gov Identifier Status Condition Cancer Phase

Green tea
(EGCG)

NCT00233935 Completed Barrett’s esophagus Esophageal
cancer

Phase
I

Curcumin NCT02782949 Recruiting Chronic atrophic
gastritis

Gastric
cancer

Phase
II

Resveratrol NCT00433576 Completed Adenocarcinoma of
colon and rectum/
stage I, II, III of colon
and rectal cancer

CRC Phase
I

Resveratrol
Drug: SRT501

NCT00920803 Completed Neoplasms, CRC CRC Phase
I

Curcumin
C3 tablet

NCT01333917 Completed CRC CRC Phase
I

Curcumin NCT00027495 Completed CRC CRC Phase
I

Genistein NCT01985763 Completed CRC CRC Phase
I
Phase
II

Source: https://clinicaltrials.gov/
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inherited dominant-mutated form that forms a genetical base for the occurrence of
palmoplantar keratoderma associated with dermal diseases and EC. The antioxidant
property of SFN thus reduces survival, inflammation, and ROS production [29]. The
4-methylthio-3-butenyl isothiocyanate was found to induce cleavage of caspase-3,
caspase-9, PARP, and reduced expression of Bcl-2 and thus promotes the mitochon-
drial associated apoptotic pathway in EC cell lines. Additionally, it was also found to
induce cell cycle arrest at G2/M phase by upregulating the expression of Chk1 and
Akt proteins with the downregulation of p27 expression [30]. Thus, the metabolites
of isothiocyanates are associated to treat dermal diseases and neoplasia. However,
future research should include still more molecular targets for isothiocyanates for the
therapy of EC.

2.2 Resveratrol

Resveratrol is a phytoalexin and stilbene based comprising of two phenolic rings
interconnected by styrene double bond that produces 3,40,5-trihydroxy-stilbene. It
exists in both cis and trans forms, where trans form is the widely studied form. It is
found in various plants like grapes, berries, and peanuts. Additionally, it is also
produced during fungal infection, exposure to UV radiations, and injury [31]. It has
extensive properties including antioxidant, anti-inflammatory, and anticarcinogenic
[32]. As an antibacterial agent it inhibits the growth of multiple strains of H. pylori
and increases the production of ROS and IL-8 [33–36]. It is found to induce
cytotoxicity in various cancers including ECs by inhibition initiation and progres-
sion of tumor cell growth, cell division, and metastasis [37–40]. For instance, Tang
et al. [41] for the first time determined that resveratrol inhibits cell growth of
esophageal squamous cell carcinoma in a dose- and time-dependent manner. It
induces cell cycle arrest at sub-G1 phase resulting in apoptosis not in AMPK/
mTOR-dependent pathway but by the inhibition of pharmacological and genetical
autophagy cells that enhances the pro-apoptotic effects of resveratrol in cancer cells.
The data from Swedish nationwide population recruited cases from esophageal
adenocarcinoma, esophageal squamous cell carcinoma, and gastroesophageal junc-
tional adenocarcinoma wherein a survey analysis was performed. The data from the
population-based control study revealed that a high combination of food intake that
is rich in resveratrol, lignans, and quercetin as represented from the intake of red
wine, tea, tomato, lettuce, and vegetables could prevent the occurrence and devel-
opment of the esophagus-related cancers [42]. The natural demethylated analogue of
resveratrol, pterostilbene, was also found to fight against esophageal cancers
[43]. Feng et al. [44] determined that pterostilbene acts as a potent anticancer
pharmaceutical agent in a dose- and time-dependent manner against EC cells. It
enhanced the apoptotic index with the increase in caspase-2 and ROS levels.
Furthermore, decrease in intracellular GSH levels with reduced tumor cell adhesions
and migration is detected. Additionally, pterostilbene upregulated the expression of
endoplasmic reticulum stress-related molecules including p-PERK, CHOP, GRP78,
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and p-elF2α [45–47]. This resulted in upregulation of pro-apoptotic proteins and
downregulation of Bcl-2 expression. Further, this also promoted translocation of
cytochrome c from mitochondria to cytosol and activating caspase-9 and caspase-12
expression. On the other hand, ERS signalling when downregulated is responsible
for developing resistance as detected by using CHOP siRNA that desensitizes the
tumor cells. However, its upregulation sensitizes esophageal cells to pterostilbene.
Thus, resveratrol can be used as a pharmaceutical anticancer agent for the therapy of
cancers like EC.

2.3 EGCG

It was reported that consumption of decaffeinated green and black tea reduces the
occurrence of EC. This is due to the presence of chief constituent polyphenol,
whereas epigallocatechin-3-gallate (EGCG) is the abundantly present constituent
in the tea polyphenols. The antitumor efficacy of EGCG is detected in multiple
cancer cell lines, animal models, and their related clinical studies [48–50]. As an
anticarcinogenic agent, EGCG mediates various signalling pathways regulating
MAPK, AP-1, EGFR, and DNA methyltransferase activity. It also induces cell
cycle arrest at G0/G1 phase, inducing apoptosis. In EC, EGCG was found to inhibit
the phosphorylation of ERK, COX-2, and c-Jun in vitro and in vivo [51]. This
suggests that EGCG reduces the expression of pro-inflammatory mediators along
with c-Jun and ERK in EC. Similarly, Liu et al. [52] determined the molecular
mechanism of EGCG involved in inhibiting the growth of EC; they found that
EGCG inhibits the EC growth in a time- and dose-dependent manner in vitro and
in vivo. Moreover, the tumor cells showed cell cycle arrest at G1 phase and with
induced apoptosis supported by the production of ROS. It significantly reduced the
expression of VEGF and upregulated the expression of cleaved caspase-3. Later, Liu
et al. [53] determined a specific mechanism of EGCG in inducing apoptosis and
inhibiting EC. The mitochondrial transmembrane potentiality is an essential effector
in the apoptotic intrinsic pathway that plays a crucial role in reducing apoptosis in
tumor cells. EGCG downregulates the mitochondrial membrane potential and
induces the expression of caspase-3 subsequently inducing apoptosis. The telome-
rase on the other hand produces short DNA repeats and ensures the genomic stability
during cell division. However, its activity is always essential for the growth of tumor
cells. Thus, from their work EGCG was also found to modulate the activity of
telomerase to inhibit tumor growth. Genetically, it was previously found that the
dysregulation of p16 gene that is caused due to methylation at its promoter site
induces vigorous cell proliferation and tumorigenesis that subsequently causes ECs
[54]. In general, p16 protein induces cell cycle arrest at G1 phase and inhibits tumor
progression in various cancers [55]. It was determined by Meng et al. [56] that
EGCG reverses the methylation status of p16 to induce cell cycle arrest. However,
their work did not give evidence if EGCG is the inhibitor of DNA methyltransferase
enzyme. Therefore, further investigation about the efficacy of EGCG in this regard is
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warranted. The ascorbic acid, an effective antioxidant, was found to enhance the
activity of both EGCG and theaflavin-3-30-digallate in human lung adenocarcinoma
and EC. It was determined that ascorbic acid induces apoptosis by the activation of
caspase-3 and caspase-9. Additionally, it was also found to induce activation of
MAPK and its subfamilies including ERK and SAPKs [57]. Furthermore, EGCG
also reverses the MDR in cancer cells. Thus, EGCG is also used in combinational
therapy that potentiates the efficacy of drug. For instance, EGCG potentiates the
efficacy of adriamycin in EC cells when compared with the drug alone. It reverses
the resistance towards drug by downregulating the expression of ABCG2 protein,
whose overexpression increases the efflux of drug and induces resistance. Moreover,
it was also found to induce apoptosis by inhibiting the expression of Bcl-2 and
upregulating the expression of caspase-3 and Bax proteins [58]. Recently, EGCG is
also used as a promising therapeutic option for the therapy of serious toxic side
effects including acute radiation-induced esophagitis caused due to the radio- and
chemoradiotherapy in EC patients. Patients from Shandong Cancer Hospital and
Institute in China were taken to conduct a phase II study for the validation of safety
and efficacy of EGCG used after the chemoradiotherapy in EC patients. They were
monitored for dysphagia, esophagitis-related pain, and radiation therapy oncology
group. The tumor response rate estimated was about 86.3% and overall survival rates
of the patients for the subsequent 3 years were 74.5%, 58%, and 40.5%. Thus, the
oral administration of EGCG might be feasible for the ARIE-suffering EC patients
who received radiation therapy [59]. However, further evaluation for the randomized
study is essential. Thus, future clinical applications are still vital for the use of EGCG
in the therapy of EC.

2.4 Curcumin

Curcuma longa, traditionally called as turmeric, is widely used for flavoring in
foods. The yellow color of Curcuma longa is due to the bioactive polyphenol
curcuminoids [60–63]. The three main curcuminoids extracted are
demethoxycurcumin, curcumin, and bisdemethoxycurcumin. The therapeutic activ-
ities of curcumin are known since ancient times and it is widely used against various
diseases including arthritis, diabetes, inflammation, and skin diseases. Besides this, it
is widely studied as an efficient chemotherapeutic and chemopreventive agent
against various cancers like ECs [64–66]. Curcumin is found to regulate various
signalling pathways that evidence its therapeutic potentiality for the therapy of many
diseases including cancer [67, 68]. Zang et al. [69] gave evidence that curcumin
inhibits the EC cell growth by downregulating the expression of glycolytic enzyme,
which is essential for the tumor cells that respond during metabolic stress. Moreover,
in general AMPK signalling pathway is activated during metabolic stress in order to
conserve energy and improve glucose uptake [70]. However, in tumorigenesis it acts
as a metabolic checkpoint and is highly activated under energy stress and high
AMP/ATP ratio, thus inhibiting cell proliferation [71, 72]. Here, they demonstrated
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that curcumin downregulated the expression of glycolytic enzymes via activating
AMPK signalling pathway and inhibiting Warburg effect as well. In another work Li
et al. [73] studied the molecular mechanism of curcumin against EC proliferation
inhibition. They determined that curcumin increases PTEN signalling pathways,
upregulates the expression of GSK3β and caspase-3, and inhibits the expression of
PI3K/AKT signalling pathway. Thus, curcumin promotes apoptosis and inhibits
proliferation of EC cells. As evidenced that EC is also characterized due to the
pro-inflammatory pathway activity, Chemnitzer et al. [74] performed in vitro cell
culture cell lines including normal squamous cells, dysplasia, Barrett’ s metaplasia,
and esophageal adenocarcinoma to investigate the progression of tumor of Barrett’ s
sequence from the usual squamous epithelial cells to esophageal adenocarcinoma.
They determined that TNF-α expression mediated the expression of IL-8 in a time-,
dose-, and stage-dependent manner. Moreover, TNF-α expression also induced the
expression of mesenchymal markers including vimentin and slug with decrease in
the expression of E-cadherin that significantly resulted in malignant behavior of
esophageal adenocarcinoma. Additionally, TNF-α was also found to activate PI3K/
AKT and NF-κB pathway inducing tumor growth and metastasis. The anti-
inflammatory compound curcumin efficiently represses the proliferation of tumor
cells and induces apoptosis in the esophageal adenocarcinoma cancer cell lines.
STAT3 signalling pathway is also found to promote various cancers. It is activated
by the action of cytokines including TNF-α, IL-6, and IL-10 that bind to their
respective receptors and activate JAK which sequentially phosphorylate STAT
eventually causing inflammation and carcinogenesis. In EC, STAT3 plays a crucial
role in developing progression as it is discovered as a DNA-binding protein and
controls its downstream targets including Bcl-xL, Bcl-2, CDKN1A, c-MYC, and
cyclins D1/D2 that are responsible for cell growth and survival. Curcumin was found
to inhibit JAK2 and further block phosphorylation of STAT3, which results in
promoting apoptosis and inhibiting progression and can be an effective target for
therapy to prevent cancer [75]. Later, Wang et al. [76] synthesized curcumin
analogues including 2-pyridyl cyclohexanone and determined the molecular mech-
anism played by it in the EC cell lines. They showed that the curcumin analogue
inhibits the activation of STAT3 and its binding activity on DNA for the expression
of Bcl-2 genes to inhibit progression and survival of EC cells. Moreover, the
bioavailability of the drug is always a hurdle for the therapy. Curcumin is hydro-
phobic in nature and is with poor bioavailability [77]. When compared, its metab-
olite tetrahydrocurcumin was found to show better bioavailability than curcumin and
has effective antitumor properties. Additionally, when used in combination with
5-FU, the tumor cell proliferation was inhibited efficiently when compared with
5-FU alone [78]. Recently prepared Theracurmin® is the preparation of curcumin
that possesses 30% of curcumin in it [79]. The bioavailability of curcumin in
Theracurmin® is remarkably improved that showed better antitumor effects when
compared with curcumin. Moreover, Theracurmin® induced ROS production along
with the activation of NRF2-NMRAL2P-NQO1 pathway that improved the cyto-
toxicity of curcumin, whereas the NQO1 inhibitor enhanced the antitumor efficacy
of Theracurmin®. Thus, it can be used in combinational therapy and combination of
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Theracurmin® and NQO1 inhibitor effectively suppressed EC cell progression
[80]. The development of nanotechnology is now encouraged to overcome the
limitations faced due to the low bioavailability of the drug. Hosseini et al. [81]
used SinaCurcumin®, a nano-micelle, to determine its efficacy against the EC cells.
It was compared with paclitaxel and carboplatin as reference drugs. They determined
that the novel nano-micelle showed efficient cytotoxicity with reduced IC50 concen-
tration and downregulated the expression of cyclin D1 which resulted in inhibiting
the proliferation of EC cells. Among the use of nanomedicine, use of magnetic
nanoparticle is widely emerged to enhance the drug delivery and bioavailability.
Martin et al. [82] prepared curcumin loaded into polymeric micelles together with
gold nanorods encapsulated together as PLGA-b-PEG copolymer in vitro and in vivo
to evaluate the drug delivery and systemic permeability against Berrett’s esophageal
cells and EC cells. The synthesized novel nano-system showed effectiveness in
delivery of drug and in eradicating premalignancy of esophageal adenocarcinoma.
Thus, these studies indicate that curcumin serves as a promising anticancer drug.
Moreover, the formulations of curcumin should be thoroughly tested for clinical
trials that would form the path for novel therapeutic options in improving the drug
delivery and bioavailability to treat EC cells.

3 Gastric Cancer

Gastric cancer (GC) is recorded as the deadly cancer worldwide especially in older
men. As estimated by the GLOBOCAN 2018, GC is the fifth most common and
third most deadly cancer with death rate recorded as 783,000 [83]. The high
incidence and mortality rate are due to the dietary habits and infection of
Helicobacter pylori. The major risk factors are inherited mutations in certain genes
(including GSTM1 or CDH1 gene, APC gene), gastric ulcers, gastroesophageal
reflux diseases, smoking, alcohol, chemical exposure, and obesity [83]. It is asymp-
tomatic, and can be diagnosed only in their advanced stages that show variation
geographically. The GC can be differentiated into two types in respect to their
anatomical location-gastric cardia cancer joining esophagus to the stomach and
non-cardia cancer also called distal stomach cancer that arises from the lower part
of stomach. The pathogenesis involved in the occurrence of GC is unclear and there
are multiple factors involved in altering the molecular mechanism including genet-
ical and environmental characteristics. The H. pylori is a serious environmental
factor determined and is classified as a class I carcinogen for the occurrence of
cancer. Moreover, the dysregulated pathways including Hippo, Notch, and
Wnt/β-catenin with the upregulation of EGF and NF-κB resulted in the progression
of GC.

5-FU is considered as the best adjuvant with better prognosis for GC therapy but
showed toxicity in the patient’s body. Ustaalioglu et al. [84] compared adjuvant
5-FU chemotherapy taken together with leucovorin (LV) and cisplatin with
capecitabine combined with radiotherapy; the patient however developed high
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toxicity in the body. In the targeted therapies, 5-FU and cisplatin are together used to
target HER-2-positive metastatic adenocarcinoma and recommended only under
overexpression of HER2 [85]. Oxaliplatin is a platinum analogue and
non-nephrotoxic, used in combination with capecitabine as XELOX in chemother-
apy against miR-17-92 which is associated with advanced GC [86]. It is also used
against targeted therapies against HER-2. Trastuzumab is a monoclonal antibody
used in combination with XELOX and is efficient in treating GC as proved in their
phase II clinical trials [87]. The efficacy and safety of oxaliplatin taken as SOX(with
S-1), combined with Endostar (recombinant human endostatin YH-16), are investi-
gated by Xu et al. against the advanced GC; however trails for the safety and efficacy
are still needed [88]. Gemcitabine is another chemo-drug used in combination with
other chemo-drugs. Gemcitabine is used along with cisplatin; Lange et al. reported
that this combination is effective in patients with advanced GC and showed man-
ageable toxicity that was even confirmed from the phase II trials [89]. Wang also
reported that gemcitabine inhibits the cell cycle phases, cell proliferation, and cell
apoptosis taken together with 5-FU [90]. MDR is however considered as the major
hurdle, where the GC cells get in-sensitized to multi-chemo-drugs. The use of
phytochemicals would reduce the cytotoxicity of the healthy cells, prevent serious
adverse reactions, and sensitize cancer cells to therapy. The clinical trials for
determining the efficacy of phytochemicals against gastric cancer are illustrated in
Table 1.1.

3.1 Curcumin

The mechanism and potential therapeutic efficiency of curcumin are investigated in
various cancers like GC cell lines in vitro and in vivo. It is even suggested that
curcumin inhibits the infection caused by H. pylori in mice reducing the growth of
tumor [91]. Curcumin was found to inhibit the expression of NF-κB and VEGF
signalling pathways along with the ability to form tube driven via HUVECs in GC
mesenchymal stem cells that showed a direct involvement of both the proteins in
angiogenesis [92]. MicroRNA-21 (miR-21) is onco-miRNA and is upregulated in
GC cells. It targets various genes responsible for tumorigenesis of cancer cells
including PTEN/PI3K/Akt pathways. Curcumin was found to inhibit these molec-
ular pathways, whereas PD98059, a potent inhibitor of MAPK, enhances apoptotic
efficacy of curcumin when used against GC cell lines [93]. Liu et al. [94] investi-
gated the molecular mechanism played by curcumin to inhibit proliferation, migra-
tion, invasion and induce apoptosis. They determined that the GC cell growth and
migration were significantly decreased by curcumin in a dose- and time-dependent
manner. It was found that curcumin upregulates the expression of E-cadherin and
Bax increasing the activity of caspase-3, -8, -9 and downregulates the expression of
N-cadherin, Bcl-2, Snail1, β-catenin, and Wnt3, thus inducing apoptosis and
inhibiting EMT pathway. Thus, this might offer potential therapeutic strategy for
the therapy of cancer. Curcumin, as a part of its anticancer properties, upregulates the
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expression of tumor-suppressor proteins p53 and p21. Additionally, it was also
evidenced that it downregulates the expression of PI3K, p-mTOR, and p-Akt.
Thus curcumin induces apoptosis and autophagy as well as inhibits proliferation in
GC cells [95]. The mitochondria also play a crucial role in cellular bioenergetics that
consists of mitochondrial respiration (OXPHOS) and glycolysis for the survival and
death of cells. The mitochondrial associated apoptosis is related with the disruption
of mitochondrial homeostasis that is carried by the mitochondrial DNA and its
encoded 13 proteins. In case of tumor cells the program switches off from the
OXPHOS to glycolysis to reach the demand for higher energies by the tumor cells
called as Warburg effect. Moreover, POLG is a DNA polymerase enzyme that
participates in the replication of mitochondrial DNA and repairing DNA which is
found overexpressed in GC cells. Wang et al. [96] suggested that curcumin inhibits
cellular bioenergetics as well as POLG that was accompanied by the decrease in
mitochondrial DNA. This resulted in the control of GC cell proliferation through the
regulation of mitochondrial respiration and aerobic glycolysis. The late-stage diag-
nosis of GC always resulted in poor prognosis and therapeutic outcome, which is
attributed to the dissemination of circulating tumor cells (CTCs) in the bloodstreams
that resulted in the distal tumor like liver metastasis [97–99]. The CTCs are found to
possess the receptor CXCR4 for the stromal cell-derived factor-1 that is highly
expressed in various cancers. It was also suggested that the signalling pathway of
CXCR4 plays a crucial role in tumor progression, angiogenesis, and metastasis. Gu
et al. [100] evidenced anti-CTC property of curcumin and showed that it reduces the
expression of CXCR4 in the extracted primary GC cells in vitro and in vivo through
the inhibition of CXCR4 signalling that significantly reduced circulating CTCs and
metastasis. The researchers have now started investigating on the derivatives of
curcumin as they increase the bioavailability when compared. As such, CL-6 is a
curcumin derivative that showed effective inhibition in proliferation, migration,
invasion and induced apoptosis. It was evaluated that it increased the levels of Bax
and reduced the expression of Bcl-2 with an increase in Bax/Bcl-2 ratio. Addition-
ally, it was determined that CL-6 derivative was found to activate Hippo-YAP
signalling pathway, with the increase in phosphorylated YAP protein and LATS
expression [101]. Similarly, another analogue CH-5 induces apoptosis and decreases
cell viability through the downregulation of MMP-2 expression that plays a key role
in migration and metastasis [102]. Curcuminoid WZ35 potentiates the therapeutic
efficacy of cisplatin by inhibiting the expression of TrxR1 that is overexpressed and
associated with tumor progression in GC. The inhibition resulted in production of
ROS and activation of p38 and JNK signalling pathway that significantly induced
apoptosis and suppressed tumor growth [103]. Recent advancement in research
developed curcumin-encapsulated chitosan nanoparticles along with photodynamic
therapy against overexpressed EGFR cells. The photodynamic therapy involves the
combinations of photosensitizers and produces ROS to harm the tumor cells. The
results showed low IC50 value and increased production of ROS [104]. Taken
together, curcumin and its derivatives can be a promising therapeutic strategy;
however still more nano-formulations should be worked on to improve the bioavail-
ability of curcumin.
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3.2 Resveratrol

Resveratrol, a non-flavonoid polyphenol, has pharmacological properties including
antioxidative, antitumor, and anti-mutation characteristics. H. pylori that induces
oxidative stress and plays a crucial role in developing inflammation is a major risk
factor for the cause of GC. Resveratrol was proposed to inhibit H. pylori-induced
inflammation and its underlying mechanisms. It was further determined that this
phytochemical downregulates the H. pylori-induced transcription and protein
expression of IL-8 and iNOS as evidenced from their decreased levels of lipid
peroxide and myeloperoxidase activity with improved histological infiltration in
the gastric mucosa. Additionally, resveratrol also inhibits the phosphorylation of
IkBα and inhibits NF-κB with the activation of Nrf2 pathway [105]. It inhibits cell
cycle progression and induces cell cycle arrest at G0/G1 and apoptosis via
suppressing the activity of kinase C. Moreover, cyclin D1 is repeatedly regulated
by phosphor-glycogen synthase kinase 3B (p-GSK3B), a protein regulated by PI3K/
Akt signalling pathway that plays a crucial role in the progression of tumor. PTEN, a
tumor suppressor, downregulates the expression of PI3K/Akt to inhibit tumor. When
exposed to resveratrol, cell proliferation was decreased with the increase in apopto-
sis. The PTEN phosphorylation is decreased significantly, resulting in negatively
controlling PI3K/Akt signalling pathways by resveratrol. This further targeted the
dephosphorylation of GSK3β and cyclin D1 degradation and thus promoted cell
cycle arrest and apoptosis [106]. Furthermore, cyclin D1 and c-myc are considered
as the target in Wnt/β-catenin signalling pathway. The β-catenin is tumorigenic and
is important for promoting cell adhesions. The presence of β-catenin in nucleus will
reduce the adherence of cells [107] . Moreover, the overexpression of cyclin D1,
β-catenin, and c-myc is always associated with tumor progression via activation of
Wnt signalling pathway. It was found that resveratrol inhibits the expression of these
three cyclin D1, β-catenin, and c-myc at the mRNA and protein levels. Thus
resveratrol inhibits proliferation in GC cells via inhibiting the Wnt signalling
pathway [108]. IL-6, a multifunctional cytokine, is oncogenic and protects the
cells from apoptosis and promotes Akt and NF-κB signalling pathways. Yang
et al. [109] found that IL-6 serum level increased in the GC lines and it increases
the activation of Ras-MAPK pathway promoting invasion. They also suggested that
resveratrol blocks IL-6 to inhibit invasion via blocking these pathways. Metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) is potentially taken as a
biomarker for GC and is found to undergo EMT in various cancer types. This could
induce migration and invasion as demonstrated from the comparison done with the
knockdown MALAT1 mice. Resveratrol was found to decrease the expression of
MALAT1 in a time- and dose-dependent manner mediated by EMT in GC cells
[110]. Additionally, resveratrol was also found to inhibit metastasis by inhibiting
hedgehog signalling pathways [111]. Furthermore, it was also found to induce
apoptosis through the activation of mitochondrial pathway. The PARP cleavage
with the increase in the expression of caspase-3 was found with the downregulation
of pro-caspase-9 and release of cytochrome c into the cytosol from mitochondria
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when exposed to resveratrol. Additionally, Bax/Bcl-2 ratio was found increased in
the treated GC cells [112]. Wu et al. [113] investigated the effect of resveratrol on the
progression and apoptosis of GC cells. They found that as mentioned earlier
resveratrol upregulates the expression of Bax, cleaves caspase-3 and caspase-8,
and downregulates the expression of Bcl-2 in a dose-dependent manner. Addition-
ally, it also inhibits the activation of NF-κB (p65) and significantly induces apopto-
sis. Supplementing with other phytochemicals, resveratrol was combined together
with curcumin to inhibit progression more efficiently that significantly upregulated
the expression of p53 and modulated p53 posttranslational modification in GC
[114]. Resveratrol was also found to reverse the resistance against various drugs
including doxorubicin. The combinational treatment of resveratrol and doxorubicin
modulated PTEN/Akt pathways and achieved EMT reversion, where only with
doxorubicin GC cells showed EMT with Akt activation via the activation of
PTEN [115]. In general the MDR is associated with the overexpression of ATP-
binding cassette subfamily B member 1 (ABCB) that encodes P-gp and contributes
to the efflux of drugs out of the cells [116–121]. In addition to this there are other
typical mechanisms involved whose overexpression in annexin A1 (ANXA1) and
thioredoxin (TXN) proteins also involved in developing MDR via reverse binding of
Ca2+ ion and phospholipids present in the plasma membrane [122]. Mieszala et al.
[123] experimented on the gastric cell lines that are resistant against daunorubicin
and mitoxantrone compared with their controls. They determined the cellular levels
of P-gp, TXN, and ANXA1 after treatment with the combination of these chemo-
drugs with resveratrol and only with the chemo-drugs. Resveratrol showed a signif-
icant influence on the expression of the MDR proteins at their mRNA and protein
level. Despite many positive features of resveratrol, the hydrophobicity nature of
resveratrol makes it unsuitable for in vivo administration. The present nanotechnol-
ogy is now highly encouraged to encapsulate resveratrol and enhance its stability.
Hu et al. [124] combined resveratrol along with anti-miR21 loaded into mesoporous
silica nanoparticles that is conjugated with hyaluronic acid. miR-21 is oncogenic that
induces MDR and is found upregulated in various cancers like GC. They performed
TUNEL staining and determined that the percentage of TUNEL-positive cells is
significantly high with increased apoptotic cells in the designed nanoparticle when
compared to the free resveratrol. This represents that combinational inhibitors along
with resveratrol with a triggered nanocarrier would be a promising therapeutic
strategy for GC therapy. Future clinical trials are still essential for determining the
efficacy of the so developed formulations.

3.3 Genistein

Genistein is an isoflavone present in soybeans; it is antioxidant and is focused for its
anti-cancerous properties against various cancers like GC [125–127]. The previous
studies evidenced its efficiency in altering the genes that are involved in regulating
cell cycle [128, 129]. It suppresses the activation of Akt signalling pathways that
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play a crucial role in cell proliferation and survival. It also induces the expression of
tumor-suppressor genes by the activation of PTEN pathway [130–133]. It was later
suggested by Liu et al. [134] that genistein induces cell cycle arrest at G2/M phase
via decrease in the expression of phosphor-Wee1 (Ser642) and increase in the
expression of phosphor-cdc2 (Thr15) through the inactivation of Akt. Isoflavone
(genistein) and lignans (enterolactone) are the two main classes of phytoestrogens.
Moreover, phytoestrogen has the property to mimic and modulate the action of
endogenous estrogens binding to their receptors [135, 136]. Moreover,
phytoestrogens are also found to inhibit the H. pylori-induced GC progression by
deactivating Akt and NF-κB pathway, thus reducing the risk for the cause of cancer
[137]. Similarly, the gene-environment interactions demonstrated that FAS and
MAP3K1 genes interact with enterolactone; these genes play a key role in activating
Akt/NF-κB pathway. This reduces the risk for GC cause [138]. Prostaglandin
endoperoxide synthase 2 is a human gene that encodes COX-2 and have binding
sites for NF-κB at its promoter region. Therefore, NF-κB upregulation is always
associated with the expression of COX-2 [139]. As discussed, genistein was found to
inhibit the activation of NF-κB; however the effect of genistein on COX-2 is
unknown. Li et al. [140] determined that genistein inactivates NF-κB signalling
pathway in a dose- and time-dependent manner that even resulted in decreased levels
of COX-2 expression in GC. Thus, the suppression of COX-2 would be an efficient
step of genistein in showing the antiproliferative effect mediated via NF-κB. The
hedgehog signalling pathway along with its activator Gli1 is oncogenic and induces
cancer stemness. This pathway results in the upregulation of CD44, surface markers
for cancer stem cells. Genistein was found to inhibit the expression of Gli1 gene via
deactivating hedgehog signalling pathway, with the reduction of Gli1 and CD44
mRNA and protein level [141]. Additionally, ornithine decarboxylase (ODC) poly-
amine pathway that elevates polyamine is associated with GC that controls chronic
inflammation and determines H. pylori infection and innate immunity of the host
with DNA damage. Cho et al. [142] initially determined genes that encode ODC
pathway including ODC1, OAZ2, NQO1, NOS2A, and AMD1 responsible for the
risk of GC. They have taken 76 GC cases within the Korean Multi-center Cancer
Cohort and a total of 30 single-nucleotide polymorphs; these 5 genes were deter-
mined. Their pooled analysis showed NQO1 rs1800566 to be the most significant for
the cause of GC; the other AMC1 rs1279599, OAZ2 rs7403751, and AMD1
rs7768897 showed significant interaction with genistein and altered the development
of GC; and reduced polyamine synthesis was determined. Cancer cachexia is a
metabolic syndrome, associated with underlying illness and loss of fat mass and
musculature [143, 144]. Isoflavone treatment of the cachexia induced GC cell line,
attenuated cachexia, and improved the survival reducing proliferation of tumor cells,
whereas discontinuation of isoflavone resulted in weight loss and tumor growth. It
was determined that isoflavone in the sequence AglyMax>daidzein>genistein
showed inhibitory effect against GC cells [145]. Furthermore, genistein is also
suggested to reverse the resistance properties against 5-FU and cisplatin. It inhibits
the expression of ABCG2 and ERK1/2 activity reducing the chemoresistance and
GC stem cell-like properties [146]. Among other resistance-developed protein,
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kinesin superfamily (KIF) protein is found to induce mitotic spindle formation and
chromosome partitioning [147]. Furthermore, the high levels of KIF20A were
associated with the progression in GC and correlated with the poor prognosis of
patients. Genistein was found to inhibit the expression of KIF20A as well as enhance
antitumor property of 5-FU and cisplatin [148]. The analogue of genistein,
7-difluoromethoxyl-5,40-di-n-octyl genistein, is more efficient than genistein. The
novel synthetic analogue inhibits the cancer cell stemness in GC reversing EMT. The
inhibition of self-renewal and migration was accompanied with the downregulation
of FoxM1 expression and EMT-related protein (Twist1). FoxM1 is associated with
cell cycle progression and its progression resulted in poor progression. Additionally,
genistein was also found to inhibit the expression of CSC markers CD133, ALDH1,
and CD44 along with the expression of N-cadherin and upregulation of E-cadherin
[149]. With the advancements in the nanotechnology and improvising of the com-
binational therapy to make the therapeutic strategies more efficient and effective
genistein is combined with curcumin encapsulated with nanostructure lipid carriers
against inhibition of prostate cancer cells. The stability of both the phytochemicals is
enhanced and they are with no adverse reactions [150]. However, there are as such
no nano-formulations designed for the therapy of GC. Therefore, further investiga-
tions are still essential to improvise the therapeutic strategies using these conven-
tional agents for the therapy of human malignancies.

4 Colorectal Cancer

Colorectal cancer (CRC) is the third most common cancer diagnosed in both men
and women in the USA. As estimated from the American Cancer Society, for the
year 2020, the newly diagnosed cases for colon cancer are 104,610 and for rectal
cancer are 43,340. The expected deaths during 2020 would be 53,200. The risk
factors associated with the occurrence of CRC are modifiable factors that include
physical inactiveness, obesity, smoking, taking alcohol, and consuming food rich in
red meat, whereas the non-modifiable factors include intestinal bowel disease and
being elderly. Despite these factors, the foodborne mutagens cause mutations and
epigenetic alterations. Moreover, the chronic inflammation caused by the bacteria
H. pylori are associated with 20% of CRC occurrence [151]. CRC is a multifactorial
disease initiated as tubulovillous (premalignant neoplasm) and later progressed into
invasive adenocarcinoma. The anatomical polyps developed in the lining of epithe-
lium are detected as dysplastic aberrant crypt foci (ACF) that are hyperplastic polyps
and benign in nature. These however further induce mutation in the tumor-
suppressor genes including adenomatous polyposis coli (APC) gene that becomes
oncogenic causing dysfunction in KRAS gene leading to proliferation and survival
of tumor cells. Additionally, Wnt signalling pathway is the primary cause for CRC
that has β-catenin as its key regulator. The Wnt signalling pathway functions by
suppressing the destruction complex that constitutes β-catenin along with APC, axin,
and glycogen synthase kinase-3β. This results in the accumulation of β-catenin and
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as it is prevented from degrading it gets further translocated into nucleus and binds
with T-cell factor/lymphoid enhancer factor family molecules promoting the expres-
sion of c-myc and cyclin-D1 involved in cell proliferation. The Wnt signalling is
potentiated in another way via the risk factor obesity. This promote the
overactivation of PI3K/Akt and MAPK signalling pathway inducing their down-
stream proteins including mTOR. The activating mutations in KRAS resulted in
30–50% of CRC occurrence that drives tumorigenesis [152]. Moreover, BRAF
and KRAS signalling pathways are associated with tumorigenesis, whose 90% of
activating mutation causes CRC is due to the alteration in the nucleotide 1799 of
exon 15 [153]. Thus, both KRAS and BRAF can be taken as targets for the therapy
of cancer.

The adjuvant therapies include use of various drugs like 5-FU are often given
along with folinic acid, capecitabine (Xeloda®), irinotecan (Campto®), oxaliplatin
(Eloxatin®), trifluridine and tipiracil (Lonsurf®); additionally there are drugs used as
combinational drugs including FOLFOX (folinic acid, 5-FU, and oxaliplatin),
FOLFIRI (folinic acid, 5-FU, and irinotecan), and CAPOX (capecitabine and
oxaliplatin). Earlier 5-FU and folinic acid were recommended to be given intrave-
nously after surgery for 6 months and at present capecitabine and oxaliplatin are
recommended for stage III after surgery by National Institute for Health and Clinical
Excellence [154]. Capecitabine is given as a precursor for improvising the cytotoxic
moiety of 5-FU and the platinum-based oxaliplatin is another drug used along with
5-FU that prevents DNA replication [154]. Use of these chemo-drugs taken individ-
ually or in combination is effective to some extent and these are with serious adverse
reactions and toxicity. For instance, celecoxib, a COX-2 inhibitor found effective for
preventing FAP, however it develop serious cardiovascular adverse side effects
[155]. Additionally, the use of chemo-drugs develops MDR in cells. miR-106a-5p,
a typical oncogene, is found overexpressed in various cancers like CRC. The CRC
cell lines are found to develop resistance against 5-FU. Additionally, it also
downregulates the expression of TGFβR2 [156]. Similarly, there are other ABC
transporter proteins that also develop resistance and promote drug efflux
[157]. Thus, phytochemicals have the capacity to reduce toxicity and are antitumor
in nature that sensitize the tumor cells during the therapy. Moreover, having a
healthy diet filled with vegetables and fruits keeps intestinal related cancers like
CRC away, as they are the source for phytochemicals [158–161]. The current
clinical trials performed for CRC therapy with the phytochemicals are illustrated
in Table 1.1.

4.1 Resveratrol

The phytoalexin compound is anti-cancerous; as evidenced from various in vitro
studies it is an efficient anti-CRC that inhibits initiation and proliferation of tumor.
For instance, the inflammatory response is reduced by resveratrol via reducing NO
levels along with the inhibition of IkB complex phosphorylation and NF-κB
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activation [162]. When compared with 5-aminosalicylic acid, resveratrol taken
20 times lower concentration is efficient in significantly decreasing the production
of NO and expression of PGE2, iNOS, and COX-2. Similarly, Gong et al. [163] also
showed that resveratrol inhibits the progression of CRC through the inhibition of
COX-2. It is also found to promote AMPK signalling pathway with the inhibition of
MAPK and PI3K/Akt signalling pathways [164]. Li et al. [165] demonstrated that
resveratrol inhibits Akt and its signalling downstream targets together with STAT3
that had Akt as an upstream regulator of STAT3. Their computational docking
results gave evidences that resveratrol docks with Akt1 and Akt2 at their
ATP-binding pockets; moreover silencing of Akt 1/2 induced cell cycle arrest at
G1 phase and promoted apoptosis. Thus, resveratrol shows its anti-cancerous effect
through the suppression of Akt/STAT3 signalling pathways. Bone morphogenetic
proteins (BMPs) are a subgroup of TGF-β superfamily involved in the development
of embryo, growth, differentiation, and apoptosis. However, the aberrantly acting
BMPs sometimes behave as promoter as well as inhibitor in various cancers. In
CRC, BMP7 is associated with the anticancer activity, where resveratrol upregulates
it to suppress the phosphorylation of PTEN to inactivate PI3K/Akt signalling
pathway [166]. Lao et al. [167] also showed that resveratrol promotes the expression
of PTEN, p53, and caspase-3 to promote inhibition and induce apoptosis. As
evidenced from previous reports the upregulated PTEN always targets Akt signalling
pathway to inactivate it. The epigenetic modification of p53 causes posttranslational
modifications leading to its inactivation. SET7/9 domain on the other side has lysine
methyltransferase that transfers methyl group to the target site of lysine residue of
proteins like p53. Resveratrol was found to upregulate the expression of this SET7/9
in the treated CRC cell lines leading to the methylation of p53 at its K372 residue.
This resulted in improving the stability of p53 and inducing apoptosis with the
upregulation of PARP cleavage and caspase-3 [168]. mMiR-200c plays an essential
role as a tumor suppressor, inhibiting EMT. Moreover, resveratrol was found to
upregulate the expression of miR-200c in CRC-treated cells, resulting in inducing of
apoptosis and inhibiting of invasion and migration via switching of EMT to MET
[169]. The resveratrol analogue is now found to be efficient enough against
the tumor growth of CRC. HS-1793, a synthetic analogue, is found to inhibit the
tumor growth and induce apoptosis via the activation of caspase 3, PARP cleavage,
and altering of Bax/Bcl-2 ratio in a dose- and time-dependent manner when com-
pared with resveratrol. It suppressed PI3K/Akt activation and enhanced the
antitumor activity [170]. Similarly, another analogue of resveratrol, (E)-N-
(2-(4-methoxystyryl) phenyl) furan-2-carboxamide (CS), showed similar cytotoxic-
ity; however the cells showed sensitivity only 72 h posttreatment. This analogue
enhanced the cytotoxicity via promoting the apoptotic protein activation including
FADD, caspase-8, caspase-9, caspase-3, and PARP cleavage. This also resulted in
the upregulation of tumor-suppressor proteins p53 and p21 [171]. Storniolo et al.
[172] determined that the antioxidant activity of hydroxy analogue of resveratrol is
due to the two benzene rings in the stilbene structure bonded together by central
ethylene that is responsible for the inhibition of CRC cell growth, DNA synthesis,
and inducing of cell cycle arrest. Resveratrol was also investigated to inhibit the
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expression of protein involved in developing MDR including MDR1, BRCP, and
MRP1, and metabolic enzymes including GST and CYP3A4. Thus, resveratrol
mediates the inhibition of ABC transporters, resulting in the decrease of overall
efflux of drug and promoting apoptosis [173]. TNF-β, an inflammatory cytokine,
shows pro-carcinogenic effects as well as promotes resistance in CRC cells. Res-
veratrol was determined to chemosensitize TNF-β to 5-FU. Furthermore, resveratrol
also suppressed the formation of cancer stem cell markers including CD133, CD44,
and ALDH1 that are induced by TNF-β. This was further accompanied by promoting
apoptosis with the increase in the expression of caspase-3 and inhibiting the activity
of MMP-9, NF-κB, and CXCR4 that are activated by TNF-β [174]. Therefore,
resveratrol can be used in combinational therapies, combining it with chemo-drugs
to prevent the obstacle of developing resistance and toxicity. For instance, resvera-
trol combined with 5-FU enhanced the anti-telomerase activity in CRC cell lines.
The anticancer property potentiated with the inhibition in STAT3 and Akt signalling
pathway. The STAT3 phosphorylation is inhibited by the binding of resveratrol to
the promoter region of human telomerase reverse transcriptase (hTERT). The
molecular mechanism as such in the combinational therapy is like resveratrol
inducing cell cycle arrest at S-phase potentiated with apoptosis when treated with
5-FU [175]. Furthermore, resveratrol was also used in combination with other
phytochemicals in order to enhance the cytotoxicity of the phytochemical drugs
against CRC cells. Resveratrol was combined with curcumin for the first time by
Gavrilas et al. [176]. Their data revealed that both the phytochemicals showed their
inhibitory effect on multiple genes by modulating apoptotic related genes including
FAS, CASP3, BID, CASP7, ZMAT3, and PMAIP1. The results obtained were more
efficient when cancer cells were treated with combinatorial approach than as single
treatment. In order to potentiate the therapeutic efficiency, improve the stability and
bioavailability of the drug, researchers used nanotechnology to design nanoparticles
encapsulated with these phytochemicals. More recently, the methylated derivative of
resveratrol 3,5,40-trimethoxy-trans-stilbene is loaded into PEG-PE micelles against
CRC cells. This resulted in enhanced pharmacokinetic and pharmacodynamic
potentialities with prolonged half-life and improved bioavailability [177]. Thus,
considering these beneficial prospects in regard to combinational therapy and nano-
technology, future studies are still essential to address the pharmacological benefits
and improvise the therapeutic strategies for the beneficiary of patients.

4.2 Curcumin

The hydrophobic polyphenol curcumin has the potentiality in inhibiting inflamma-
tion and progression of tumor cells [178]. The previous in vitro studies determine the
antitumor efficacy of curcumin against CRC. Certainly, an oral intake of curcumin
(4 g for 30 days) would decrease the ACF formed in colon for the prevention of
CRC. The molecular mechanisms of curcumin involved in inhibiting the tumor
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progression target various signalling pathways including EGFR [179, 180], MAPK
[181], AMP-COX-2 [182], and Wnt/β-catenin [183]. Furthermore, curcumin was
found to modulate the expression of NBR2/AMPK/mTOR pathways. NBR2 is a
noncoding sequence existing beside BRCA1, a tumor-suppressor gene. It was also
determined that NBR2 was found to interact with AMPK and activate it whereas the
deficiency of NBR2 reduces the glucose starvation [184]. Curcumin was found to
significantly reduce the progression via regulating NBR2 levels and activating
AMPK signalling. Moreover, the downstream mTOR is also downregulated by
curcumin [185]. DJ-1, also called as Parkinson gene, activates PI3K/Akt signalling
pathway via negatively controlling the activation of PTEN [186]. Thus, the expres-
sion of DJ-1 in CRC contributes cell proliferation and inhibition in apoptosis.
Curcumin inhibits the expression of DJ-1 activating PTEN, thereby inhibiting
PI3K/Akt signalling pathway and regulating progression of tumor cells
[187]. YAP is another oncogenic protein that can be taken as a marker for CRC
occurrence. The overexpression of YAP promotes cell proliferation and suppresses
apoptosis causing loss of cell adhesion and malignancy. Curcumin inhibits YAP
expression and activates autophagy pathway in CRC cells [188]. Additionally,
curcumin also decreases the expression of IGF-1 receptors and insulin along with
MYC expression. This resulted in inhibition of proliferation and movement of
chemoresistant CRC cells [189]. Curcumin also plays a crucial role in sensitizing
tumor cells to chemo-drug for the therapy of CRC. Curcumin along with 5-FU forms
an effective treatment against chemoresistant CRC cells via the inhibition of NF-κB/
PI3K/Src pathway and NF-κB-regulated gene products [190]. Cis-platinum com-
bined with curcumin significantly induced apoptosis in CRC cell lines in a dose-
dependent manner. They promoted the expression of Bax and downregulated Bcl-3.
Additionally, NICD1 (Notch 1 intracellular domain) and Hes-1 (hairy and enhancer
of split 1) expression was also significantly decreased with this combinational drug
[191]. The analogues of curcumin are developed in order to enhance the efficacy of
curcumin. Hexahydrocurcumin, IND-4, FLLL, C-5 curcumin analogue, 1-aroyl-3,5-
bis (benzylidene)-4-piperidone, GO-Y030, C086, dehydrozingerone, dimeric
3,5-bis(arylidene)-4-piperidones, difluorinated curcumin, and curcumin diethyl
disuccinate are few analogues synthesized for curcumin, which showed to be
effective than parent curcumin against CRC cells [192]. Recently, a nitrogen-
containing curcumin analogue, called as compound 19, was found to show inhibition
against CRC epithelial cells. They exert anti-inflammatory nature by downregulating
NF-κB, STAT3 activation, and induced cell cycle arrest at G1 phase. Moreover, the
markers of CSCs including CD51 and CD133 are found reduced along with reduced
STAT3 activity by binding at the hTERT promoter region. Additionally, they also
inhibit the activation of CSC population including CD44, ALDHA1, and Oct-4.
Thus, these analogues are more efficient to inhibit proliferation and metastasis and
induce apoptosis in CRC cells [193]. Furthermore, with the bioavailability and
stability of curcumin to be more effective against CRC therapy, researchers devel-
oped nanoparticles for the delivery of curcumin. Sabra et al. [194] developed
cetuximab-conjugated altered citrus pectin-chitosan nanoparticle for the target deliv-
ery of curcumin to CRC cells. When compared, the delivery of curcumin enhanced
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the internalization and significantly reduced CRC cell proliferation. The cell cycle
analysis also revealed that the nanoparticle efficiently induced cell cycle arrest at
G2/M phase. Thus, the above data reflects novel and promising therapeutic strategies
for CRC therapy. However, clinical and pharmacological evidences are still essential
for determining efficacy of the drug.

4.3 Genistein

Genistein, the active ingredient of soy isoflavone, is a potent chemoprevention agent
with various biological activities including antitumor, anti-cancerous, and
antibacterial. Moreover, it is found to promote inhibition in various colon cancer
cells via regulating various signalling pathways involved in progression. For
instance, it was found to suppress the EGF-induced proliferation in colon cancer
cells via the activation of FOXO3 and downregulation of PI3K/Akt pathway
[195]. Furthermore, it was also suggested to induce apoptosis in CRC cell lines
via reversing EMT and inhibiting Notch signalling pathway. This promoted the
expression of E-cadherin and downregulated the expression of N-cadherin with the
control of EMT markers including TWIST1, ZEB1, ZEB2, Snail1, Snail2/slug, and
FOXC2. The apoptotic protein ratio of Bcl-2/Bax and caspase was promoted. Thus,
the Notch-1 inactivation significantly downregulated the expression of NF-κB also
[196]. This potentiated genistein as an antitumor agent. Lou et al. [197] also
determined that genistein controls the expression of NF-κB in CRC cell lines in
order to induce apoptosis by upregulating the expression of Bax and downregulating
Bcl-2 in CRC cell lines, as NF-κB signalling pathway actively regulates the expres-
sion of genes responsible for survival. As suggested from the previous studies,
activation of Akt was determined from CRC cell lines and the phosphorylated
form of Akt is taken as the prognosis marker. Akt pathway plays a crucial role in
preventing the cell cycle progression via inhibiting the degradation of cyclin D1 and
promoting the expression of p21 and p27. Genistein was found to inhibit CRC cell
proliferation via inhibiting the phosphorylation of Akt as well as inducing mito-
chondrial signalling cascades for apoptosis [198]. The activation of Akt pathway
stimulates many substrates like mTOR and GSK3. Similarly, SGK1, a protein from
AGC family of serine/threonine kinase, shares maximum similarity in amino acid
sequence with the other members of signalling pathway including Akt and PKA.
Moreover, the activation of SGK1 and PI3K/Akt pathway is associated with CRC
progression and genistein was suggested to downregulate the expression of Akt and
SGK1 and suppress Akt phosphorylation [199]. Furthermore, miR-95 was found to
be upregulated in CRC cells that contributes to poor prognosis. Genistein was found
to significantly decrease the expression of miR-95 in CRC cell lines [199]. This
represents the protective ability of genistein in CRC. Zhang et al. [200] also found
that genistein when taken in higher doses induces damage to DNA and blocks cell
cycle causing cell cycle arrest at G2/M phase mediated by the upregulation of
p53/p21 and GADD45α together with the downregulation of cdc2 and cdc25A.
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Additionally it was also found to initiate programmed cell death. It attenuates the
accumulation of β-catenin in nucleus and Wnt-related genes via inactivating
Wnt/β-catenin signalling pathway to decrease ACF of colon, thus controlling the
risk factors for the cause of CRC [201]. The epigenetic modification causing DNA
methylation of CpG island also suppresses the activity of certain tumor-suppressor
genes, such as Wnt inhibitory factor 1 (WIF1) whose methylation causes migration
and invasion of CRC cells. Genistein was found to demethylate WIF1 in a dose-
dependent manner. Additionally, it also controls the expression of certain proteins
via downregulating MMP1 and MMP9 and upregulating metalloproteinase inhibitor
1 and E-cadherin significantly to induce apoptosis and prevent invasion [202]. Fur-
thermore, including genistein in daily diet would potentiate the antioxidant activity
and antitumor efficacy. It is also used in combinational therapy, combined with other
chemo-drugs and phytochemicals. Pintova et al. [203] performed clinical trial for
assessing the safety and tolerability when genistein is taken together with FOLFOX
or FOLFOX-bevacizumab. The results suggested better efficacy when taken together
and that they are without chemotherapy-related adverse events. However, further
verifications through larger clinical trials are warranted. Moreover, there are deriv-
atives of genistein developed against CRC cells. They are found to be more effective
than the usual parent genistein. ME-143 alone or taken together with 5-FU and
oxaliplatin showed similar results via inhibiting Wnt/β-catenin signalling pathway to
inhibit the progression of CRC cells [204]. Similarly, Gen-27, another derivative of
genistein, was found to prevent colitis-associated CRC (CAC) mediated via
p65-CDX2-β-catenin. Where p65 was prevented from binding with the CDX2 at
its silencer region and promoting its binding at the promoter region of APC and
AXIN2 to inhibit the activation of β-catenin and TNF-α. This reflects the antitumor
property of the derivative [205]. However, hydrophobicity remains as the common
hurdle for the phytochemicals, and the usage of genistein as an anticancer material is
also limited. This limitation can be overcome with the novel nano-formulations to
improve the stability of genistein. For instance, hybrid nanomaterial was prepared by
incorporating genistein into PEG silica nanoparticles. The physiochemical and
biological properties of the nanohybrid were evaluated; the results suggested effi-
cient antioxidant and antiproliferative properties when compared with normal genis-
tein against CRC cells [206]. Further, potentiating therapeutic strategies are still to
be concentrated to develop more novel techniques to develop the nanohybrid
materials and future testing for their efficacy is also warranted.

5 Conclusion

Gastrointestinal cancers including esophagus, gastric, and CRC are especially asso-
ciated with the Western lifestyle factors, most importantly the diet taken. Moreover,
the prognosis of advanced gastrointestinal cancer remains poor; therefore safe and
effective adjuvant therapy options are required. Despite the usage of regular admin-
istration of chemopreventive drugs, the cancer is not completely cured. Identifying
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valuable early markers of gastric intestinal cancer is extremely important for the
diagnosis of cancer. This use of natural phytochemicals including EGCG, genistein,
isothiocyanates, resveratrol, and curcumin is now worked by the researchers due to
their antitumor, antioxidative, and antiproliferative properties. They participate
actively in inactivating various signalling pathways involved in proliferation, inva-
sion, and migration. Moreover, most of the tumor cases can be reduced or prevented
altering the lifestyle. Including the fruits and vegetables in daily diet that possess lot
of phytochemicals would be very effective in preventing cancer. Encouraging
certain therapeutic strategies including molecular target and multi-targeted preven-
tion of cancer in near future is highly advantageous. Nevertheless, the limitations in
using phytochemicals are still not answered properly. Bioavailability of the phyto-
chemicals is the common limitation determined since early days. There are lot of
derivatives of phytochemicals synthesized till now and are found to be effective than
the parent form. However, further clinical trials are still to be conducted to determine
the safety and efficacy of the phytochemical drug used against cancer. The phyto-
chemicals are used in combinational therapies to enhance the therapeutic efficacy of
the chemo- and radiation drug to sensitize the tumor cells against these drugs; they
are found effective in vitro and in vivo. Therefore, further clinical trials are still
warranted to determine the safety and efficacy of the drug. More recently, the
development of nano-chemoprevention is proposed to enhance the efficacy of the
dietary phytochemicals in cancer prevention. Thus, taken together this reflects that
the use of novel nanotechniques, molecular target therapies, and custom-tailored
therapy regimens leads to efficient therapeutic management strategies for the better
clinical outcome and for the beneficiary of patients suffering from cancers like
gastrointestinal cancer diseases.
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Chapter 2
Role of Phytochemicals on Growth
and Metastasis of GI Cancer

Krishnamurthy Nakuluri and Gowru Srivani

Abstract Cancer metastasis is a multistage phenomenon, which can be prevented
by the administration of various phytochemicals. Phytochemicals inhibit or prevent
cancer initiation, promotion, progression, as well as metastasis by employing anti-
oxidant, anti-inflammatory effects mediated via NF-kκB, Nrf2, and AP-1 signaling.
Besides, phytochemicals also mediate apoptosis in tumor cells and inhibition of
cancer growth. The dietary phytochemicals are abundant in fruits and vegetables that
appear to be consisting of beneficial effects against cancer metastasis and induce
apoptosis and arrest cell growth by multiple mechanisms.

Keywords Phytochemicals · Gastrointestinal cancer · Metastasis · Epithelial-
mesenchymal transition
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MAPK Mitogen-activated protein kinase
MET Mesenchymal growth factor
MMP9 Matrix metalloproteinase
NF-ҡB Nuclear factor kappa-B
PDGF Platelet-derived growth factor
ROS Reactive oxygen species
TGF-β Transforming growth factor-β

1 Introduction

Cancer is an abnormal or uncontrolled cell growth in the body, which can invade
other body tissues through metastasis. Cancer metastasis is a multistep phenomenon
that begins with initiation succeeded by promotion as well as progression. Cancer
initiation, promotion, and progression comprise a sequence of epigenetic as well as
genetic modifications influencing oncogenes as well as tumor-suppressor genes.
Kusama suggested the notion of “chronology of cancer” to relate the character of
cancers through the amplitude of time [1]. Previous reports with the evidence of the
numerous processes that take place in cancer patients over time disclose aspects of
cancer, going from cancer pathogenesis to spreading, progression, and metastasis.
The most potent causative agents of cancer are tobacco smoke, which contains
mutagens, such as benzopyrene and dimethyl nitrosamine. The most familiar gas-
trointestinal cancer associated with tobacco smoking is esophageal cancer. The
principal reason to spread cancer to other body parts is its metastasis characteristics,
by which cancer cells pass through locally by migrating into neighboring normal
tissue. Various types of tumor cells can invade distant parts of the body, to lymph
nodes, tissues, or organs, which is called metastatic cancer or stage IV cancer. The
cancer cells could circulate into blood, lymphatic, or beyond body cavities, to
generate secondary tumors. Nevertheless, not all cancers are metastatic, and yet in
metastatic cancer, not all cells within it are accomplished of metastasizing [2]. Met-
astatic cancer cells comprise several specialized features: they go through an epi-
thelial-mesenchymal transition (EMT) and become invasive, resistant to
programmed cell death and anoikis, and gain the ability to spread and colonize
secondary sites [3]. The “seed-and-soil” hypothesis is suggested by Stephen Paget,
since metastasis relies on the connection between the selected cancer cells (seeds)
and the microenvironment (soil) [4]. This concept illustrates various steps of cancer
metastasis: acquiring of invasive phenotype relies on tumor cellular connection
along with signals from the stromal cells [5], and also subsequent dormancy/growth
of tumor cells on secondary sites also reckoned on microenvironment [6, 7].

Previous reports have classified EMT into different subcategories, each with very
distinct functional outcomes [8]. Type 1 EMT is undergone during regular physio-
logical developmental processes such as embryogenesis, implantation, and organ
development; type 2 EMT is essential to tissue reconstruction and organ fibrosis,
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whereas type 3 EMT is associated with cancer progression and metastasis. Although
it has been studied that EMT occurs in cancers [9], the role of EMT as a crucial
mechanism for the acquisition of the malignant phenotype by epithelial cancer cells
is unknown [10]. Cancer cells acquire mesenchymal phenotype and express mesen-
chymal markers including α-SMA, FSP1, vimentin, as well as desmin [11]. These
cells are also identified in the invasive tumor cells which are capable of following
intravasation, blood circulation, extravasation, and finally colonization.
EMT-transited cells can generate tumors at secondary sites which are similar to
the primary tumor, with the desertion of the mesenchymal phenotype. The
exuviating of the mesenchymal phenotype at the time of secondary tumor generation
is termed as a MET. This EMT-MET mechanistic model is critical in explaining the
metastasis of tumor cells: EMT mediates altered cell phenotype that enables the
evasion of epithelial cancer cells from their structural restrictions enforced by tissue
architecture, while MET switches these modifications and promotes colonization in
secondary sites [12].

Recent reports reinforce the concept that tumor-microenvironment interplay is
significant in the advancement of metastasis. For example, fully malignant cancer
cells can be regressed to typical phenotype by revealing them to nonpermissive
stroma [13]. Thus, other than the cellular context, tumor-related stroma may provide
signals that mediate EMT. These signals include HGF, EGF, PDGF, and TGFβ and
are delineated to be accountable for the stimulation of EMT-mediating factors
(“Snail, Slug, ZEB1, Twist, Goosecoid, and FOXC2”). Besides, MAPK, PI3KAkt,
Smads, RhoB, β-catenin, Ras, c-Fos, and integrins are also demonstrated to induce
EMT. As reported from previous studies, the effects of phytochemicals on carcino-
genesis are anti-inflammatory and antioxidant properties and genomic stability that
prevail to be principal targets in chemoprevention [14, 15]. They have strongly
associated with the induction of apoptosis and growth suppression of cancer cells.
EGFR plays a significant role in various cancers, including colorectal cancer, by
altering several signaling pathways [16]. The elevated expression levels and function
of EGFR are strongly connected with the metastatic ability of colon cancer cells.
Previous reports reveal that curcumin suppresses colon cancer cell growth by
decreasing the ERK/Egr-1/EGFR signaling cascade and reduces the EGFR expres-
sion. Curcumin was also shown to block the development of chemoresistant colon
cancer cells through suppression of EGFR and IGF-1R.

Various phytochemicals, predominantly curcumin, resveratrol, EGCG, and other
polyphenolic compounds, have been shown to have synergistic and beneficial effects
against several GI cancers.

2 Gastrointestinal Cancer

Gastrointestinal (GI) cancer is majorly a result of metastasis, which is an indication
of a malignant tumor disposed through a multistep process in which cancer cells
disseminate consecutively from the original site to other organs. For GI cancers, the
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prevalent or routine target site for metastasis includes lymph nodes, liver, peritoneal,
and, subsequently, lung and other sites of the body, which are predominant causes of
GI cancer-associated mortality. The mechanism of gastrointestinal cancer metastasis
is categorized into local angiogenesis, diversity of tumor cells, interplay and cascade
of signaling, reduced expression of E-cadherin, and EMT. Several studies have
evidenced that the “anatomical/mechanical” and “seed-and-soil” hypotheses are
extensively approved to describe the tumor metastatic spread [17–20]. The seed-
and-soil hypothesis describes that specific tumor cells may show a predisposition to
particular target organs of metastasis [21–23]. Previous studies revealed that
N-desulfated heparin is efficient in blocking metastasis of gastric cancer through
inhibiting tumor bFGF expression and tumor angiogenesis [24, 25]. The potential
candidate biomarkers for GI cancer and diagnosis of tumor metastasis include
EGFR, miR-21, ki-67 antigen, and urinary free amino acids [25].

Previous studies have shown that CaA inhibits MEK1 and TOPK activities and
binds directly to either MEK1 or TOPK in an ATP-noncompetitive fashion
[26]. CaA is known to suppress ERK phosphorylation, AP-1, and NF-κB
transactivation and consequently block TPA-, EGF-, and H-Ras-mediated transfor-
mation of epidermal cells. Coffee intake was also correlated with a compelling
depletion of ERK phosphorylation in cancer patients. These previous reports indi-
cate that coffee and CaA target MEK1 and TOPK to inhibit metastasis and new
cancer cell transformation [27]. Recent reports reveal that Triphala extract (naringin,
quercetin, homoorientin, and isorhamnetin) suppresses proliferation and induces
apoptosis in colon cancer stem cells via suppressing c-Myc/cyclin D1 and elevating
Bax/Bcl-2 ratio [28]. Previous studies revealed that the herbal cocktail THL induces
cell death in several cancer cells [28]. THL inhibits metastasis and angiogenesis by
blocking several biological and pathological processes in tumor cells. Besides, THL
could also directly suppress tube formation of endothelial cells and the migration,
invasion, and also THL could suppress the secretion of pro-angiogenic factors by
tumor cells [29].

3 Gastric Cancer

Gastric cancer (GC) is the fourth most recurrent cancer globally and it lies second
among cancer mortality [30]. Gastric cancer metastatic spread is very lethal, which
accumulates to trigger altered physiological homeostasis. GC prevails when cells in
the lining of the stomach grow in an uncontrolled manner and progressively leads to
the formation of a tumor. Previous reports reveal that the percentage of metastasis in
gastric cancer patients has increased to over 40% [31–33]. These cancer cells
infiltrate normal tissues and invade other parts of the body. About 80–85% of gastric
cancers appear to be generated from the lining of the stomach, which is called
adenocarcinoma. The other cancers that may appear in the stomach include stromal
tumors, lymphoma, and gastrointestinal and carcinoid tumors, among others. Previ-
ous reports revealed that curcumin inhibits H. pylori infection by obstructing its
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growth, and the therapeutic efficacy of curcumin further evidenced by using various
gastric cancer cells [34, 35]. Curcumin also safeguards against GC by
downregulation of NF-κB and NF-κB-induced anti-apoptotic genes in human gastric
cancer [35]. Resveratrol suppresses cell cycle progression by stimulating cell cycle
blocking at the G0/G1 stage via suppressing kinase C-mediated manner and stimu-
lating cell death in multiple gastric adenocarcinoma cell lines (Table 2.1)
[35, 36]. Besides, resveratrol also controls cell proliferation, which is connected
with the MEK1/2-ERK1/2-c-Jun signaling cascade, crucial signaling involved in
growth and proliferation of GC cells [37].

4 Colorectal Cancer

In colorectal cancer (CRC), cancer cells broken down from a tumor in colon or
rectum disseminate to body and they metastasize to the liver, lungs, or any other
organs. The usual site of metastasis for colon cancer or rectal cancer is the liver but it
also spreads to the brain, bones, liver, or spinal cord. The previous family history of
CRC or chronic IBD is the predominant contributor to the progression of CRC.
Besides, sedentary lifestyle, smoking and alcohol abuse, and diets with less fiber and
a higher red meat or fat are crucial roots of CRC progression and development
[38]. Most CRC cases are identified in the final phases of the cancer metastasis,
which causes curative therapy for cancer patients [39]. The predominant CRC cases
are the consequences of genetic and epigenetic modifications [40–42]. Previous
studies demonstrated the essential role of p53 in tumor repression; 50% of CRC
are due to mutations in p53, which stimulates invasion, cell proliferation, metastasis,
and resistance to several anticancer therapeutics. Besides, mutations in the adeno-
matous polyposis coli (APC) gene in CRC assist the impairment of β-catenin and
trigger the Wnt signaling that activates cyclin D1 and c-Myc, which contribute

Table 2.1 List of phytochemicals and cell cycle arrest

Phytochemical Source
Cell line
investigated

Cell cycle
phase Reference

Curcumin Curcuma longa COLO G0/G1 [88]

Resveratrol Grapes, peanuts HCT-116, Caco2 G1/S [89]

Curcumin Curcuma longa HT-29 G2/M [56]

Berberine Berberis, coptis SW480 G0/G1 [56]

Quercetin Fruits, vegetables, nut HT-29 G0/G1 [11]

6-Gingerol Ginger SW480 G2/M [84]

Berberine Berberis and coptis LoVo G2/M [90]

Piperine Piper nigrum and Piper
longum

HRT-18 G0/G [77]

Crocetin Crocus sativus L. HCT116 p53 (-/-) G2/M [87]

Crocetin Crocus sativus L. HCT116 wild type G0/G1 [87]
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favorable settings for cellular proliferation [43]. In CRC, induction of NF-κB
stimulates genes important for production of pro-inflammatory factors and cyto-
kines, crucial for CRC cell propagation [44]. Further, the PI3K/Akt pathway stim-
ulates cancer cell proliferation through suppression of cell death and induction of cell
cycle [45].

Phytochemicals are abundantly present in vegetables, fruits, grains, herbs, and
spices, which are health-promoting and disease-preventing features. Previous reports
revealed that phytochemicals present in diet prevent the CRC progression, and
clinical reports have shown the beneficial health effects of the intake of fruits and
vegetables [46–50]. Inflammation in CRC tumors is associated with altered genomic
instability and expression levels of several oncogenes and tumor-suppressor genes
[51]. The repeated episodes of inflammation in tumor microenvironment stimulate
the proliferation and survival of cancer cells, elevated angiogenesis, and tumor
metastasis [52, 53]. NF-κB implicated in tumor initiation and progression and
deletion of IKKb is associated with decreased tumor incidence [54]. NF-κB signal-
ing pathway is significant in guiding cancer-associated inflammation including
gastrointestinal cancer [54]. NF-κB signaling cascade is regulated by chemopreven-
tive compounds such as phytochemicals. Several phytochemical compounds have
been used as effective anticancer agents that inhibit the development of DNA
mutation caused by carcinogens. Keap1–Nrf2 axis in redox signaling plays a
significant role, involving phytochemicals as antioxidants. Several dietary phyto-
chemicals including PEIC and sulforaphane are strong stimulators of phase
II/detoxifying genes, and this induction is in a Nrf2-dependent manner.

Curcumin was previously shown to have potent antioxidant, anti-inflammatory,
and anticancer characteristics [55]. Previous reports revealed that curcumin mediates
cell death in HT29 cells through the calpain/caspase-12 apoptotic signaling pathway
[56]. β-Catenin is familiar to play a notable role in controlling cell proliferation in
CRC, which stimulates the expression of c-myc and cyclin D1 [57]. Curcumin
inhibits β-catenin response transcription without changing intracellular levels of
β-catenin. Curcumin blocks Wnt/β-catenin pathway-mediated c-myc expression to
impair cell adhesion in colon cancer cells [58]. Curcumin also arrests cell cycle in
CRC cells by increasing the expression levels of p53 and p21 (Table 2.1)
[59]. Besides, curcumin stimulates ROS production in p53-mutated cancer cells,
which leads to cell cycle block and apoptosis through stimulation of ROS-mediated
mitochondrial pathway [60]. Numerous studies demonstrated that curcumin inhibits
colon cancer by targeting EGFR, MAPK, AMPK-COX-2, and Wnt/β-catenin sig-
naling pathways [16, 57, 61–63]. EGFR plays an important role in various cancers
including colon cancer by regulating numerous signaling pathways [16]. In fact,
previous studies showed that the upregulation of EGFR is strongly correlated with
the metastatic capacity of colon cancer cells. It is demonstrated that curcumin
suppresses colon cancer cell growth by downregulating the ERK/Egr-1/EGFR
signaling and reduced levels of EGFR [61].

Resveratrol, which is present in grapes, has been familiar with its anticancer and
anti-inflammatory properties [64]. It controls energy metabolism, plays a significant
role in the inhibition of tumor cell growth, and mediates cell death. It also inhibits the
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pentose phosphate pathway, besides suppressing talin and FAK expression, and it
also represses cell growth and stimulation of apoptosis in CRC cells [65]. Previous
reports have shown that resveratrol impedes cell proliferation signaling pathways
[66–69]. It also remarkably decreases the expression of glycolytic enzymes in Caco-
2 cells, increases the activity of citrate synthase, and decreases the intake of glucose
[70, 71]. Resveratrol has also been studied in conjugation with etoposide in CRC
cells; synergistic beneficial effects have been noticed on cell growth suppression
through decreasing MAPK signaling and a rise in apoptosis via activation of p53
[67–69]. Besides, the mixture of resveratrol and grape seed extract was previously
reported to block Wnt/β-catenin signaling as well as elevate mitochondrial depen-
dent cell death in in vitro and in vivo models [69]. It was demonstrated that
resveratrol suppresses through downregulation of HIF-1α and MMP-9 expression
in colon carcinoma cells [72, 73].

Capsaicin is a vital constituent of red pepper, which mediates cell death in colon
cancer cells by blocking cells at G0/G1 stage, which is connected with the increased
levels of Bax in concurrence with PARP cleavage [73, 74]. Capsaicin alters the
expression of cell cycle proteins, including reduced cyclin D1, and elevates the
expression of p21, both Bax [74]. Besides, capsaicin upregulates p53 and reduces
cell death which is reported in p53-knockdown cells that suggests the significant role
of p53 in capsaicin-mediated cell death [74].

Colchicine is an alkaloid obtained from Colchicum autumnale that has been
shown to terminate cancer metastasis by its antimitotic activity [75]. Previous reports
indicate that colchicine mediates apoptosis via ROS production, MMP loss, trigger-
ing caspase-3 activation and augmented Bax, and reduced Bcl-2 expression levels in
tumor cells [76]. Piperine, which is an amide alkaloid extracted from pepper, is
shown to block the cell cycle and suppress CRC cell proliferation unrestrained p53
status [77]. Besides, piperine also mediates cell death by suppressing the cell
survival PI3K/Akt signaling and increases inositol-requiring enzyme-1α, and
CHOP, which leads to loss of MMPs, cytochrome c release, and PARP cleavage
that suggest the significant role of piperine-mediated programmed cell death
[78]. Berberine is an alkaloid found in several medicinal plants that have been
familiar for its anticancer properties in various cancers including neuroblastoma,
prostate cancer, and osteosarcoma [79, 80]. Previous reports have demonstrated that
berberine mediates through caspase-dependent and -independent mechanisms [81–
83]. 6-Gingerol is a well-known widely studied phytochemical for its cytotoxic
properties in several kinds of cancers, including colon cancer. It also suppresses
the proliferation of cancer cells by blocking cell cycle at G2/M phase and mediates
cell death through stimulation of caspases and PARP degradation [84]. Flavonoids
were also previously demonstrated to show anticancer, anti-inflammatory, and
antioxidant characteristics.

Casticin is a flavonoid that is shown to cause cell death in colon cancer cells by
cell cycle arrest at G2/M stage (Table 2.1) [38]. It also increases the ROS production,
downregulates MMP expression levels, ameliorates the liberation of cytochrome c,
and stimulates various caspases. Besides, it also enhances TRAIL, Fas, FasL, and
FADD as has been reported after treating with casticin [85]. Quercetin is very
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familiar for its antioxidant, antiproliferative, and anti-inflammatory properties; pre-
vious reports have shown that treatment with quercetin reduces cell viability, blocks
cell cycle at G1 stage, andmediates cell death in colon cancer cells [11, 86]. Quercetin
also suppresses the PI3K-induced cell survival signaling through phosphorylation of
Akt [86].

A recent study demonstrated that coffee phenolic phytochemicals suppress colon
cancer-induced cell-mediated lung metastasis through inhibiting phosphorylation of
ERKs [26]. CaA actively inhibits MEK1 as well as TOPK actions, and binds to
MEK1 or TOPK in an ATP-noncompetitive mode [26, 38]. These previous studies
show that CaA targets MEK1 or TOPK to block metastasis [26]. Carotenoids such as
zeaxanthin, lycopenes, luteins, and β-carotenes are the principal constituents present
in saffron and have been used to treat various cancers. Crocetin is a potent carotenoid
that can induce apoptosis in colon cancer cells. The wild-type p53 transactivates Bax
together with increased levels of p53-induced death domain protein that cleaves and
triggers Bid through caspase-2 [87]. But in p53 knockout cells stimulation of the p53
paralogue p73 was noticed, which increases Fas to cleave Bid via FADD-caspase-
8 pathway [87].

5 Esophageal Cancer

Esophageal cancers are one of the major familial cancers and have the most frequent
cancer-associated mortality [91]. As long as symptoms are absent, patients with
esophageal cancers are not aware of their cancer status until the metastatic stages of
cancer [92]. In spite of development in present-day cancer therapies, including
radiation therapy, chemotherapy, and surgery, patients with esophageal cancer are
not often cured of the disease [93]. The predominant risk factors contributing to the
cancer are chewing and smoking tobacco products, drinking alcohol, regular intake
of salt pickle or moldy foods, and consumption of lesser fruits and vegetables [94–
96]. Recent reports have shown the helpful effects of various phytochemicals,
including curcumin, resveratrol, and isothiocyanates, to counteract esophageal
cancer.

Curcumin is known for its anticancer, anti-inflammatory characteristics; numer-
ous reports have revealed that it suppresses the NF-κB expression in esophageal
cancers [97, 98]. NF-κB is a pro-inflammatory factor, which intricates in the
initiation, progression, and development of tumors, and elevated NF-κB activity is
associated with a significant increase in cell proliferation, invasion, metastasis,
angiogenesis, inhibition of cell death, as well as chemoresistance in several types
of cancers [97, 99, 100]. Curcumin also safeguards in opposition to bile acid-
mediated increased NF-κB expression in esophageal cells, and sequentially
decreases the expression of several NF-κB downstream genes such as IL-8
[101]. Besides, cancer patients supplemented with curcumin reported showing
reduced IL-8 expression, indicating that curcumin plays a significant role as a
possible chemopreventive candidate to counteract esophageal cancer [101]. Recent
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studies revealed that it also mediates apoptosis and blocks cell cycle by targeting
Notch signaling. It is established that Notch signaling is upregulated in esophageal
cancer and it could be a plausible target ascribed to its crucial role in cancer cell
proliferation, programmed cell death, stem cell maintenance, and renewal in esoph-
ageal cancer [102–104].

EGCG is a polyphenol, which is the most abundant and active component in tea
with strong antioxidant and anti-inflammatory potential properties [102]. It was
previously reported that the intake of black and green tea reduced esophageal
tumorigenesis which is possibly owing to inhibition of tumor occurrence and
multiplicity [105]. EGCG mediates anticarcinogenic activities via several mecha-
nisms, including the suppression of MAPK activator protein-1 and cell transforma-
tion, and also blocks EGFR phosphorylation [106–109]. Besides, EGCG is known to
mediate cell cycle blocking at G0/G1, cell death, and suppression of DNA
methyltransferase (DNMT) activity [110–113].

6 Conclusion

Gastroenterological cancers are associated with diet and lifestyle factors. Despite
significant development and progression in diagnosis and cancer therapy, the prev-
alence of colorectal cancer and various other cancers is increasing worldwide. Due to
the greater prevalence of resistance and dreadful side effects to be concerned with
chemotherapeutics, there is a crucial prerequisite to instigate greater effective drugs.
Plant-based phytochemicals are familiar sources of several compounds that are
presently used as chemotherapeutics. The substantial data from several reports
have revealed the effect of phytochemicals to identify signaling pathways implicated
in the suppression or inhibition of tumor metastasis. Numerous phytochemicals such
as curcumin, resveratrol, isothiocyanates, and EGCG have been demonstrated to
contain antioxidant, anti-inflammatory, and anticancer effects by blocking various
molecules or controlling signaling cascades, allowing to safeguard against the
progression of gastroenterological cancers.
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Chapter 3
Cancer Stem Cells as Therapeutic Targets
for Gastrointestinal Cancers

Jyothi Priya Mandala, Srinivas Pittala, and Gowru Srivani

Abstract Gastrointestinal cancers are the most severe malignancies in the world
and tend to be the most prominent cause of cancer mortality. Gastrointestinal
(GI) cancer leads to malignant gastrointestinal tract diseases and accessory gastro-
intestinal organs, namely the esophagus, uterus, kidney, pancreas, small intestine,
colon rectum, and anus. And it is believed that “cancer stem cells (CSCs)” are
responsible for tumor growth and drug resistance; therefore, radiation tolerance,
aggressive growth, metastasis, and tumor relapse are the main causes of cancer-
related deaths. Because gastrointestinal CSCs are also considered as resistant to
traditional treatments, effective and innovative treatment of cancer is crucial. So,
targeting gastrointestinal CSCs is quite difficult. CSCs in a gastrointestinal tumor are
identified for the first time in colorectal cancer. Many gastrointestinal cancers are
identified later in the esophagus, stomach, liver, and pancreas. Consequently, current
basic and translational studies are primarily designed at gaining a better understand-
ing of the biology and these approaches are used to target CSCs. Therefore, recent
developments and advancements in the field of GI CSCs can continue to provide
new insights into gastrointestinal cancer and its treatment approaches for GI cancer
eradication. Hence this chapter reflects on the modern advancements by using CSCs
as the main target to eradicate gastrointestinal cancers. Knowledge about CSCs can
help to develop new clinical strategies and markers for gastrointestinal cancers.
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Abbreviations

ALDH1 Aldehyde dehydrogenase 1
BetA Betulinic acid
CaMK2 Calmodulin kinase
Cdc42 Cell division control protein 42
CRC Colorectal cancer
CSCs Cancer stem cells
CXCR4 C-X-C chemokine receptor type 4
DHH Desert Hedgehog
DVL Dishevelled phosphorylation
EGF Epidermal growth factor
ESA Epithelial specific antigen
GI Gastrointestinal cancer
GLI Glioma-associated oncogene
GPR G-protein-coupled receptor
GSK-3 Glycogen synthase kinase 3
IFNα Interferon-α
IHH Indian Hedgehog
IL-6 Interleukin-6
JNK Jun kinase
Lgr5 Leucine-rich repeat-containing G-protein-coupled receptor 5
MSCs Mesenchymal stem cells
OS Overall survival
PDGF Platelet-derived growth factor
RAC Ras-related C3 botulinum toxin substrate
SHH Sonic Hedgehog
TCF T-cell-specific transcription factor
TGF-β Transforming growth factor-β
TNF Tumor necrosis factor

1 Introduction

Cancer is associated with high mortality and morbidity and among all cancers,
gastrointestinal cancers remain a great burden worldwide [1]. Despite critical devel-
opments in anticancer treatments over the past few decades, patients’ overall sur-
vival (OS) rate remains insufficient [2]. The high mortality rates in gastrointestinal
cancers are due to late diagnosis, high morbidity, and accessibility of not many
focused-on treatments [3]. The incidence rate of colorectal cancer (CRC) is recorded
in the top 10 for the tumor; however, five gastrointestinal cancers, including colo-
rectal, pancreatic, hepatic, biliary, and esophageal cancers, are in the top 10 for
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tumor death rates in the USA [4]. The use of a few therapeutic methods such as
surgery, endoscopic care, chemotherapy, and radiation will improve the recovery of
gastrointestinal cancer patients. The adequacy of these drugs depends on the cancer
state, metastasis, radiation/chemotherapy tolerance, and recurrence, all of which are
believed to be induced by CSCs. Therefore, additional medicinal choices need to be
developed for these diseases. But recent postulation suggests that cancer stem cells
(CSCs) are a small subpopulation of cells which have self-regeneration and
uncontrolled proliferation capacity that causes cancers. The cancer stem cells are
found in several forms of tumors and could be effective therapeutic targets [5]. In
addition to their self-renewal ability, CSCs have the potential to metastasize and
recur to cancer [6, 7]. This (stochastic) theory of clonal evolution proposes that many
cancers are usually driven by CSCs via self-renewal property, leading to an increase
in the population of CSCs that can be further changed through genetic or epigenetic
changes [8, 9]. CSCs have been known for years in a wide range of solid tumors
including GI cancers [10]. The CD44+CD24 cancer stem cells of breast cancer were
first reported in solid tumors [7]. The main gastrointestinal CSC study was reported
in CD133+, CD44+, ALDH1+, and CRC fraction [4, 11]. These cells are crucial for
tumor improvement and harbor the transformations needed to start a tumor. But
reports demonstrate that CSCs may originate from differentiated mature cells,
progenitor cells, and/or pools of transdifferentiated stem cells [10, 11]. It was also
suggested that the cell fusion, chromosomal rearrangement, and/or horizontal gene
transfer processes that often include tissue repair processes can also play an impor-
tant role in tumor initiation, growth, and origin of CSCs [6, 11]. The deregulation of
the key regulatory signaling pathways like Hedgehog, TGF-β, Wnt, and Notch is
involved in normal homeostasis of the tissue, which is also involved in the advance-
ment and development of CSCs in tumors [12, 13].

2 Cancer Stem Cells in Gastrointestinal Cancers

The current treatment methods (including chemotherapy, radiotherapy, and other
specific therapies) only affect the rapidly dividing segregated cancer cells, while
cancer stem cells (CSCs) or otherwise known as tumor-initiating cells, which are
considered to be the vital origin cells of cancer, will usually avoid and endure these
treatments [14]. CSCs become the best target for cancer due to their capacity for self-
renewal and uncontrolled proliferation ability [15]. But there is a need for possible
application of CSCs in the therapy of GI cancer. In addition, inadequate diagnosis of
colorectal cancer (CRC) and metastasis of the liver are the major reasons for GI
cancer mortality [16]. Early diagnosis and distant metastasis of any primary cancer
are based on specific and accurate tumor markers. Dr. ZY Jiao has demonstrated the
importance of colorectal CSCs, which helps in metastasis of liver in patients with
CRC, and he reported the use of colorectal CSCs in the prevention of metastasis and
also improvements in therapeutic treatments [17]. From a therapeutic standpoint, the
complete eradication of colorectal CSCs would be an ideal approach. Betulinic acid
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(BetA) is a broad-acting natural compound introduced by Dr. Lisette Potze et al. in
this special issue [18]. The authors have demonstrated that BetA can induce a quick
method for eradicating CSCs of the colon by reducing their clonogenic ability
[18]. Indeed, this complex permits other experimental studies in future, especially
animal studies [18]. Mesenchymal stem cells (MSCs) contain self-renewal potential
to retain multi-potency nature. These MSCs show immunomodulatory effects during
inflammatory conditions [19]. MSCs secrete numerous factors, which dcreases
inflammation, improves tissue repairing capacity, promotes angiogenesis. These
roles may further be improved by altering other genes found in MSCs [19]. As a
result, increasing numbers of researchers are trying to improve the therapeutic
effectiveness by using genetic engineering methods in MSCs. Many MSC-based
cell therapies have shown to be reliable and useful in certain diseases, such as
cirrhosis, graft-versus-host disease, and osteoarthritis, but the efficacy has been
lacking in most of the diseases [20]. Further investigations to study the beneficial
ability of MSCs in GI cancers are probably warranted. In this respect, Dr. YL Zhou
et al. reported the issues and the trials related to this method for the understanding of
the beneficial ability of MSCs in gastric cancer [21].

Generally, suitable reports have shown up-to-date information on common GI
cancers in the field of CSCs for readers. The information in this report certainly
provides clinicians and translation researchers with insights into improved curative
methods for GI cancers.

2.1 Colorectal Cancer

CRC cells that expressed CD133 were first reported to have a CSC phenotype in
2007 [35]. Lgr5, a marker of intestinal stem cells that express upon upregulation of
the Wnt signals, leads to the transformation of intestinal stem cells into CSCs
[36]. Additionally, tumorigenicity reduction in CRC cells by Lgr5 knockdown was
observed in some studies [37]. CD44 or CD166 is a colon CSC marker [38]; other
CSC markers are ALDH1, Lgr5, and EpCAM [39]. Those are not only classified as
CSCs, but they are also still found in regular stem cells. Cancer stem cells were
known to express Dclk1 but they do not express in regular intestinal stem cells
[40]. Epigenetic pathways generally regulate CSCs, wherein promoter methylation
regulates CD133 marker [41], and in turn Lgr5’s DNA methylation is involved in
CRC tumorigenesis [42]. Furthermore, studies reported that regulatory stemness
gene expression was inhibited by miRNAs [43]. Cellular niches, a microenviron-
ment formed by adjacent cells such as vascular endothelial cells or fibroblasts, play
an important role in the development and maintenance of ordinary stem cells.
Myofibroblasts stimulate colon-stemming CSCs by secreting growth factors in
hepatocytes or type I collagen [44]. Alternatively, endothelial vascular cells which
secrete Jagged-1 stimulate the CSC phenotype in CRC [45]. A method was reported
from existing CRC cell lines which produce CRC-like stem cells [46]. In brief, a
group of identified factors (OCT3/4, SOX2, and KLF4) were retrovirally transfected
and induced pluripotent stem cells from CRC cells, and these induced cells had CSC
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properties. This methodology will promote the study on colon CSC which supports
the growth of new therapies focused on CSC.

2.2 Pancreatic Cancer

The most severe histological type of pancreatic cancer is pancreatic ductal adeno-
carcinoma. It is a complex genetic disease and its progression includes the sequential
growth of numerous genetic mutations, containing inactivated CDKN2A, SMAD4,
and TP53 and active KRAS which are already detectible in premalignant lesions.
Met+, CD133+, CXCR4+, and CD24+CD44+EpCAM+ are unique markers in pan-
creatic CSC isolation [47]. An alternate CSC recognition strategy in PDAC is
focused on the activity of enhanced ALDH1 and improved efflux capability in
Hoechst 33342. In CSCs of pancreas many signaling pathways like the Hedgehog,
Notch, Wnt, and phosphatidylinositol-3 kinase/Akt (protein kinase B) are activated.
Hedgehog inhibition reduced pancreatic CSC phenotypes and tumorigenesis
[48]. Moreover, several miRNAs are important when regulating the phenotypes of
CSC. However, in PDAC patients miR-221 and microRNA-21 are overexpressed,
and downregulation occurs simultaneously with antisense oligos that leads to
reduced development, chemoresistance, and metastasis [49]. An increased expres-
sion of miR-21 is associated with inadequate diagnosis in patients of PDAC.
In contrast, tumor suppressors, miR-34, miR-200a, and miRNAs, are reduced in
PDAC, and their repair activity inhibits cancer [50]. Mutant KRAS control in PDAC
cancer stem cells is a really difficult process [51]. Although the ablation of KRAS
contributed to the regression of the tumor, PDAC cells developed resistance and
showed tumorigenic capacity with elevated expressions of CD133 and CD44
[4]. Endured KRAS ablation in CSC-like cells was strongly mitochondrial and
showed inhibition of tumorigenesis and elevated sensitivity to inhibitors of oxidative
phosphorylation.

2.3 Liver Cancer

HCC and intrahepatic cholangiocarcinoma are two major liver cancers.
Cholangiocytes and hepatocytes are differentiated by progenitor cells called
bipotential hepatic cells; these two kinds of cancers originate from the progenitor
cells, while the latest studies reported that a trans-differentiation process from
intrahepatic cholangiocarcinoma results in the development of cholangiocytes
from hepatocytes [52]. In this chapter, we discuss the CSCs within HCC. Most
normal hepatocytes multiply and maintain liver function after surgical removal and
cause severe liver injury. In contrast, hepatic progenitor cells are induced in chronic
liver diseases and are differentiated into cholangiocytes or hepatocytes. Because
HCC usually progresses with chronic liver diseases, regularly expressed hepatic
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progenitor cell markers are present in this manner, in which hepatic progenitor is
related to hepatocarcinogenesis. The pharmacological blockage of interleukin-6
decreases a link between HCC and chronic inflammation in hepatitis [53]. Hepatic
CSC marker isolation involves EpCAM, CD44, CD90, CD13, OV6, CD24, and
CD133 [54]. Most normal progenitor hepatic cells express markers present on it, in
which OV6+ cells and CD90+ are metastatic in nature, whereas CD133+, EpCAM+,
CD13+, and CD24+ are chemoresistant [55, 56]. In turn, nonmetastatic EpCAM+-co-
injected cells metastasize from metastatic CD90+ cells into the lungs
[57]. Hepatocarcinogenesis includes many signaling pathways like Hedgehog,
Wnt, P53, Akt, insulin-like growth factor-1 receptor, Notch, and TGF-β. Such
pathways are triggered in common and chronic liver diseases. For example, cell
cycle signaling regulators are Wnt signals and CD24- and STAT3-mediated Nanog
regulator triggered by EpCAM [4, 53]. Protein nestin is a class IV intermediate
filament that controls CSC tumorigenesis in liver and cellular plasticity in a
p53-dependent manner. Likewise, liver CSCs’ self-renewal process is controlled
by a transcription factor Twist2 which is CD24 dependent [58, 59]. A study reported
that CD133+ HCC cells upregulate families like miR-181, let-7, and miR-130b,
while downregulating miR-150, which regulates phenotypes of cancer stemness.
The self-renewal and tumorigenesis regulated by increasing miR-130b levels lead to
decrease in tumor protein P53 expression stimulating nuclear protein-1 [60]. Inhibi-
tion of let-7 or miR-181 reduces invasive capacity and motility [61]. Overexpression
of miR-150 substantially decreases CD133+ liver CSCs [62].

2.4 Esophageal Cancer

Esophageal adenocarcinoma and ESCC are two subtypes of cancer. Esophageal
cancer treatment is done by the combined use of chemotherapy drugs or with
radiation in any case, if ordinary medications are not truly successful. ESCC cell
line as a single clone source for isolating esophageal CSCs [63]. There have been
similar characteristics of stem cells, the ESCC cells being more radioresistant than
their parental cells. High-level expression was observed in b1-integrin, b-catenin,
and Oct3/4 in SP cells which are radioresistant cancer cells of the esophagus
[64]. The latest findings show the connection between the miR-296 [65] and
miR-200c [66] miRNA expression, in the chemoresistance of ESCC. The esopha-
geal tumorigenesis involves many genetic alterations. PIK3CA inhibition decreases
CSC proliferation in ESCC. In cells that have a PIK3CA mutation, the inhibition of
phosphatidylinositol-3 kinase was more successful than controls. Likewise,
WNT10A overexpression enhances the ability to self-renew and causes a higher
CSC population, indicating invasion, and WNT10A mediates migration in ESCC
[67]. CD44, aldehyde dehydrogenase 1, and Lgr5 are helpful in esophageal CSC
categorization. High level of CD44 expression in cancer cells shows characteristics
of EMT. The initiation of EMT via TGF-β by the receptor epidermal growth factor
plays a vital role in this signaling [68].
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2.5 Gastric Cancer

The first discovered CSCs in GC occurred when cell lines of GC were analyzed. [69]
EpCAM and CD44 are two markers used for isolating cancer stem cells from GC cell
lines or resected tumors. In addition, CD54 and CD44 present in peripheral blood of
GC patients help in the isolation of gastric CSCs. Lgr5+ stem cells present in the
stomach were the source for isolating gastric CSC [70]. Increased levels of Lgr5+ in
patients of GC show median survivability [71]. Induction of hyperplasia and manip-
ulation of all progenitor cells and Lgr5+ stem cells are due to Helicobacter pylori
colonization [72]. Gastric CSCs are believed to derive from regular stem cells in the
tissue. Helicobacter pylori leads to chronic infection; however, induction of inflam-
mation led to the regenerating gastric tissue made with bone marrow, although acute
inflammation does not contribute to the induction of bone marrow-derived cells
[73]. In the pyloric gland, stem cells that express villin and villin+ gastric stem cells
may be transformed into GC cells [74]. KLF4 may play a crucial role in the initiation
and progression of GC in gastric villin+ stem cells [74]. Furthermore, CSC candidate
markers might be ALDH1, CD90, CD71, and CD133. By inducing EMT,
microRNAs may control the properties of gastric CSCs [75].

3 Signaling Pathways of Cancer Stem Cells in GI Cancer

Some major signaling mechanisms involved in CSCs are TGF-β-signals, Hedgehog,
Notch, and Wnt/β-catenin; these pathways have been associated with CSC mainte-
nance in GI cancers [11, 76] (Table 3.1).

3.1 Wnt Signaling

Self-renewal of gastrointestinal epithelial cells controls the growth and reproduction
by the Wnt signaling pathway which is crucial in embryogenesis [77]. Epigenetic
and genetic changes observed in GI cancers are due to abnormality in the pathway of
Wnt [78, 79]. This pathway has also been used in recent years to control stem cell
biology in adult gastrointestinal organs [80]. The noncanonical (Wnt/calcium),
canonical (Wnt/β-catenin), and noncanonical planar cell polarity (PCP) are the
three branches classified in the Wnt pathway [77]. The canonical pathway requires
Wnt ligand binding to the receptor Frizzled (FZD) as well as the low-density
lipoprotein receptor associated with protein 5/6 co-receptor (LRP5/6) to activate
intracellular signaling by β-catenin nuclear translocation. When a Wnt ligand binds
to the FZD receptor the signaling process begins and induces dishevelled phosphor-
ylation (DVL) that further recruits Axin to deconstruct the degradation complex and
it tends to monitor and control β-catenin and trigger a β-catenin T-cell-specific
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transcription factor (TCF)-lymphoid enhancer-binding factor (LEF) transactivation
complex [81, 82]. Without Wnt ligand binding, cytoplasmic β-catenin is phosphor-
ylated by a degradation complex and degrades within the proteasomes. This degra-
dation complex is constituted by the tumor suppressor adenomatous polyposis coli
(APC), the scaffolding protein AXIN, CK1 (casein kinase 1), and GSK-3 (glycogen
synthase kinase 3). In general, noncanonical Wnt pathways are associated with
differentiation, cell polarity, and migration. By recruiting and activating DVL,
Wnt ligands bind to the FZD receptor in the noncanonical PCP pathway and activate
various GTPases such as Ras homologous gene family member A (RhoA),
Ras-related C3 botulinum toxin substrate (RAC), and cell division control protein
42 (Cdc42). Wnt ligands bind to both the FZD receptor and alternative receptors of
the tyrosine kinase family also known as RYK (receptor-like tyrosine kinase) or
ROR (tyrosine kinase-like orphan receptor) in the noncanonical calcium-dependent
Wnt signal. This signaling pathway promotes cell migration and canonical Wnt
signaling inhibition through intracellular calcium flux and calmodulin kinase
(CaMK2), Jun kinase (JNK), and PKCα activation. Notch activation can also
enhance active β-catenin levels by regulating the endo-lysosomal degradation of
β-catenin after translation [83]. The equilibrium between β-catenin delocalization
distinction and self-renewal in several adult CSCs is mainly regulated by the
“canonical” Wnt/β-catenin pathway [11]. This process allows the control of stem

Table 3.1 Unique markers of gastrointestinal cancer stem cells

Tumor type
(references) Regulatory pathways

Markers of cancer stem
cells according to tumor
type

Colorectal
cancer [22–
25]

Wnt signals, epigenetic pathways Lgr5+/GPR49+

CD133+/
CD44+/ALDH1+

CD44+/CD24+

EpCAM+/CD44+

CD166+

Metastatic
colon [26]

EGF signaling, Ras-ERK, PI3K/Akt kinase pathway
PI3K/Akt and, STAT3-dependent signaling

CD133+/CD26+

Gastric can-
cer [27]

Wnt/β-catenin and (NF)-kB CD44+

Liver cancer
[28–31]

Hedgehog, Wnt, P53, Akt, insulin-like growth
factor-1 receptor, Notch, and TGF-β

CD13+

D90+/CD45�

EpCAM+

CD133+/CD49+

Pancreatic
cancer
[32, 33]

Hedgehog, Notch, Wnt, and phosphatidylinositol-3
kinase/act (protein kinase B)

CXCR4+

CD133+/CD44+/CD24+/
ESA+

Esophageal
cancer [34]

TGF-β CD44+/ALDH1+

ESA epithelial specific antigen, ALDH1 aldehyde dehydrogenase-1, Lgr5 leucine-rich repeat-
containing G-protein-coupled receptor 5, EpCAM epithelial cell adhesion molecule, GPR G-
protein-coupled receptor, CXCR4 C-X-C chemokine receptor type 4

58 J. P. Mandala et al.



cells (SCs) and their instability may lead to the expansion of CSCs. A recent study
shows that CD133 and EpCAM have been described as specific transcription targets
for hepatocellular carcinoma (HCC) in the signaling of Wnt/β-catenin [55]. In
particular, the depletion of EpCAM in HCC stem cells interfered with proliferation,
colony formation, and migration [55]. Further, β-catenin siRNA knockdown inhibits
CSCs [84]. Wnt/β-catenin signaling activation occurs in the intestine after Apc
mutation leading to the disease of the familial adenomatous polyposis (FAP)
[85]. One of the early incidents during carcinogenic cases in the most intermittent
colorectal cancers was due to Apc gene complete impairment. In addition, intense
Apc mutant polyposis mice (Apc1322 T) was associated with increased Lgr5
expression, and other stem cell markers like Bmi1, CD44, and Musashi1 [86]. Delet-
ing the main gene Wnt CD44 in Apcmin/+ mice also reduces intestinal tumorigen-
esis [87]. All these findings related to Wnt signaling provide information on
gastrointestinal tumorigenesis for cancer stem cell model and it also helps in
maintaining the CSC role to enhance progression of cancer.

3.2 Signaling of Transforming Growth Factor-β (TGF-β)

In all the signaling pathways the transforming growth factor-β (TGF-β) shows a key
role in regulating the gastrointestinal epithelial cells’ development, differentiation,
survival, and fate [88]. TGF-β functions as a tumor suppressor in a normal and
healthy environment, by cell proliferation inhibition, autophagy suppression, and
apoptosis-triggering processes. Change in their response to TGF-β develops tumors
and use it as a powerful promoter of cell motility, invasion, metastasis, and CSC
preservation [89]. TGF-β is an important inducer in the transformation of
mesenchymal-epithelial (EMT) by regulating transcriptional activation of the protein
family Snail and TWIST, the EMT system’s key regulators [90, 91]. One of the most
frequently altered signaling pathways is TGF-β signaling in GI cancers [92]. And it
plays an important role in the maintenance of CSCs in human kidney, pancreatic,
gastric, and colorectal cancers [4]. Kim et al. recently stated its importance of control
in the development of colon cancer by stimulating nuclear translocation of β-catenin
showing a correlation between TGF-β1 and ALDH1 [11].

3.3 Notch Signaling Pathway

The Notch pathways play an important role including cell homeostasis and differ-
entiation during embryogenesis, and are of major importance in many areas of
cancer biology, from CSC to angiogenesis, and tumor immunity [93, 94]. The
pathway of Notch signaling is usually complicated and multidimensional, imitating
its functions in various functional processes [95, 96]. Notch mediates a number of
biological processes through four Notch receptors (Notch-1–4) and five Notch
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ligands such as Delta-like ligands 1, 3, and 4, and Jagged-1 and Jagged-2 [97]. Cell-
to-cell contact for canonical Notch signaling is usually necessary for the activation of
Notch, where Notch can be separated by multiple enzymes through a series of
proteolytic enzyme cleavages, resulting in the release and activation of target gene
Notch [97]. Notch’s key genes include NF-κβ, c-Myc, cyclin D1, Akt, and mTOR
and the endothelial vascular (VEGF) growth factor [98]. The different GI cancers
express Notch receptors and ligands differently. Also, noncanonical Notch signaling
has begun to be delineated independently of ligand-receptor interaction and some of
its roles are essential for GI cancer [99]. Cross talk with Wnt and/or Hedgehog
(HH) signaling may also be used to determine the overall effect of signaling in Notch
adding an additional layer of complexity [13]. For example, Notch signaling acti-
vation as a suppressor may have occurred in HCC tumor but it can play an oncogenic
role in both colon and pancreatic cancer [100]. In fact, the key role of Notch
signaling in the extending of CSCs has been demonstrated. In pancreatic CSCs,
Notch-1 and -2 are overexpressed and associated with reduced CD44 [101].

3.4 JAK–STAT3 Pathway

The signal transducer and transcription activator 3 (STAT3) significantly contribute
to the regulation of cell-related processes mediated to producing and progressing
cancer, including proliferation, angiogenesis, cell survival, and immune function
[102]. In many GI cancer types, including colorectal cancer, dysregulated STAT3
has been identified [103]. Consider that the activation cycle for the STAT3 starts
with Janus kinases (JAKs) which are phosphorylated to specific signals such as
interleukin-6 (IL-6), interferon-α (IFNα), tumor necrosis factor (TNF), epidermal
growth factor (EGF), and platelet-derived growth factor (PDGF) [104]. Nevertheless,
the JAK–STAT3 mechanisms are of interest not only for cancer-related immune
cells but also for CSCs [104]. In this way, CSCs of hepatocellular cancers EpCAM+/
CD133+ and ALDH+/CD133 and CSC of colon cancers demonstrate the increased
activity of IL-6/STAT3 which is a causative interplay in the niche spreading in CSCs
[11, 105]. Recent evidence suggests that STAT3-signaling feedback activation plays
an important role in mediating drug resistance to a wide spectrum of anticancer
treatments and IL6/STAT3 pathway inhibitors can be used to eradicate CSCs
[11, 105].

3.5 Hedgehog (HH) Signaling Pathway

The regulation of cell destiny specifications and the patterns are due to the Hedgehog
(HH) signaling which is involved in embryonic development, normal tissue repair,
and EMT [106]. In mammals with HH ligands, there are three proteins: sonic
Hedgehog (SHH), Indian Hedgehog (IHH), and desert Hedgehog (DHH). Such
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proteins bind to the transmembrane receptor Patched-1, which induces the internal-
ization and prevents its suppression of the transmembrane protein Smoothened
(SMO) and thereby activates the signaling pathway [107]. Subsequent signaling
by SMO leads to activation and nuclear localization of transcription glioma-
associated oncogene (GLI) factor that helps to produce HH target genes such as
c-myc, cyclin D1, VEGF, BCL2, and Split (HES) family protein enhancer
[108]. The development, survival, and angiogenesis involve such target genes
[109]. CSCs are influenced by the HH signaling, according to the emerging results
from gastrointestinal tumors [48]. Activated HH signals have been identified in the
CSCs, which was demonstrated later by relatively high colorectal cancer expression
of GLI1, GLI2, PTCH1, and Hedgehog interacting protein (HIP) [110]. Moreover, in
colorectal cancer the progression of CCSs with the target gene SNAIL1 is linked to
EMT and involved in metastasis [110]. In addition, cyclopamine and siRNA of
SMO, GLI1, and GLI2 inhibited the HH pathway activation, reduced the tumor cell
growth, and induced apoptosis [111]. EMT-clonogenic growth possibilities have
also been studied in pancreatic CSCs and cyclopamine inhibits each functional
property and leads to the formation of the metastatic disease [112]. In fact,
CD133 + liver CSCs are strongly expressed as genes participating in the hedgehog
pathway [113].

3.6 mTOR Pathway

Recent reports have shown that the mTOR pathways are important for GI cancer
pathogenesis [114]. PIK3 mutations occur in a number of cancers including gastric
and colorectal cancers [115]. Many human cancers, like GC, are related to poor
prognosis of Akt activation [114]. Akt1 and Akt2 were particularly observed for
gastric, pancreatic, and colorectal cancers [116]. mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2) are increased during cancer progressions in hepatic,
pancreas, gastric, and colorectal cancers. They also control EMTs, motility, and
metastasis [117, 118]. Radioresistance is also associated with EMT and CSC
phenotypes by activating the PI3 K/Akt/mTOR signals [119]. Recent studies of
colon cancer cells have also shown that PI3 K/Akt/mTOR inhibits proliferation of
the CSC in colon and lowers stemness, as observed by CD133 and Lgr5 expression
[120]. mTOR inhibition also reduces ALDH1, a marker for colorectal CSCs
[121]. Similarly, the inhibition of mTORC2 has led to decreased EpCAM expression
in the liver CSCs that have little or no tumorigenicity [122]. Matsumoto et al. and
Yang et al. also show that mTOR inhibition increases CD133+ subpopulation and
activates the CD133 shift to the CD133+ in vitro population, by using gastrointes-
tinal tumor cells [123].

Classic signaling pathways described above play an important role in GI and CSC
self-renewal [124]. Considering the growing reports that GI cancer is a disease
driven by multipotent, self-renewing CSCs, it is essential that we understand how
these signaling pathways synchronize events and the development and evolution of
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CSC. This will lead to a more successful early diagnosis of cancer and the develop-
ment of treatment approaches to reduce recurrence and/or cancer therapy.

4 Therapeutic Resistance Mechanisms

Chemotherapy and radiotherapy are key components of GI cancer treatment, namely
esophageal, gastric, hepatic, pancreatic, and rectal cancer. Unfortunately, following
such therapies, disease recurrence and worsening frequently occur, with increasing
evidence including CSCs for these adverse effects. Mechanisms by which CSCs
survive when establishing standard cancer therapies include increased DNA repair,
dormancy maintenance, drug efflux, and redox capacity.

4.1 Senescence Maintenance

Radiation and traditional chemotherapy kill cancer cells by causing DNA damage
that most effectively induces cell death in rapidly dividing cells with inactive
replication of DNA. While this effectively helps to separate cancer cells rapidly,
CSCs are often quiescent, reducing the cytotoxic effects of radiation and chemo-
therapy on these cells. In addition, stemlike CD44+ cells sustain a quiescent condi-
tion in prostate cancer [14]. This CSCs engage in DNA repair mechanisms in this
quiescent state before progressing into the mitotic phase of the cell cycle [125]. Like-
wise, in experiments with cell lines of gastric, colon, and esophageal cancer,
chemotherapy treatment enriches a stemlike population of cells with a quiescent
state [126]. In the EC9706 line of esophageal cancer cells, this subgroup of stem
cells display increased resistance to DNA damage compared to non-stem cancer
cells [127]. These examples together highlight the demand for innovative methods of
targeting and killing CSCs that do not rely on cell proliferation.

4.2 DNA Damage Checkpoint Repair

As above, the proliferation rate of CSCs provides an innate defense against
genotoxic cancer therapies. Similarly, CSCs also increased DNA repair efficiency,
further reducing the efficacy of these conventional cancer therapies. Glioma treat-
ment with ionizing radiation for example enriches CD133 + CSCs. CD133 + glioma
cells express greater checkpoint activation of ataxia-telangiectasia-mutated (ATM)
Rad17, Chk1, and Chk2 checkpoint proteins in response to DNA damage, resulting
in cell cycle arrest. This radioresistance is opposed by inhibition of checkpoint
kinases [128]. Similarly, other DNA damage response targets including ATM,
ATR, Chk1, and PARP1 have increased levels of glioblastoma CSCs [129].
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4.3 Increased Redox Capacity

Radiation therapy induces DNA damage by reactive oxygen species (ROS) produc-
tion, where ROS reaches the cell’s antioxidant capacity [130]. CSCs produce
extremely ROS scavengers, such as glutathione (GSH), which results in resistance
to DNA damage induced by ROS. To support this, GSH pharmacological reduction
induces radiosensitivity in CSCs [131]. The CD44 variant isoforms (CD44v),
strongly expressed in carcinomas of the epithelial form and GI CSCs, are implicated
in intracellular GSH control [132]. CD44v-expressed cells play a vital role in the
tumor-beginning process and have increased resistance to H2O2, cisplatin, and
docetaxel in order to play a crucial role in the initiation of tumors. This indicates
that the control and enhancement of the cellular antioxidant ability of CSC CD44v
play a role not only in tumorigenesis but also in resistance to chemotherapeutic
treatment strategies and in maintaining ROS levels below those of non-stem
cells [133].

4.4 Efflux of Drug

In addition, preventing or repairing chemoradiation-induced DNA damage, CSCs
have the capability to export toxic chemicals and drugs. This is induced by proteins
that transport from the cell membrane, the most common being the ATP-binding
cassette (AC) transporter family. Such hydrophobic chemotherapy drugs are elimi-
nated by transport proteins from the cytosol to the extracellular space [134]. Studies
of CSCs from various types of solid cancers revealed superior efflux ability com-
pared to non-cancer stem cells. For example, two drug transporters, MDR1 and
BRCP1, are overexpressed by CD133+ glioma CSCs compared with CD133� cells
[126, 135]. In fact, enhanced production of the MDR1 transporter protein ABCG2 in
colorectal CSCs in these cells conferred chemoresistance [136].

5 Targeting of CSCs

CSCs are armed with numerous mechanisms for avoiding conventional cancer
therapy, limiting the effectiveness of these therapeutic strategies and enabling
CSCs to promote the recurrence of metastatic diseases. So ideal antitumor therapies
should target both the proliferating population of cancer cells and CSCs. In this case,
therapies designed to eliminate CSCs have attempted to remove these cells through
either activate differentiation or targeted eradication [137, 138].
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5.1 Differentiation Induction

Differentiation therapies are based on the principle that differentiation of CSCs
contributes to a loss of self-renewal capabilities and properties of drug resistance,
hence making them susceptible to regular therapies. The best known example of
treatment designed to induce differentiation of CSCs is the treatment of APL.
ATRA, a retinoid, has helped turn APL into one of the most treatable leukemia
forms. ATRA targets PML/RAR-α, a differentiation suppressor, which induces cell
differentiation [139]. Retinoids were also used in head-and-neck and lung cancer in
addition to their use in APL, where differentiation induction was used as a chemical
prevention tool for precancerous lesions [140]. In GI cancer ATRA induces differ-
entiation in the cell lines of colon cancer [141]. Furthermore, ATRA treatment of
patient xenografts resulting from stomach cancers causes CSC differentiation and
apoptosis, decreasing tumorigenicity [142]. Clinically, ATRA substantially
improves precancerous gastric dysplasia when combined with omeprazole and
sucralfate [143]. Furthermore, the use of ATRA in traditional gastric cancer treat-
ment increases survival rate compared to standard therapy alone [144]. While ATRA
has failed to demonstrate therapeutic effectiveness in the diagnosis of other GI
tumors, ATRA provides a framework and proof of concept for the future use of
differentiation therapy in specific cases. Certain compounds cause differentiation in
comparison to ATRA, like PPAR-γ agonists. PPAR-γ is an important regulator of
differentiation in many cell types, particularly those involved in lipid homeostasis,
controlling preadipocyte and fibroblast terminal differentiation [145]. Most of the
work with PPAR-γ has been done in cancer cell lines to date. PPAR-γ agonists, such
as pioglitazone, exit the cell cycle by inducing terminal differentiation [146]. Of
interest to GI, Sarraf et al. worked on tumors in colonic adenocarcinoma and he
showed the enhanced expression of PPAR-γ in adenocarcinoma. Additionally,
treatment with PPAR-γ agonist troglitazone leads to the differentiation of colon
cancer cells, measured by increased carcinoembryonic antigen expression (CEA)
[147]. In addition, knockdown of PPAR-γ in mice promoted tumor growth by
decreasing cancer cell differentiation [148]. Such findings showed that there are
mechanisms that can be controlled for cell differentiation in GI tract cancers.
Nevertheless, significant work is required in this field before therapies reach the
clinic since most experiments have been performed in vitro in cancer cell lines.

5.2 Targeted Elimination

Besides therapies that induce differentiation, treatment of CSCs can also be
performed by targeting stem cells for elimination. As previously described, CSCs
have distinct surface marker expression profiles, creating opportunities for
pharmacotherapeutic strategies targeting these different CSC properties. Targeted
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removal may also be done through targeting pathways that give therapeutic resis-
tance or survival benefits to CSCs.

6 Targeting of Cell Surface Receptors

The classification of CSCs by cell surface markers is observed in many GI cancers,
including the pancreatic liver and colon [54, 149, 150]. Identification and selective
targeting of CSC-specific cell surface markers enable the administration of highly
potent cytotoxic agents with minimal systemic toxicity, as compared to traditional
chemotherapeutics that target all rapidly dividing cells. There are two possible ways
to remove such markers: immunotherapy and drug carriers.

6.1 Immunotherapy

Targeting CSCs that use the immune system provides benefits compared to standard
therapies. First, along with other antibody treatments, immune cells exhibit antigen-
specific cytotoxic activity, providing a more focused approach to CSC targeting.
Second, in conventional treatments, such as chemotherapy and radiation, toxicity
depends in part on the phase of the cell cycle [151]. Since CSCs are relatively
quiescent compared to non-CSCs, immunotherapeutic strategies can provide a way
of eliminating CSCs irrespective of proliferation status [152]. Finally, immunother-
apy can produce long-lasting memory responses that might be effective in challeng-
ing a cancer relapse. Numerous immunotherapy strategies are listed below, targeting
CSCs in gastrointestinal malignancies.

6.1.1 Chimeric Antigen Receptor T-Cell Therapy

With the recent US FDA approval of tisagenlecleucel and axicabtagene for refrac-
tory B-cell malignancies, chimeric antigen receptor (CAR)T cells have turned into
an exciting immunotherapeutic approach to cancer treatment [153]. In addition,
CAR T cells are T cells engineered to express an artificial receptor that consists of
a targeting domain generated from an antibody linked to intracellular signals
[153]. Therefore, CARs derived from antibodies which target surface antigens on
CSCs represent a potential therapeutic approach. Details of a phase I study of CAR T
cells guided against CD133 in patients with hepatocellular, pancreatic, and colorec-
tal carcinomas have recently been reported [154]. Of the 23 cases, 3 had limited
recovery and 14 had stable illnesses. Analysis of biopsied tissues also shows that
CD133+ cells were decreased. While EpCAM is a less selective CSC marker, CAR T
cells target this marker. Ang et al.’s report found that anti-EpCAM CAR T cells
increased survival with human rectal tumors in xenograft mouse models
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[155]. Clinical trials are currently ongoing to test anti-EpCAM CAR T cells in
various gastrointestinal malignancies (NCT03013712).

6.1.2 Vaccines

Ning et al. found that vaccination with dendritic cells pulsed with CSC lysates
identified by high dehydrogenase expression (ALDH) was capable of generating
in vivo CSC-specific T cells and antibody responses [156]. In addition, dendritic
cells pulsed with tumor lysates from ALDH cells showed increased inhibition of
tumor growth compared to whole-tumor lysates and reduced metastases in squamous
cell and melanoma tumor models. It indicates that autologous tumor cell vaccines
targeting CSCs may have a greater effect on antitumors. Phase I/II clinical trials
delivering CSC vaccines in the liver (NCT02089919), colorectal (NCT02176746),
and pancreatic (NCT02074046) cancers were performed based on the Ning et al.
methodology. Reports of these studies are still to be published.

6.1.3 Other Immune Cells

Although most efforts targeting CSCs have based on exploiting the adaptive immune
system, it is increasingly recognized that innate immune cells often identify CSCs.
Tallerico et al.’s in vitro experiments showed that natural killer (NK) cells in
colorectal tumors preferentially lysed CSCs over non-CSCs [157]. Cytotoxic effect
against CSCs was associated with enhanced expression of NK-activating ligands
NKp30 and NKp44 and reduced expression on CSC surfaces of inhibitory ligands
such as MHC class I compared to non-CSC cells. In melanoma and glioblastoma,
similar reports of CSC-specific killing by NK cells were published [157, 158]. In
addition, recent studies by Ames et al. have shown NK cells’ ability to target
pancreatic CSCs in vivo. The adoptive migration of NK cells was observed using
mice with human pancreatic tumor xenografts to decrease percentages of ALDH
high cells which act synergistically with radiation to inhibit tumor growth
[159, 160]. However, γδ T cells in various malignancies often show anti-CSC
activation [161]. In colorectal cancer, Todaro et al. documented that zoledronate
caused the aggregation of metabolites of mevalonate in CSCs, making them targets
for the destruction of cells by γδ T cells [161]. Alternative methods using NK and γδ
T cells for targeting CSCs are independent of antigen processing and expression
of MHC.

6.2 Drug Carriers

Apart from immunological strategies, the delivery of cytotoxic agents on the surface
of cells is a possible method for the eradication of CSCs. One such successful
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therapy is the development of aptamers, which are small single-stranded DNA or
RNA, about 20 times smaller than antibodies. These aptamers bind to their targets
with great affinity and are internalized by cells [162]. In 2010 Shigdar et al. created
the first RNA aptamer targeting a CSC surface marker. This aptamer was designed to
interact with the molecule of epithelial cell adhesion (EpCAM), a transmembrane
glycoprotein commonly overexpressed in both solid tumors and CSCs. It was
associated with several cell lines of cancer including KATO III (gastric carcinoma)
and T47D (cell line of colon adenocarcinoma) [163]. More recently, two RNA
aptamers were found to target CD133AC133 epitope, a CSC marker in the colon
and pancreas [164, 165]. Among other cells, HT-29 (human colorectal cancer cell
line) and Hep3B (hepatocellular carcinoma cell line) internalized these CD133
aptamers. They also demonstrated a superior ability to penetrate HT-29 tumor
spheres compared to an antibody CD133 [166]. A recent study showed that an
aptamer directed at the CD44 surface receptor, a specific CSC marker, has been
internalized via breast cancer cell lines [167]. While this report did not show the
internalization of the aptamer in GI cells, it is important to note that CD44 was
previously used as a marker for GI CSCs [165]. As aptamers are usually less
immunogenic and have low toxicity, they hold excellent potential as a drug delivery
mechanism with less systemic toxicity than conventional therapies. The exciting
potential of these conjugates has not been proved to be effective in vivo at this point
and further work is required before systematic delivery [168]. Antibody-drug con-
jugates are a promising therapeutic choice, like nanocarriers such as aptamers, which
would enable cytotoxic agents to be administered to specific cells in the absence of
systemic toxicity. Antibody-drug conjugates require internalization accompanied by
lysosomal processing and cleavage to activate the drug. It causes only those cells
which show the antigen to be given therapy [169]. Such conjugates can be used
together with normal chemotherapy and radiation to produce improved results. In
addition, this concept was used in the treatment of acute myeloid leukemia, where a
gemtuzumab ozogamicin conjugate targeting CD33+ leukemia cells was paired with
conventional chemotherapy to increase survival rate [170]. Antibody-drug conju-
gates targeting CSC surface markers are under study. Two antibody conjugates have
recently been established that target LGR5, a marker of CSCs in colon cancer. In a
mouse model, a study shows within in vivo antitumor efficacy and safety. Although
much more work should be done until therapies such as these are safe for humans,
this study provided evidence of the idea that antibody-drug conjugates can be
targeted at CSC surface markers [171].

6.3 Targeting Resistance Mechanisms

Another potential mechanism for eradicating CSCs is to target the machinery that
mediates standard therapy resistance. Two fields where this has been examined in
CSCs include inhibition of ABC transporters and targeting of antioxidant systems.

3 Cancer Stem Cells as Therapeutic Targets for Gastrointestinal Cancers 67



6.3.1 Transporters

As previously described, ABC transporters allow CSCs to avoid conventional
chemotherapy by effluxing chemotherapeutic agents. Therapy designed to disrupt
these transporters makes CSCs sensitive to standard chemotherapy. The best studied
technique for inhibiting the role of ABC transporters is through direct modulators,
three generations of which exist. Despite showing promise versus leukemia cells
in vitro, in phase I clinical trial the first known modulator, verapamil, failed to
improve vinblastine toxicity [172]. Second-generation inhibitors seem to be opti-
mistic, but resulted in lower clearance of chemotherapy and increased toxicity in
clinical trials [173]. Third-generation inhibitors have shown more promise as a
possible multidrug resistance therapy [173]. Certain approaches targeted at tran-
scriptional regulation of ABC carriers or signaling pathways involving ABC carriers
are in their infancy and will need further improvement [173].

6.3.2 Antioxidant Systems

Another therapeutic approach to disarm mechanisms of resistance to CSCs is
through targeting antioxidant systems, increasing oxidative stress in radiation and
chemotherapy setting. The most important potential target is GSH, a metabolite that
defends the cells from oxidative damage [174]. In squamous head-and-neck carci-
noma, inhibition of xCT, a cysteine transport mediator required for the synthesis of
GSH, leads to apoptosis in CD44v-expressing stemlike cells [175]. CD44v interacts
and stabilizes xCT, promoting cysteine uptake enabling synthesis of GSH. Subse-
quently, CD44v ablation destabilizes xCT and decreases GSH. CD44v ablation in a
mouse model of gastric cancer resulted in a loss of cell surface expression and a
decline in intracellular GSH, thereby suppressing tumor growth [176]. These studies
show that extracting aspects of the cell defense system from ROS will influence cell
viability.

6.4 Antitelomerase Therapy

The shortening of telomeres is a major regulator of cell death. In most tissues,
telomerase that helps maintain the length of the telomere is suppressed before birth
and maintains normal telomere-dependent cell mortality. Lifetime telomerase activ-
ity is relegated to the selection of stem cell populations, thus allowing immortality.
Unlike ordinary stem cells, CSCs remain immortal and capable of self-renewal,
largely due to telomerase expression which enables them to avoid replicative
senescence. Besides CSCs, most tumor cells express any level of telomerase activity
[177]. This makes telomerase an outstanding target therapy because it can influence
all differentiated cancer cells and CSCs. There are currently two methods of guiding
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telomerase therapy. The first BIBR1532 antitelomerase compound was effective but
it failed to advance to the clinical trial level. More recently, the GRN163L compound
has progressed to the clinical trial level and has proven effective in multiple tissues
of mouse xenografts [178]. In the field of GI cancer, GRN163L showed the efficacy
of human hepatoma impairing tumor growth in vivo in mouse xenografts. When
GRN163L was granted prechemotherapy, chemosensitivity to doxorubicin was
increased in vitro [179]. There is also a decrease in telomerase expression in cells
isolated from surgical specimens of the Barrett’s esophagus treated with GRN163L.
In addition, telomere shortening is observed resulting in eventual in vitro apoptosis.
In vivo treatment with GRN163L decreased the volume of tumors in a mouse
xenograft model [180]. In fact, GRN163L enhanced the sensitivity to radiation in
the esophageal squamous cell carcinoma cell lines, leading to increased apoptosis
[181]. Although these studies suggest promise for a potential therapeutic for GI
cancer, to date 19 clinical trials using GRN163L have been conducted, but none have
been targeted for GI cancers [182]. The second antitelomerase treatment method is
through immunotherapy. Vaccines targeted at TERT, a catalytic component of
telomerase, will require CD8+ T cells to destroy tumor cells while largely avoiding
toxicity to normal tissues with little to no expression of telomerase [183]. There was
potential in the area of pancreatic cancer therapy that GV1001, a telomerase vaccine,
would prove effective in patients with advanced-stage pancreatic cancer. However,
given in combination with chemotherapy, in a phase III clinical trial, GV1001
showed no improvement in overall survival [184]. Further study in the field of
telomerase immunotherapy and telomerase-inhibiting therapy is required to under-
stand its potential for targeting CSCs.

7 Targeting Tumor Microenvironment

Specific activation of CSCs is a first-line clinical technique for combating these cells.
Furthermore, other therapeutic approaches are also suggested as knowledge of the
tumor microenvironment is rapidly increasing, which could establish a gap for
developing and protecting CSCs from cancer therapy. Tumor microenvironment
cells comprise fibroblast, myofibroblast, adipocyte, mesenchymal stem cells, and
immune cells, such as macrophages and neutrophils, as well as endothelial cells
forming the blood vessel walls and moving through the tumor [185]. CXCR4, the
stromal cell receptor associated with factor-1 (CXCL12/SDF-1α), makes tumor
progression, angiogenesis, and drug tolerance easier. However, expression of
CXCR4 is a prognostic factor in several GI carcinomas, including gastrointestinal
carcinoma [185]. The association of adhesive tumor/stroma will disrupt CXCR4
antagonists, such as analogs plerixafor (AMD3100) and T14003, which can make
stem cells responsive to cytotoxic drugs [186]. In both clinical studies and gastro-
intestinal cancer mouse models, a new approach to targeting the CXCR4-CXCL12
axis is being investigated [185]. Developing more efficient anticancer methods often
means inhibiting the angiogenic process needed to vascularize and grow tumors.
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Likewise, the development and observation of antiangiogenic agents that could
interact with a VEGF-VEGFR pathway were carried out to effectively combat
tumor growth in in vivo animal models, including anti-VEGF or VEGFR antibodies,
VEGFR antagonists, and soluble truncated VEGFR form [187].

8 The New Approach to Preclinical Therapy Assessment

In our opinion, preclinical evaluation of efficient treatment of CSC involves confir-
mation, and this test can be conducted in a variety of ways, each representing
different intensity levels, and which more accurately demonstrates clinical condi-
tions. Grafting and cell culture models are the conventional way to test the success of
the treatment against CSCs. These initiatives may be inaccurate because culturally
adapted cells cannot imitate actual primary CSC properties.

9 Cell Line, Patient-Derived Xenograft (PDX),
and Tumoroids

The traditional new drug screening by using cell line-derived xenograft or syngeneic
mouse models could not predict the successful development of oncological drugs
because 97% of novel treatments were successful in in vivo xenograft studies but
were unsuccessful in clinical trials [188]. In contrast, a small fraction of fresh tumor
tissue from the patient is transplanted into an immunodeficient mouse tumor model
[188]. This procedure allows for faster cell movement and effective tumor growth
and position control. PDX models can be preferable to traditional line xenografts
because they are similar to parental tumors. Detailed examination of PDX mice
reveals that histology and gene expression profiles are maintained with SNPs and
copy number variants, and PDX models efficiently screen the drug efficacy [188].

Another new cell culture technology, known as “organoids” and “tumoroids,”
was recently developed and allowed to derive from adult stem cells and tumors
(especially CSCs), respectively [189]. The structures are the same as organ/tumor
in vivo and can develop fast and in relatively great amounts in structural and
developmental processes. While many works have been done on the production of
tissue repair organoids/tumoroids, more detailed implementation includes high-
throughput therapeutic testing, from cell signals and analyses to palliative chemo-
therapy sensitization and to optimization of treatment protocols in personalized
medicinal products. Therefore, without the complications associated with organism
growth, gene knockout and knock-in can be done. This form of preclinical models
in vitro helps researchers to predict clinical reaction trends and to conduct custom-
ized clinical trials.

70 J. P. Mandala et al.



10 Conclusion

Many gastrointestinal tumors are likely to generate a small population of self-
regenerating cells called CSCs. Moreover, it does not show enough evidence in
order to determine the relationships between CSCs sorted according to different
methods. As previously mentioned, supposed CSC is isolated by their markers.
Anticancer therapy is usually assessed for its ability to shrink tumors. If these
treatments do not eliminate CSCs, there could be a relapse and tumors may establish
more resistance through CSCs. Targeted therapies against these molecules could
provide new ways of eradicating malignant cancer phenotypes without disturbing
ordinary stem cells. CSC-targeted therapy has arisen as a method of treatment that
could revolutionize cancer therapy and have a significant impact on reducing
recurrence and metastatic diseases. Furthermore, many CSC-targeted therapies are
more specific and would allow less systemic toxicity than traditional chemotherapy
and radiation therapy. There are several major obstacles to implementing
CSC-targeted therapies. Many of the treatments mentioned above are not specific
to CSCs but are typically inherent in stem cells. In fact, there is a huge amount of
cross-talking between signaling pathways, and the impact of interrupting such paths
in normal cell populations remains unclear. Therapies targeted at CSC-specific cell
surface markers offer an interesting opportunity to avoid this issue, as they can
provide selective therapy with reduced systemic toxicity. This can be accomplished
in many forms, including drug carrier mechanisms and immunotherapies, such as
vaccinations and CAR-T-cell therapies. Stem cells have only been identified in a
small number of GI cancers. Therefore, there is the possibility of stem cell subsets
that do not express known markers. In addition, there are potential surface marker
profiles between stem cells that may vary across various patients. The substantial
effort will be required to reliably identify stem cell markers among various GI cancer
profiles before these therapies can progress to a clinically impactful stage. More
work is needed to recognize CSCs and consider their survival mechanisms, resistant
therapeutic properties, and cell signaling pathways. However, this is an exciting
therapeutic approach that will involve a lot of research and investment in the coming
years to fulfill its promise of revolutionizing cancer therapy.
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Chapter 4
Phytochemicals Plus Checkpoint Inhibitors
in GI Cancers

Krishnamurthy Nakuluri and Gowru Srivani

Abstract Malignant cancer is yet one of the overwhelming reasons for mortality
and morbidity in the world. Previous literature indicates that a higher intake of fruit
and vegetables is correlated with a lower incidence of various types of cancers. The
predominant phytochemicals including curcumin, isothiocyanate, genistein, resver-
atrol, epigallocatechin gallate, and lycopene have been shown to have potential
antioxidant, chemopreventive, and anticancer properties. Recent studies demon-
strated numerous phytochemicals reported to have antiangiogenic, anticancer,
antiproliferative, anti-metastatic, and pro-apoptotic properties. Various animal and
cellular studies reveal that these phytochemicals mediate cell death and block cell
cycle by numerous mechanisms. The chemopreventive, apoptotic, and anticancer
properties of these phytochemicals are results from their use in monotherapy or
coalition with immune checkpoint inhibitors or chemotherapeutic drugs. However,
despite emerging evidence from various reports, only a few clinical trials are in
progress to evaluate the therapeutic effectiveness of these phytochemicals.
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CRC Colorectal cancer
CTLA4 Cytotoxic T-lymphocyte-associated antigen-4
EBV Epstein-Barr virus
EGFR Epithelial growth factor receptor
FAP Familial adenomatous polyposis
GIT Gastrointestinal cancer
GST Glutathione S-transferase
HCC Hepatocellular cancer
ICIs Immune checkpoint inhibitors
IL-β Interleukin-β
MAPK Mitogen-activated protein kinase
MMR Mismatch repair
MSI Microsatellite instability
mTOR Mammalian target of rapamycin
NF-ҡB Nuclear factor kappa-B
NK cells Natural killer cells
PAK1 P21-activated kinase-1
PD-1 Programmed cell death-1
PEITC Phenethyl isothiocyanate
PGE2 Prostaglandin E2
PI3K Phosphatidylinositol 3-kinase
ROS Reactive oxygen species
TNF-α Tumor necrosis factor-alpha
VEGF Vascular endothelial growth factor

1 Introduction

Phytochemicals are the secondary plant compounds that offer helpful effects to
human health and disease-preventive properties that serve a variety of functions,
including deterring predators or response to tissue damage or infection. Recent
studies identified that the dietary phytochemicals exert their beneficial effects on
the body through a complex interplay with the host’s microbiota [1, 2]. Previous
studies reveal that dietary phytochemicals that are abundant in vegetables and fruits
exhibit strong in vitro and in vivo chemoprotective properties [3, 4]. The dietary
phytochemicals exert beneficial effects on synergy with gut microflora which assists
in the reduced incidence of colorectal cancer risk [5]. Phytochemicals consist of
antioxidant, antiproliferative, anticancer, and anti-inflammatory properties. The
most popular phytochemicals with anticancer properties include curcumin extracted
from turmeric root rhizomes, genistein obtained from soybean, lycopene from
tomatoes, and resveratrol from grapes. The anticancer properties of various phyto-
chemical compounds are the following: (a) Polyphenols act by inhibiting kinases by
reducing hyperproliferation of epithelial cells, detoxifying carcinogen, inhibiting
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tumor cell proliferation, and inhibiting metastasis. (b) Organosulfur compounds act
by inducing apoptosis, blocking cell cycle, free radical scavenging, and suppressing
DNA adduct formation. (c) Alkaloids act by suppression of cancer cell metastasis,
modification of cancer metabolism, and alteration of carcinogen metabolism.
(d) Carotenoids are inducers of differentiation. Isothiocyanates target gastric cancer
tumorigenesis at multiple levels by affecting mucosal, muscle cell layer, and
Helicobacter pylori in the stomach [6].

Previous studies have shown that phytochemicals capable of inducing the
immune system reduce oxidative damage to cells, decrease inflammation, block
DNA damage, assist in DNA repair, and also help to regulate hormones. Various
mechanistic insights of different phytochemical actions include inhibition of cell
proliferation, differentiation, oncogene expression and suppression of cell adhesion,
invasion, angiogenesis, estrogen regulation, and steroid hormone metabolism. Phy-
tochemicals also inhibit superoxide dismutase, catalase, cyclooxygenase-2, xanthine
oxidase, glutathione peroxidase, and nitric oxide synthase. The most important
phytochemicals, their food sources, and beneficial effects are listed below
(Table 4.1).

Various in vitro and in vivo reports have suggested that numerous phytochemi-
cals decrease the multiplicity or incidence of induced tumors [7]. Besides these
findings, numerous in vitro studies reveal that phytochemicals inhibit or
downregulate many factors involved in cell signaling significant for cell proliferation

Table 4.1 The list of various categories of phytochemical compounds and their source of origin
with their beneficial effects in the treatment of gastrointestinal cancers

Phytochemical
(s) Compound Plant source Benefits

Polyphenols Ellagic acid,
resveratrol

Green tea, grapes,
berries, citrus fruits,
peanuts, whole grains,
and apples

Inhibits tumor formation and
inflammation

Carotenoids Lycopene, zea-
xanthin, beta-
carotene, lutein

Carrots, tomatoes, broc-
coli, apricots

Stimulate the immune response,
antioxidant, and inhibit tumor
growth

Terpenes Perillyl alcohol,
limonene,
carnosol

Citrus fruit peel, rose-
mary, cherries

Antioxidant, antiproliferative,
anticancer

Inositol Phytic acid Oats, rice, rye, soybean,
corn, wheat

Antioxidant, antiproliferative,
and prevents cell damage

Flavonoids Anthocyanins,
quercetin,
catechins

Citrus fruits, onions,
soybeans, apples

Stimulate the synthesis of
detoxifying enzymes in the
body and immunity

Isoflavones Genistein,
daidzein

Soybeans and soy
products

Antioxidant, antiproliferative,
anticancer

Indoles,
glucosinolates

Isothiocyanates,
sulforaphane

Broccoli, kale, cabbage,
collard greens, cauli-
flower, and Brussels
sprouts

Stimulate detoxification of car-
cinogens, help lower your can-
cer risk, and prevent tumor
growth
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and survival or progression of cell cycle (Fig. 4.1) and enhance signaling important
for apoptosis. Phytochemicals also prevent cancer metastasis and progression but
can also cause tumor cell necroptosis, apart from cell death [8, 9]. Common path-
ways affected by phytochemicals in these reports or studies include the tumor-
promoting pathways, MAPK/ERK and PI3K/Akt, and the caspase-dependent apo-
ptotic pathway.

Allium sativum (garlic) has previously shown to consist of several medicinal
characteristics such as anticancer, antidiabetic, antimicrobial, anti-hypolipidemic,
antihypertensive, and antimicrobial effects. Previous reports indicate that the intake
of garlic showed a preventive effect against GI cancers [10]. Other studies reported
that the consumption of garlic represses the progression of human colorectal ade-
noma [11]. The epidemiological reports have evidenced cancer-preventive activity
of various GI cancers including colorectal, gastric, and esophageal cancers
[12]. Administration of garlic enhances the cell count and activity of NK cells in
patients with advanced digestive system cancer [11], since increased NK cells are
correlated with antagonistic to tumor outcome, and garlic delays death due to
cancer [13].

Curcumin is an alkaloid obtained from the rhizome of turmeric, which is a yellow
polyphenol (diferuloylmethane). The beneficial characteristics of curcumin are
accompanied by its antioxidant, cytoprotective, and anti-inflammatory features
[14–16]. Extensive clinical and experimental reports have shown its curative or
therapeutic efficacy to counteract various diseases such as gastrointestinal ulcers,
diabetes, liver diseases, CVDs, nephropathy, arthritis, and colorectal cancer [17, 18].

Resveratrol is the most abundant phenolic compound abundant in red grapes, skin
of peanuts, grapes, and other fruits, which employ its chemotherapeutic and

Fig. 4.1 Inhibition of several cell cycle-dependent kinases (CDK) and associated protein expres-
sion by cell cycle arrest or blocking with phytochemicals such as resveratrol and curcumin
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chemopreventive reactions by regulating several biological actions. Resveratrol is
recognized to induce powerful anti-inflammatory and antioxidant properties and
block cell proliferation in several cancer cells [19, 20]. The ameliorative effects of
resveratrol against cancer metastasis have been shown in various phases of carcino-
genesis including initiation, promotion, and advancement of cancer [20]. It was
shown that resveratrol also suppresses Wnt target gene expression in the usual
colonic mucosa of patients with CRC [21]. Previous reports revealed that regular
intake of resveratrol by patients with colorectal cancer decreases cancer cell prolif-
eration [22]. Besides, previous reports also suggest that the administration of
resveratrol mediates anticarcinogenic actions in GIT.

Viscum album is a species of mistletoe; these preparations are among the most
often recommended complementary and substitute treatment for gastrointestinal
cancers. Rhus verniciflua is a phytochemical with anti-inflammatory, antioxidant,
antimicrobial, and anticancer characteristics [23, 24]. Green tea is a well-known
beverage that is consumed worldwide, as it has various biological properties that
include anti-inflammatory, antimicrobial, anti-arthritic, antioxidative,
antiangiogenesis, and anticancer effects. The previous study reports that catechins
are active components accountable for the majority of biological activities of green
tea [25, 26]. A double-blind study reports that catechins from green tea were a more
efficient therapeutic treatment for premalignant prostate cancer [27].

2 Phytochemicals in Colorectal Cancer

Colorectal cancer (CRC) is a member of the major gastrointestinal cancers which
maintained to be a worldwide killer in the past decade. Recent reports show that
CRC is the fourth most frequent cancer with an annual prevalence of 1.2 million new
cases and over 6,00,000 deaths worldwide [25]. Reports showed that CRC is a good
candidate for chemoprevention at the precancerous stage. Celecoxib, a
cyclooxygenase-2 inhibitor, is the suggested therapy for blocking familial adeno-
matous polyposis (FAP) with cardiovascular adverse effects. It is believed that
dietary phytochemicals are the candidates for chemoprevention. The diet rich in
vegetables, fruits, spices, and grains contains helpful effects on the intestine, espe-
cially colon. Mushroom glucans, curcumin, apple polysaccharides, ginsenosides,
saponins, resveratrol, and quercetin are widely studied phytochemicals to control
their role in CRC prevention.

Curcumin has prominent antioxidant, anti-inflammatory, and anti-carcinogenic
characteristics [28–30]. Curcumin inhibits tumor cell growth by suppressing inflam-
mation; various in vitro reports have revealed that curcumin is utilized as a thera-
peutic treatment for CRC by influencing several targets. Several previous studies
have revealed the molecular mechanisms indispensable for the suppression of colon
cancer advancement by curcumin. The prominent targets of the signaling pathways
controlled by curcumin include EGFR, Wnt/β-catenin AMPK-COX-2 [31], and
MAPK. Curcumin also suppresses colon cancer cell growth by decreasing the
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ERK/Egr-1/EGFR signaling and decreasing the expression of EGFR. Curcumin was
also shown to block the development of chemoresistant colon cancer cells through
suppression of EGFR and IGF-1R. Both survivin and IGF-1 could lead to suppres-
sion of cell death and extended survival of colon cancer cells by inhibition of the
mitochondrion-mediated pathway. Besides, curcumin also reduces the levels of
survivin and IGF-1 via stimulating the expression of p53 and downregulation of
TNF-α levels, which results in the activation of the apoptotic signal [31]. COX-2 is a
crucial player, which plays a significant role in cancer inflammation. Increased levels
of COX-2 have been identified in the predominant CRC [24–28], and in a subset of
adenomas. Curcumin remarkably suppressed the expression of COX-2 at mRNA
and protein levels, but not COX-1. Studies report that the intake of soy is correlated
with decreased occurrence of colon cancer. The soy saponin extract inhibited tumor
cell growth in a dose- and time-dependent fashion. Besides, soy saponins also
repress degradation of IKKBα in PMA-induced cells, whereas COX-2 and PKC
expression levels are remarkably decreased.

Administration of apple polysaccharides (AP) mediates cell cycle arrest in a
p53-independent way. Galectin-3 is involved in various stages of inflammation
which is a prediction marker, and its altered expression is associated with cancer
pathogenesis and metastasis of several types of cancers such as CRC [32, 33]. The
anti-CRC efficiency of AP is ascribed to activation of death of colonic epithelial
cells, and the plausible mechanism for AP to augment cell death and block carcino-
genesis could be via binding of galectin-3 to its ligands [34]. Mushrooms have been
known to be used as a healthy beneficial food additive for the blockage and treatment
of various diseases. Reports have shown that PCNA expression reduced in colorectal
adenocarcinomas of mice upon administration of mushroom glucans [35–37]. The
soluble α-glucan could repress cancer cell proliferation through direct interplay with
the colon cancer cells as well as by stimulation of cell death.

Resveratrol which is predominantly present in grapes inhibits IGF-1-mediated
colon cancer cell proliferation by stimulating p53. Since the IGF signaling is
intimately associated with obesity-induced CRC pathogenesis, resveratrol showed
beneficial effects for inhibiting obesity-induced CRC [38]. Besides, it also sup-
presses colon cancer cell proliferation and assists cell death by inhibiting the pentose
phosphate pathway and FAK, a crucial protein required for cell-ECM communica-
tion, which contributes to the anti-colon-carcinogenic effect of resveratrol in obese
patients [39]. Moreover, it also employs synergistic anticancer effects on
chemoresistant cancer cells by controlling the AMPK signaling. Besides, the phos-
phorylation level of acetyl-CoA carboxylase (ACC), a downstream target of AMPK,
was upregulated by co-therapy with resveratrol as well as etoposide and enhanced
phospho-ACC and pAMPK suppression of cell viability and previous reports sug-
gest that compound C, an AMPK inhibitor, suppresses cytotoxicity [40].
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3 Phytochemicals in Gastric Cancer

Gastric cancer (GC) is remarkably the seventh major frequent origin of cancer-
associated mortality in the globe [40]. It is the third most principal source of cancer-
associated mortality in females and males; typically the initial stages of GC are
frequently clinically silent, and therefore identified in advanced stages [41–43]. GC
is a solid tumor, with a complex interplay between environmental and genetic factors
that attribute to the initiation and progression of cancer. The significant risk factors
that confer increased risk for GC include smoking, overweight, pickles, or salty
foods, and H. pylori infection. Exposure to chemical carcinogens or H. pylori
infection is a source of various events that result in the spread and progression of
gastric cancer [44]. Prolonged infection with H. pylori highly intensifies the risk of
advancing GC, peptic ulcers, and mucosa-related lymphoid tissue cancers [45]. Pre-
vious studies reported that oxidative stress is a crucial player for the expansion of
H. pylori-associated gastric carcinogenesis. Especially, H. pylori infection is
connected with the penetration of neutrophils and macrophages into the gastric
mucosa leading to the generation of various free radicals, such as ROS, superoxide,
and nitric oxide that causes injury to epithelial cells and DNA damage to the vicinal
cells [45, 46]. ROS-induced stress responses consequently lead to gastric mucosal
injury, and ulcers finally develop into GC [47]. Therefore, agents that show strong
antioxidant ability via scavenging ROS or improving antioxidant potential may be
beneficial to safeguard against GC development. Previous reports revealed
that H. pylori infection alters the expression levels of EGF, EGFR, COX2, and
VEGF in gastric cancer [43, 48, 49]. COX2 expression levels were upregulated
via H. pylori infection, elevated COX2 expression is associated with GC, and
COX2 inhibition is shown to offer a notable decrease in the generation of tumors
[43, 50, 51].

Curcumin was shown to consist of a broad range of biological activities including
anticarcinogenic, antibacterial, anti-inflammatory, antiproliferative, antioxidant, and
chemopreventive actions in multiple cancer cells [52–55]. Various reports have
revealed that the antitumor action of curcumin depends on obstructing the NF-κB
pathway and suppressing the IKK signaling, which phosphorylates IκB; thus it
inhibits NF-κB activation and stimulates cell death [54, 56, 57]. Curcumin also
suppresses the proliferation and infiltration of GC cells through the downregulation
of cyclin D and suppression of PAK1 activity [58]. Besides, other studies also show
that curcumin also suppresses the Akt/mTOR/p70S6 [36] signaling, stimulates
ERK1/2, and mediates autophagy. It also upregulates the expression of Beclin-1-
p53 which induces ROS and autophagy, consequently leading to colon cancer cell
death [59–61].

Various studies have been reported that curcumin suppresses H. pylori infection
in mice by decreasing its growth, but the process of cell growth and possible
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therapeutic efficacy of curcumin are yet to be demonstrated by in vitro reports using
various GC cell lines [62]. Curcumin guards against chemoresistance in gastric
cancer cells by decreasing NF-κB and succeeding NF-κB-induced anti-apoptotic
genes in GC cell line [63]. Besides, curcumin reduces EGFR expression and the
activity of PAK1, a downstream regulator of EGFR. It is also known to decrease
NF-κB activity, controlled through PAK1, which mediates reduced cell proliferation
by decreasing both mRNA and protein expression levels of cyclin D1 and inhibits
cell cycle progression from G1 to S stage. Accordingly, curcumin also suppresses
the cell proliferation and infiltration of GC cells [57].

Allicin (diallyl thiosulfinate) is an organosulfur compound noticed in garlic and
has been shown to contain numerous biological activities that include
anticarcinogenic, antimicrobial, and antioxidant characteristics [64, 65]. Various
studies have demonstrated that it is able to prevent cell proliferation and mediates
cell death in cancers including cervix, breast, colon, lung, and gastric cancer
[66, 67]. It is reported that allicin also increases the level of mitochondrial cyto-
chrome C and Bax release which plays a significant role in cell death. Besides, it is
demonstrated that allicin efficiently inhibits the action of telomerase in a dose- and
time-dependent way. Another report revealed that allicin induced cell cycle block at
the G2/M stage and also decreased Bcl-2 expression. Allicin is correlated to che-
motherapeutic agents such as AZT, and showed improved antitumor activity with
lesser toxicity and side effects [66, 68].

Several recent epidemiological reports have shown an opposite relationship
between red wine intake and occurrence of CVD. The cardioprotective features of
red wine were ascribed to resveratrol and it has anti-inflammatory, antioxidant, and
anticarcinogenic characteristics [69, 70]. It was also established that resveratrol has
unique antibacterial characteristics [71] by suppressing the growth of several
H. pylori [71, 72]. The elevated expression levels of IL-8 and enhanced generation
of ROS were identified in the gastric mucosa after infection with H. pylori. Besides,
H. pylori-mediated infection elevates the motility which results in morphological
alterations in the co-cultured cells. Treatment with resveratrol remarkably dimin-
ished IL-8 secretion and ROS production, and distinctly suppressed morphological
alterations in cells infected with H. pylori [59]. Hence, resveratrol is a novel
therapeutic agent to combat gastric cancer.

Resveratrol also suppresses cell cycle advancement of nitrosamine-induced
KATO-III and RF-1 cells through stimulating cell cycle blocking at the G0/G1
stage via suppressing kinase C-mediated mechanisms and stimulating cell death in
multiple gastric cancer cell lines [73, 74]. Besides, resveratrol also inhibits cell
proliferation and stimulates cell death in gastric cancer cells by generating ROS
that is prevented by treating cells with SOD or catalase, resulting in suppression of
resveratrol-induced cell death [75]. Resveratrol mediates cell death in esophageal
cancer cells by decreasing levels of Bcl-2 and stimulating Bax [76, 77]. It can also
cause cell death of transplanted cancer cells, possibly by decreased expression of
Bcl-2 and increased expression of Bax by resveratrol in implanted primary GC cells
in nude mice [78].
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Quercetin (3,30,40,5,7-pentahydroxyflavone) is a flavonoid abundant in several
edible and medicinal plants, and has antimicrobial, antiallergic, antioxidant, anti-
inflammatory, chemopreventive, and antitumor activities [79–81]. Quercetin could
inhibit the initiation, growth, metastasis, cell death, necrosis, and autophagy in tumor
cells [80, 82]. Besides, quercetin also exerts pro-apoptotic gastric effects in cancer
cells and inhibits the growth of cancer cell lines in all stages of the cell cycle [83]. It
controls the cell cycle via the regulation of several targets such as cyclin B, P21, P27,
and topoisomerase [80, 84, 85]. The combined use of quercetin, curcumin, and
allicin could improve their beneficial effects by anticipating their synergistic
properties.

The sulforaphane is an isothiocyanate, natural chemical compound which is rich
in cruciferous vegetables, especially broccoli [47]. The active sulforaphane is even-
tually absorbed into the circulation, and it performs several functions [47]. Although
sulforaphane is not itself an antioxidant, it acts as an antioxidant activity by activat-
ing Nrf2-dependent antioxidant enzymes, including glutathione S-transferase
(GST), through protecting cells to counteract oxidative stress [88, 89]. Sulforaphane
supports the activities of antioxidant enzymes, such as NAD(P)H NQO1 and GST
when compared to other effective antioxidants in the gastric mucosa of Nrf2-
deficient mice affected with H. pylori [47]. With these contributions sulforaphane
is a more powerful antioxidant substance that arbitrates its shielding of the gastric
mucosa to counteract oxidative stress. Besides, sulforaphane shows chemoprotective
properties that are corroborated with its in vitro antibacterial activity [47]. In a
previous clinical report of H. pylori-infected patients, the group that had broccoli
for 8 weeks appears to have reduced levels of markers of H. pylori colonization and
markers of gastric inflammation in contrast to the placebo group [86]. Mice treated
with broccoli rich in sulforaphane showed reduced gastric bacterial colonization and
decreased expression of TNF-α and IL-1β in the gastric mucosa, giving rise to the
progression of inflammation and impediment of high salt-mediated gastric corpus
atrophy [87]. Surprisingly, the antibacterial and anti-inflammatory actions of sulfo-
raphane were not detected in mice with Nrf2 gene knockout, indicating that sulfo-
raphane acts its effect through Nrf2 [87].

4 Phytochemicals in Esophageal Cancer

Esophageal cancer is the eighth most prevalent cancer and is the sixth most frequent
element of cancer-associated mortality [88]. Owing to the absence of symptoms,
patients are hardly aware of their condition until the final stage of cancer
[89]. Despite emerging technology in current cancer therapy, including chemother-
apy, radiation treatment, and esophagogastric resection, patients with esophageal
cancer are not generally cured of cancer [90]. Reports for the previous years
evidenced that Americans and Europeans suffering from esophageal adenocarci-
noma have comparatively low survival rates, up to 10–15% and 10%, respectively
[91]. Furthermore, it is proposed that the esophageal cancers are resistant to
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systematic therapies and, thus, substitute approaches for the novel therapies of
esophageal adenocarcinoma are necessary.

The predominant risk factors for the causation of esophageal cancer include
tobacco smoking, drinking of alcoholic beverages [92], lower intake of fruits and
vegetables [94], and intake of salt-cured, salt-pickled, and moldy foods [93]. Hence,
avoiding cigarette smoking, reducing alcohol consumption, greater fruit and vege-
table intake, and consuming foods consisting of nitrosamines and nitrosamine pre-
cursors are crucial for impeding esophageal cancer. Besides such lifestyle
modifications, recognizing foods or food components that can assist to impede,
suppress, and/or delay the manifestation of cancer is crucial [94, 95]. Previous
reports have shown the valuable effects of phytochemicals, including curcumin,
isothiocyanates, and resveratrol, against esophageal cancer. Despite the fact that
basic mechanisms are not yet studied, such phytochemicals are known to counteract
disease progression by triggering discrete proteins.

Previous reports revealed that isothiocyanates, especially PEITC, have been
shown to protect against esophageal cancer by suppressing tumor prevalence and
multiplicity [96]. Various studies demonstrated that PEITC inhibits N-nitroso-
benzylmethylamine-mediated esophageal carcinogenesis which shows that PEITC
represses the action of cytochrome P450 and also impedes DNA methylation
[94, 96, 97]. The antioxidant activity of curcumin attributes to counteract against
esophageal tumorigenesis by augmenting the action and/or expression of antioxidant
enzymes, such as SOD, and diminishing COX-2. A recent report demonstrated that
curcumin reversed the inhibition of SOD-1 and activation of COX-2 expression
ensuing upon usage with bile acid in HET-1A cell line [98]. Besides, curcumin
employs its anticancer action with its anti-inflammatory properties by regulating the
expression of NF-κB, which is involved in cancer initiation, promotion, and tumor
progression. It is shown that NF-κB activity is correlated with increased cell
proliferation, invasion, angiogenesis, cancer metastasis, inhibition of cell death,
and chemoresistance in several classes of cancers [56, 99, 100]. Numerous studies
revealed that curcumin suppresses NF-κB activity in esophageal cancer and also
safeguards against bile acid-induced increased NF-κB activity in an esophageal cell
line [101–103]. Recent studies reveal that curcumin also induces cell death and
blocks the cell cycle by obstructing Notch signaling. Recently it was found that
Notch signaling increased in esophageal cancer, which plays a crucial role in
apoptosis, cancer cell proliferation, cancer stem cell maintenance, and renewal and
which acts as a therapeutic target. Polyphenols especially epigallocatechin gallate
are the abundant and active components among tea polyphenols, which show
anticarcinogenic effects by inhibition of MAPK, phosphorylation of EGFR, and
activator protein-1 and cell transformation [104–106].
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Type of
cancer Phytochemical Targets/mechanisms

Chemopreventive
action Ref

Gastric
cancer

Curcumin Activation of programmed
cell death genes Bcl-2 and
Bcl-xL

Chemoresistance [63]

Downregulation of NF-κB [63]

Downregulation of EGFR-
PAK1

Inhibition of cell
proliferation and
invasion

[58]

Resveratrol Suppression of cell cycle
progression

Inhibition of PKC [74, 107]

Suppression of cell death Decreased cyclin
D1 expression

[107]

Sulforaphane Induction of Nrf2 Protection against
oxidative stress

[108–110]

Augmentation of GST and
glutathione levels

Antibacterial
activity

[108, 110,
111]

A decrease in gastric bacte-
rial colonization

Antibacterial
activity

Colon
cancer

Resveratrol IGF-1, p53 Anti-proliferation [38]

PPP-FAK signaling Apoptosis [112]

AMPK Apoptosis growth
inhibition

[40]

Esophageal
cancer

Isothiocyanate Suppression of DNA
methylation

Suppression of
DNA damage

[97]

Suppression of cytochrome
P450 enzyme activity

Suppression of
tumorigenesis

[93, 113]

Suppression of phosphory-
lated ERK1/2, c-Jun, and
COX-2 expressions

Anti-
inflammation

[114]

Decreased COX-2 expres-
sion and PGE2 production

[115]

Suppression of EGFR
phosphorylation

Growth inhibition [116]

Activation of cell cycle arrest Inhibition of
cyclin D1

[34]

5 Immune Checkpoint Inhibitors

The immune system protects from disease, eliminating bacteria and viruses, espe-
cially T cells that stimulate the immune response. The surface proteins on T cells
activate the immune response and various other proteins that turn it off by activating
checkpoints. Various drugs that prevent checkpoint proteins are known as check-
point inhibitors. These checkpoint inhibitors block the expression of proteins on
tumor cells from pushing the stop button, which in turn activates T cells and is able
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to target the tumor cells. Various cancer cells express elevated levels of checkpoint
proteins, which can switch off T-cell signals. Thus, the tumor cells drive a stop
button on the immune system, and T lymphocytes cannot recognize and kill cancer
cells. The ICIs that prevent/block checkpoint proteins include (a) PD-1: nivolumab
(Opdivo) and pembrolizumab (Keytruda), (b) PD-L1: atezolizumab (also known as
MPDL3280A), and (c) CTLA-4: ipilimumab (Yervoy).

Checkpoint inhibitors are used for the immunotherapy of various types of can-
cers, which prevent proteins that stop the immune system from invading the cancer
cells. Checkpoint inhibitors are considered as immunotherapy, a kind of monoclonal
antibody or targeted therapy. The first approved anticancer checkpoint inhibitor was
ipilimumab, which blocks CTLA4. The currently approved immune checkpoint
inhibitor target molecules include-CTLA4, PD-1, and PD-L1. The recent compelling
data reveals that ICIs are effective in GI cancers and previous reports have shown
that ipilimumab and anti-PD-L1 antibody (ICIs) show improved survival rates in
cancer patients [117, 118]. Several clinical reports revealed significant efficacy of
ICIs in the treatment of various tumors in the end stages of cancer patients.
Currently, the objective of immunotherapy is to improve the immune system and
assist to counteract various cancers, but it was not a huge success due to immune
checkpoints. These checkpoints act as brakes in the immune system, besides also
being repressed by tumor cells, and assist the tumor cells in their growth and cancer
metastasis. ICIs liberate these breaks and stimulate the activity of the immune system
to combat cancers. ICIs act by repressing the immune checkpoint, which increases
the binding of APCs and cytotoxic T cells. This is accompanied by proliferation and
enhanced activity of T cells against cancers. The major targets of ICIs are PD-1,
PD-L1, and CTLA-4. Cancer immunotherapy is an emerging era in the therapy of
cancers and recent reports revealed its efficacy in the treatment of end-stage
cancers [119].

6 Gastrointestinal (GI) Cancers

The gastrointestinal (GI) cancers account for four million deaths every year, which
are responsible for 40% of deaths of all cancer-associated morbidity and mortality.
The most prevalent GI cancers include pancreatic cancer, gastric cancer, esophageal
cancer, hepatocellular carcinoma (HCC), colorectal cancers (CRC), and gastric that
are most fatal cancers. Immunotherapy has been demonstrated to be successful in
several gastrointestinal cancers, but attentive individual patient-specific treatment is
required to improve the treatment efficacy. The drugs that inhibit or block check-
points are known as immune checkpoint inhibitors (Table 4.2). The ICIs play a
profound role as anticancer agents, especially in GI cancers. The ICIs have been
playing an emerging role in the recent few years and various clinical trials have
already attempted to test the effectiveness in several malignant cancers. Recent data
suggest that ICIs are shown to be emerging therapeutic drug candidates for treating
GI malignancies and the most effective option. Ipilimumab, which is an ICI, has
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shown to improve survival rate upon treatment in end-stage cancer. Till now,
immunotherapy is shown to magnify the immune system, thereby helping to coun-
teract against cancers. Cancer cells can get deserted from the immune system by
suppressing tumor-explicit T cells. The major cytotoxic T-cell immune checkpoint
receptors result in T-cell downregulation and functional suppression: PD-1 and
CTLA-4. ICIs act by repressing the immune checkpoint, which improves the

Table 4.2 The clinical trials undergone by using immune checkpoint inhibitors for the therapeutic
treatment of various gastrointestinal cancers

Type of cancer Agent Mechanism of action
Clinical trial
NCT. No.

Clinical
status

Hepatocellular
cancer

Pembrolizumab
(MK-3475)

Humanized mAb against
PD-1 and PD-2 that
encounters T cells
Downregulates T-cell
receptor signaling

NCT02702401
NCT02702414

III and
II

Nivolumab
Sorafenib

Inhibits PD-1
Targeted the CheckMate
459: Checkpoint pathway

NCT02576559 III

Combinational ther-
apy of galunisertib
and nivolumab

Downregulates the
SMAD2, targets the PD1
that stimulates the T cells

NCT02423343 I and II

Colorectal
cancer

Pembrolizumab
(MK-3475)
dMMR/MSI-H

Act as immune checkpoint
inhibitor, targets the
CTLA-4 (cytotoxic
T-lymphocyte antigen-4)

NCT02563002
NCT02460198

II and
III

Esophageal
cancer

Pembrolizumab
(third-line therapy)

PD-1 inhibitor NCT02559687 II

Pembrolizumab vs.
docetaxel, pacli-
taxel/
irinotecan

Act as immune checkpoint
inhibitors (CTLA-4,
PD-1)

NCT02564263 III

Nivolumab PD-1 inhibitor NCT02569242 III

Stomach
cancer

Pembrolizumab
combination with
cisplatin, 5-FU pla-
cebo, 5-FU

Act as immune checkpoint
inhibitors (CTLA-4 and
CD-152, PD-1)

NCT02494583 III

Nivolumab
(ONO-4538)

Immune checkpoint
inhibitor, acts against the
EGFR and blocks binding
of the TGF-α and EGF to
EGFR

NCT02267343 III

Nivolumab
Ipilimumab
Oxaliplatin
Fluoropyrimidine

PD-L1 inhibitor NCT02872116 III
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attachment of antigen-presenting cells and cytotoxic T cells. ICIs act as brakes on the
immune surveillance and intensify the activity of the immune system. Some of the
targets of ICIs include PD-1, PD-L1, and CTLA-4.

Various types of cancers including gastrointestinal (GI) cancers express PD-L1
on their tumor cells, which are stimulated by PD-1 receptors on T cells. The
association of PD-1 with PD-L1 assists cancer cell immune escape by
downregulating T-cell activation [120, 121]. ICIs have been intended to block
PD-1- or CTLA-4-conciliated inhibitory signals and improve antitumor immunity
[120]. Immunotherapy with ICIs exhibited remarkable clinical benefits in the treat-
ment of some solid and hematologic malignancies [122]. The ICIs which suppress
PD-1/PD-L1 interplay have been a principal alternative for treating GI cancer
patients. Both PD-L1 and PD-L2 receptors are present on tumor cells which bind
to PD-1 and impair the T-cell stimulation consequently suppressing the immune
system. ICIs which act on both PD-L1 and PD-L2 repress this interaction and release
brakes of the immune system promoting stimulation and proliferation of cytotoxic T
cells and assisting in eliminating cancer cells. Both PD-L1 and PD-L2 are expressed
on various cells such as multiple myeloma, breast, colon, bladder, renal cell, and
lung cancer. A recent report reveals that 43.9% of esophageal squamous cell
carcinoma patients had PD-L1 or PD-L2 expression and in gastric carcinoma
patients PD-L1 expression was 42.2% [123, 124]. Previous reports have shown
compelling evidence with respect to the expression levels of both PD-L1 and PD-L2
in esophageal and gastric cancers [119].

7 Colorectal Cancer

CRC is the most prevalent, lethal cancer accounting for 8% of deaths, and the third
most common cancer in males and the second in females in the world
[125, 126]. Besides chemotherapy as well as surgical resection, recent therapeutic
treatment options include VEGF- and EGFR-targeted agents that have been used for
treating CRC, but these targeted treatments have enhanced metastatic patient sur-
vival [127]. CRC is categorized into three types: (a) sporadic CRC, (b) familial CRC,
and (c) hereditary CRC. 70–75% of sporadic CRC is connected with lifestyle such as
smoking, alcohol, diet, and obesity. Familial CRC and hereditary CRC are correlated
with germline mutation which accounts for 20% and 5%, respectively [128]. Previ-
ous reports reveal that ICIs are beneficial for only a small group of patients with
colorectal cancer.

A preliminary clinical trial revealed the effect of pembrolizumab on patients with
metastatic CRC that manifested greater response rates in mismatch repair (MMR)-
impaired tumors, while MMR-efficient cancers exhibited no therapeutic effect at all
[119]. The MMR proteins act as safeguards during cell replication, while they rectify
any type of error due to deletion and insertion by DNA polymerase and reduce the
frequency of mutation during cell replication. Mutations in MMR proteins cause
defective DNA replication which leads to microsatellite instability (MSI). Previous
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clinical trial data also reveal that ICIs in patients with CRC with MSI are promising
[119]. The germline mutations in MMR genes such as MSH6, MLH1, and MSH2
cause an autosomal dominant disorder, Lynch syndrome [129]. These germline
mutations significantly play a significant role in the manifestation of CRC in
Lynch syndrome patients with MSI [130]. The higher number of mutations is
associated with the greater number of neoantigen and stimulates an immune
response, which leads to increased CD4+ T cells, lytic enzymes, CD8+ T cells, and
upregulation of costimulatory molecules for APCs in the tumor microenvironment
[131–135]. As a result, with the more immunogenic type of CRC and greater density
of tumor-infiltrating lymphocytes, the frequency for the progress of ICIs in CRC
therapy is larger. Recent numerous clinical trials revealed the productive effect of
pembrolizumab in CRC patients (Table 4.2) [136–138].

8 Gastric Cancer

The Cancer Genome Atlas has categorized gastric cancer by molecular subtype:
(a) microsatellite unstable, (b) Epstein-Barr virus (EBV) positive, (c) genetically
stable, and (d) chromosomal instability tumors [139]. In this subtype, EBV-linked
tumors are correlated with increased levels of PD-L1/2 expression, and suitable for
therapeutic directing PD-1 and its ligands [139]. Besides, microsatellite-unstable
cancers possess increased mutations, which are accompanied by a greater response
to ICIs in other tumors [140]. With these possible suggestions for the use of ICIs in
gastric cancer, several clinical trials are already established. The first results of the
phase 1b KEYNOTE-012 clinical report assess the effectiveness and safety of ICI
(pembrolizumab) in gastric cancer patients. Pembrolizumab was evaluated along
with 5-fluorouracil and cisplatin (FP) for the therapy of end-stage gastric cancer
[141]. As per recent initial safety data from KEYNOTE-059, pembrolizumab was
used for FP patients with end-stage gastric cancer. The KEYNOTE-061 trial is
performed to determine pembrolizumab versus paclitaxel after the failure of selected
platinum and fluoropyrimidine therapy for patients with advanced gastric cancer and
KEYNOTE-062 study is to assess pembrolizumab in combination with
5-fluorouracil and cisplatin as a selected treatment in end-stage gastric cancer
patients. In CheckMate-032 trial nivolumab along with ipilimumab was evaluated
in patients with advanced-stage gastric cancer (Table 4.2).

9 Esophageal Cancer

Few recent data reveal that ICIs also act as blockades in esophageal cancer, which
has been shown in the results of phase KEYNOTE-028. KEYNOTE-028 trial
assessed pembrolizumab in patients with PD-L1-positive final-stage esophageal
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cancer. Recent clinical reports of nivolumab as a relief therapy and adjuvant
treatment are also under development for advanced esophageal carcinoma [122].

10 Hepatocellular Cancer

Hepatocellular cancer is a dangerous tumor, most often connected with liver disease
which causes it more lethal and crucial to treat. Previous reports have shown that
treatment with tremelimumab has antitumor activity in advanced hepatocellular
carcinoma (HCC) patients, with a 17% response rate and stable disease of 76%
[142]. Besides, nivolumab was also used to treat cancer patients with sorafenib-
refractory or sorafenib-intolerant HCC in any case in which hepatitis status has
shown 23% response rate.

11 Conclusion

Phytochemicals have always been a predominant source for the identification of
novel therapeutics for various human diseases. Hence, these could be a good unique
drug candidate for the improvement of anticancer therapy. Regular consumption of
fruits and vegetables might counteract cancer. Among the various phytochemicals
that have been reported for anticancer, only a few clinical trials were in progress to
assess the therapeutic efficacy of these phytochemicals. The prominent phytochem-
icals including Allium sativum, camptothecin, resveratrol, Rhus verniciflua,
curcumin, green tea, Panax ginseng, and Viscum album had the adequate results
of clinical evidence for reinforcing their anticancer effects. It is believed that herbal
preparations consisting of several phytochemicals exert enhanced effectiveness than
taking the same phytochemical independently. The mix of the anticancer phyto-
chemicals exhibits greater effectiveness and produces more active therapeutic agents
for cancer. The consumption of isothiocyanates is epidemiologically correlated with
reduced risk of gastric cancers. The chemopreventive actions of several phytochem-
icals have been well demonstrated including curcumin, mushroom glucans,
ginsenosides, soy saponins, resveratrol, and quercetin on various cancers and the
probable mechanisms have been well studied. Therefore, supportive therapeutics are
used besides the present chemotherapy drugs such as phytochemicals to counteract
several types of cancer. These phytochemicals have shown beneficial and synergistic
effects as these are absolutely safe and generally target several cell signaling
pathways.

The ICIs are also leading novel emerging immunotherapy for treating advanced
stages of cancer. Immunotherapy was recently demonstrated to be more powerful in
several GI cancers; nevertheless, cautious patient selection is necessary to enhance
treatment efficacy. Numerous clinical trials have been enlivened by recent success in
some other types of cancers, and have also attempted to assess the potency of ICIs in
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GI cancers. Recent reports proposed that it might be impressive in a few patients
with GI cancers. The immune-repressive mechanisms and microenvironment neigh-
boring GI cancers are still ambiguous correlated with other cancers. To enhance the
efficacy of ICIs in GI cancers, we should study a deeper consideration of the tumor-
immune system and microenvironment. Besides, it is necessary to establish appro-
priate biomarkers that anticipate the effectiveness of this type of immunotherapy.
Nevertheless, further studies are required to acknowledge the role of PD-L1 expres-
sion and these plausible biomarkers in determining the response to ICIs in GI
cancers. Current approaches for treating cancers are varying among multimodality
combination therapy strategies. Initially, traditional chemotherapy can be used along
with ICIs to treat patients with GI cancers. The current chemotherapeutic agents
impair tumor cells and generally deliver RNA, intracellular peptides, and proteins
which may turn into effective tumor-linked antigens to magnify the potency of ICIs.
Based on the immune-modulating effects of VEGF to suppress the T-cell infiltration
and dendritic cells into tumors, ICIs are perhaps used along with VEGF inhibitors.
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Chapter 5
Crucial Role of Curcumin in Gut
Microbiota Associated with GI Cancers

Santoshi Muppala and Siva Krishna Prasad Konduru

Abstract The widespread cause of cancer occurs due to alterations in genetic and
environmental components; in addition to this, gut microbiota plays a profound role
in causing cancer incidence. Human body consists of significant number of micro-
organisms having a potential impact on human health. Gut is ubiquitously enriched
with microbiota which has a critical role in the CRC advancement. Changes in the
metabolite agility by microbiome and their structural impact on adjacent epithelial
cells will be detrimental to drive cancer progression. Research on animal models
showed reduced tumorigenesis when suspended in germ-free environment. This
clearly depicts the importance of the microbes or its products in driving the inflam-
mation and cancer progression. Curcumin, also known as Curcuma longa, is the
most active constituent of the ground rhizome of the Curcuma longa plant, which
has been demonstrated to have anti-inflammatory, antioxidative, and
antiproliferative properties.

Current literature shows the importance of curcumin influence on gut microbiota
in the regulation of immune-mediated inflammatory processes. This book chapter
highlights direct relationship of curcumin in gut microbiota with genetic and envi-
ronmental factors resulting in GI cancer progression. Taken together, gut microbiota
is the key player of GI progression. There is an urgent need of using curcumin as one
of the phytochemicals controlling the reign of gut microbiota that can definitely be
helpful in reducing the risk of developing GI cancers and will have a better
therapeutic role in patient treatment outcomes.
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Abbreviations

GI Gastrointestinal
OC Esophageal cancer
CRC Colorectal cancer
PC Pancreatic cancer
LC Liver cancer
MAPK Mitogen-activated protein kinase pathway

1 Introduction

The microbial population in the gut is associated to many human diseases including
cancer. The beneficial effect of curcumin on tumorigenesis was associated with the
maintenance of a more diverse colonic microbial ecology. Existing literature states
that the effects of curcumin/polyphenols are associated to changes in the gut
microbiota. Thus, novel role of curcumin provides insights into metabolic regulation
of GI cancers which may lead to effective therapy.

Microbiota-harboring intestine has the ability to progress cancer. Diet is one of
the key determinants of the microbial population, so dietary interventions are an
important part of the treatment. The maintenance of the gut microbiota called
homeostasis significantly contributes to the status of resident microorganisms
[1]. Phytochemicals have the tendency to modulate antimicrobial activity. Curcumin
as one of the phytochemical candidates has the ability to regulate gut microbiota by
its antimicrobial activity [2].

Studies on healthy adults show that there are multiple changes in the urine
composition by consuming the curcumin extract [3]. The incidence of occurrence
of cancer, esp. CRC, one of the most aggressive GI cancers, is mostly related to
lifestyle. Existing studies demonstrate that dietary phenolics regulate different
markers and signaling pathways [4]. In addition to curcumin, other dietary ingredi-
ents such as resveratrol and fatty acids are thoroughly used for the treatment and
impediment of cancer, especially as they alter the crucial pathways that regulate
metastasis, tumor growth, and invasion [5].

It is a known fact that different microorganisms adapt to gut microbiome for
living in the intestine. When there is a disturbance in the gut microbiome, there is
reduced number of microbial diversity which can trigger the immune system repres-
sion and thereby result in many types of diseases including cancer in human bodies.
Therefore, gut microbiome is highly important in engaging cancer therapy, esp. with
different GI cancers [6]. An interesting study on CRC reports that the leading cause
of death is the increasing incidence of colorectal cancer which occurs due to the
dysbiosis of the gut microbiome [7].

The great advantage of the phytochemicals, e.g., curcumin, is that they have a
wide spectrum of antimicrobial activities. Thus far, ingestion of phytochemicals can
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have antimicrobial activity by regulating gut microbiota [2]. Recent evidence sug-
gests that curcumin is one of the biologically active components of Curcuma longa
that have received a lot of attention for the clinical improvement of many GI cancers
including esophageal, prostate, and colorectal cancer. Much more efforts need to be
addressed to define the effects of curcumin on cancer regulation [8].

Curcumin is known to possess many properties including anticancer, antiviral,
antioxidant, and anti-inflammatory which makes it an ideal candidate for therapies of
many diseases including cancer. The major drawback is its poor bioavailability
[9]. Curcumin, one of the polyphenols, has a long history of using as a spice
compound in the diet. It possesses a broad spectrum of antimicrobial activity but it
possesses very poor bioavailability. Henceforth, it does not reinforce clinical appli-
cation. Existing studies indicate that oral ingestion of curcumin results in the
accumulation in the intestine being able to regulate the gut microbiota. There are
more challenges on curcumin being used as a pharmacological compound and more
importantly how this natural compound acts to combat cancer [10].

CURCUMIN

Anti-Angiogenic

Anti-Inflammatory Anti-Viral

Anti-Cancer

Anti-Microbial
Gut Microbiota

Anti-Oxidant

Anti-Metastatic Anti-Proliferative

2 Crucial Roles of Curcumin

Anti-microbial: Curcumin has extensive antimicrobial effects and is safer at high
concentrations. Combinations of curcumin and antibiotics work efficiently in
treating the multidrug-resistant bacteria [11]. Curcumin has a wide range of antimi-
crobial activities. Antimicrobial photodynamic therapy is one of the best approaches
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to treat chronic wound infections based on curcumin-silica nanoparticles for the
treatment of chronic wounds [12]. Curcumin gel shows beneficial effect on the
improvement of chronic periodontitis and has clinical significance as a successful
drug delivery agent [13].

Anti-cancer: Curcumin along with cyclodextrin-graphene oxide core (Cur@CD-
GO)-coated nanofibers (NFs) appears to be a better therapeutic approach than single-
drug loading. These NFs show potential anticancer properties which are more
reliable and sustainable [14]. Current literature states that curcumin having
anticarcinogenic properties can be an effective natural anticancer therapeutic agent
[15]. Existing studies indicate that the novel complex of curcumin along with
cyclodextrin polymer has demonstrated significant antitumor benefits against
human cancers [16].

Anti-proliferative: Curcumin has been extensively used along with adjuvants or
nanoparticles to improve its bioavailability and has been demonstrated to increase its
antiproliferative properties [17]. Curcumin in combination with small molecule
called tolfenamic acid showed significant antiproliferative properties in the inhibi-
tion of NF-kappaB activity and increased apoptosis in colorectal cancer cell lines
[18]. Curcumin regulates pro-apoptotic molecular mechanism and has a significant
potential by inhibiting Wnt signaling pathway and their target genes in gastric
cancer [19].

Anti-viral: Curcumin is known to possess antiviral properties, esp. synthesis of
nanocurcumin with better physical and chemical properties. This formulation was
very beneficial in the treatment against dengue virus [20]. Curcumin has significant
applications as a safe antiviral compound in the field of biomedical research.
Curcumin, which is a highly nontoxic compound, is able to combat against many
viral diseases including influenza virus, hepatitis C virus, and HIV [21]. Boundless
range of effects of curcumin are well regulated and are able to inhibit the replication
of herpesvirus which is associated with Kaposi’s sarcoma, particularly hindered cell
invasion [22].

Anti-oxidant: Curcumin has both antimicrobial and antioxidant properties and is
used as an active packaging ingredient for high-potential preservation purposes
[23]. Treating the head-and-neck squamous cell cancer cells with one of the ana-
logues of curcumin such as WZ37 promoted apoptosis by decreasing oxidative
pathways such as mitochondrial injury and cell cycle arrest [24]. There has been
increasing evidence on the biological activities of curcumin as an antioxidant; study
on pancreatitis mice model showed significant inhibition of acute pancreatitis
inflammation [25]. It has extremely powerful antioxidant properties and can be a
reducer of oxidative stress.

Anti-inflammatory: There is increasing evidence on the role of curcumin as an
anti-inflammatory agent and a neuroprotective against many cancers and also neu-
rological diseases like Alzheimer’s and Parkinson’s disease [26]. Existing studies on
curcumin showed significant reduction in the LPS-induced inflammation in
microglia through the regulation of NF-kappaB pathway [27]. Another study has
shown curcumin analogue C66 to inhibit inflammation in LPS-induced lung injury
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by inhibiting JNK pathway; thereby curcumin may benefit as a prospective benefi-
cial agent for acute lung injury [28].

Anti-metastatic: Curcumin is known to possess antimetastatic activity in many
cancers. Curcumin along with the aminonaphthoquinone derivatives is known to
suppress breast cancer metastasis significantly [29]. An analogue of curcumin named
as pentagamavunon-1 (PGV-1) is highly potential in the inhibition of metastasis of
breast cancer cell lines [30]. Existing data on the treatment of metastatic cancers has
reported polyphenols including curcumin as one of the chemoprotective and pre-
ventative agents despite its poor solubility and bioavailability which can be
enhanced using nanoparticle formulations [31].

Anti-angiogenic: Curcumin serves as a supplementary antiangiogenic compound
which has been well documented on studies related to cancer treatments [32]. Numer-
ous reports indicate that curcumin has potential antiangiogenic and wound-healing
effects [33]. Curcumin is known to exhibit antiangiogenic properties by inhibiting
the pathway connected with MAPK besides inhibiting cell migration and tube
formation [34]. Moreover, curcumin possesses tumor-suppressor properties by
inhibiting angiogenesis mediated by insulin growth factor-1 receptor [35].

3 Curcumin as a Therapeutic Remedial of GI Cancers

Esophageal cancer: Esophageal cancer is one of the most commonly occurring
cancers and the sixth most common among the death-causing cancers worldwide.
Curcumin has been widely used for the inhibition of inflammation associated with
the advancement of cancer. Many pro-oncogenic pathways are being targeted with
the application of curcumin [36]. Current clinical studies on curcumin show that it
has a protective role in the healing of ulcers of the gastrointestinal tract [37]. Another
study showed that curcumin inhibited apoptosis of squamous cell carcinoma through
inducing cell growth arrest by targeting STAT3 signaling pathway [38].

Liver cancer: With liver cancer being the fifth most common death-causing
cancers around the world, lot of attention has been focused on curcumin as a
therapeutic aid for the treatment of liver cancer; especially, studies on curcumin-
associated nanoparticles have shown their potential to inhibit the growth of liver
cancer cells [39]. NF-kappaB is one of the targeting pathways of curcumin to inhibit
the steatosis associated with the liver as outlined in a study on the prevention of
nonalcoholic fatty liver disease (NAFLD) [40]. Curcumin inhibits hepatocellular
carcinoma cell migration, invasion, and proliferation and thereby has a very impor-
tant medicinal value for the prevention of liver cancer [41].

Colorectal cancer: Colorectal cancer is the second most occurring among the
types of cancers. Existing reports indicate that curcumin is one of the most reliable
therapeutic tools for the prevention of CRC, because its contribution is highly
significant in the inhibition of inflammatory signaling pathways [42]. Some deriv-
atives of curcumin, namely calebin A, blocked NF-kappa B pathway; thereby CRC
cell line invasion, proliferation, and metastasis were significantly repressed
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[43]. Many curcumin analogues along with the fusion with nanoparticles which are
known to be anti-inflammatory are found to be very effective in the treatment of
colitis-related colorectal cancer [44].

Pancreatic cancer: Pancreatic cancer is the fourth leading cause of cancer deaths
around the world. Nanoparticle-associated curcumin is shown to be relevant for its
inhibitory effects on tumor microenvironment, esp. by downregulating IL-10 expres-
sion [45]. Current studies report that curcumin plays one of the major roles in the
inhibition of mitogen-activated protein kinase (MAPK) pathway which is a crucial
regulator of inflammatory pathway [46]. Existing literature supports the role of
curcumin in the effective treatment of acute pancreatitis and ongoing clinical trial
advancements correspond and are supportive to the therapeutic response of
curcumin [47].

4 Highlights

• This book chapter highlights the underlying effects of curcumin on regulating gut
microbiota associated with GI progression.

• It reveals the role of curcumin and gut microbiota in the regulation of different
types of GI cancers.

• The antimicrobial and antimetastatic role of curcumin in connection to GI is
discussed.

• It ponders on how gut microbiota is strongly connected in manipulating tumor
microenvironment and renders response to therapeutics, esp. curcumin.

5 Conclusions

Further research needs are to be focused on the development of the nanotherapeutics
in combination with curcumin and should be effective in case of bioavailability and
biodegradability. Curcumin analogues and formulations seem to be very crucial in
the ongoing clinical trial advancements in the treatments of different types of GI
cancers. Using curcumin as a natural therapy in addition to the chemotherapy will be
more beneficial to reduce cytotoxicity and prognosis of a patient’s life. Existing
scientific literature reinforces the strategy that the effective sources of curcumin are
powerful chemotherapeutic and cancer preventative tools for GI carcinogenesis.
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Chapter 6
Cellular and Molecular Mechanisms
of Garlic Compounds in Common GI
Cancers

Rama Rao Malla

Abstract The major gastrointestinal (GI) tract cancers are stomach, colorectal,
pancreas, and liver cancers, which are foremost prevalent cancers worldwide,
accounting for more deaths than any other cancers of human body. The GI tract
cancers affect both men and women with preventable lifestyle risk factors including
diet. Garlic is a globally used food ingredient with innumerable medicinal benefits
due to the presence of sulfur-containing natural constituents such as alliin, methiin,
DAS, DADS, DATS, SAC, and SAMC. They reduce GI cancer growth by inhibiting
proliferation through disruption of microtubule-mediated cytoskeleton formation,
inhibiting different cyclin/cyclin-dependent kinases in a phase-specific manner, and
inducing apoptosis through mitochondrial dependent and independent pathways.
The garlic compounds inhibit angiogenesis in GI cancers by downregulating VEGF,
AKT/ERK, and NO signaling in tumor-induced endothelial cells. They also inhibit
metastasis by inhibiting NF-κB and MMP2/9 signaling pathways. They exhibit
antitumor by increasing the activity of NK cells, by secreting cytokine and
chemokines, and by enhancing phagocytic activity of macrophages. Therefore, the
consumption of garlic compounds may provide some kind of preventive mechanism
against GI cancers through modulation of immune system.

Keywords Apoptosis · Gastrointestinal tract cancers · Garlic compounds ·
Proliferation and metastasis
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DADS Diallyl disulfide
DAS Diallyl sulfide
DATS Diallyl trisulfide
DNMT1 DNA methyltransferase 1
DVLS-2 Disheveled-2
EMT Epithelial-mesenchymal transition
FGF-2 Fibroblast growth factor-2
FN Fibronectin
GSAC γ-Glutamyl-S-allyl-L-cysteines
HDAC Histone deacetylase
HIF Hypoxia-inducible factor
HMG-CoA β-Hydroxy β-methylglutaryl-CoA
HUVAC Human umbilical vein endothelial cells
IFN-gamma Interferon-gamma
IL-2 Interleukin 2
JNK1 c-Jun N-terminal kinases
LEF-1 Lymphoid enhancer factor
MAP kinase Mitogen-activated protein kinase
MCP-1 Monocyte chemoattractant protein-1
MDM2 Mouse double minute 2 homolog
MDR1 Multidrug resistance protein 1
MMP-2 Matrix metalloproteinase-2
MRP1 Multidrug resistance-associated protein 1
MSI Microsatellite instability
NK cells Natural killer cells
NO Nitric oxide
Nrf-2 Nuclear factor erythroid 2-related factor 2
OSC Organosulfur compound
PARP Poly (ADP-ribose) polymerase
PCD Programmed cell death
ROS Reactive oxygen species
SAC S-allyl cysteine
SAMC S-allyl mercaptocysteine
SPRC S-propargyl-L-cysteine
STAT-3 Signal transducer and activator of transcription 3
TAMs Tumor-associated macrophages
TGF-alpha Transforming growth factor-alpha
TIMP Tissue inhibitor of metallopeptidase
TNF-alpha Tumor necrosis factor-alpha
VEGF Vascular endothelial growth factor
VEGFR-2 Vascular endothelial growth factor receptor-2
VHL von Hippel-Lindau
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1 Introduction

Gastrointestinal tract (GI) cancers are a group of malignancies of GI tract and
accessory organs. The etiological causes of GI cancers are primarily preventable
lifestyle habits including diet, exercise, alcohol and tobacco, and sanitation. Glob-
ally, GI tract cancers are one of the foremost prevalent cancers, diagnosed in more
than four million new cases every year, and affect both men and women. The major
GI cancers including stomach, colorectal, pancreas, and liver cancers account for
more deaths than any other cancers of human body [1]. Worldwide, these cancers are
foremost medical and economic burden to patients in both developed and developing
countries. Genomic biomarkers have been recognized as valid genetic tools for
diagnosis as well as treatment of GI tract cancers [2]. Microsatellite instability
(MSI) is recognized as a most promising marker for prognosis and prediction of
GI cancers [3, 4]. Also, genotyping of tumors [5] and RAS/BRAF [6], PI3K/Akt [7],
Wnt/ß-catenin, and STAT-3 are recognized as important markers of GI tract cancers
[8, 9]. Further, genome and epigenome-based biomarkers for GI tract cancers were
discovered using high-throughput technology. RAS/BRAF mutant genes are
predicted as prognostic markers in colon cancer. However, MSI has been demon-
strated as a most promising marker for colon cancer. Yu and Cheung proposed MSI
as a prognostic biomarker of adenocarcinoma of pancreas [10]. Even though exten-
sive efforts are devoted to develop novel drugs and diagnostic markers, the progno-
sis of advanced GI cancers is very poor. Large body of experimental as well as
epidemiological studies has provided ample evidence to support associations of
prevention and reduction of cancer risk with intake of essential cooking ingredients.
Garlic is one of the commonly used ingredients of dishes and an extensively used
natural remedy in folk medicines. The immunomodulatory and antioxidant activities
of garlic are related to anticancer activity against several cancers [11].

2 Health Benefits of Garlic

Garlic has health benefits mainly by sulfur-containing organic compounds as well as
their derivatives. The medicinal claims of garlic are treatment of leprosy, diarrhea,
constipation, and infections. Garlic can be used as expectorant, antispasmodic,
antiseptic, and antihypertensive agent. Further, garlic can be used as bactericidal
[12], antibiotic [13], and antifungal [14] agent. Additionally, garlic can reduce
chronic bronchitis [15], infections of upper respiratory tract [16], as well as influenza
[17, 18]. It can also diminish sugar levels in blood [19] and risk of heart diseases
[20, 21]. The most compelling studies reported significant correlation between
reduction of risks of GI tract cancers and intake of garlic [22–25].
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3 Biologically Active Compounds of Garlic

Garlic is a globally used spice with innumerable medicinal benefits. The most
important sulfur-containing natural constituents of fresh garlic are S-ally-L-cysteine
sulfoxide (alliin), S-methylcysteine sulfoxide (methiin), γ-glutamyl-S-allyl-L-cyste-
ines (GSAC), and S-allylcysteine. Allicin is a typical garlic compound with pungent
smell formed from alliin by allinase during crushing or cutting of garlic [12, 13,
26]. It is highly unstable and rapidly converted to diallyl sulfide (DAS), diallyl
disulfide (DADS), diallyl trisulfide (DATS), as well as diallyl tetrasulfide. Allicin,
ajoene, allyl propyl disulfide (APDS), DAS, DADS, DATS, S-allyl cysteine (SAC),
and S-allyl mercaptocysteine (SAMC) are prominent biologically active compounds
of garlic [27]. The prominent organosulfur compounds of garlic and their biological
activities of garlic compounds are depicted in Table 6.1.

3.1 Inhibition of Tumor Growth

Organosulfur garlic compounds inhibit proliferation of different human cancer cells
[28] including prostate [29], skin [30], colorectal [31], lung [32], neuroblastoma
[33], and melanoma [34] cancers. SAMC inhibits growth of colorectal cancer [35]
by disruption of microtubules, which are required for the formation of cytoskeleton,
and mitotic spindle, which is required for cell division [36]. DADS suppresses H-ras
oncogene-containing tumor growth in xenograft model through decreasing the
activity of HMG-CoA reductase and by inhibiting binding of p21 to membrane
without affecting farnesyl transferase activity [37].

3.2 Inhibition of Cell Cycle

Cell cycle involves simulation of growth, replication, and division, controlled by
checkpoints through diverse signal transduction pathways [38, 39]. The checkpoints
witness the completion of events in each phase of cell cycle during genomic
instability and DNA damage [38, 39]. Most commonly used anticancer agents
primarily target cell cycle and interfere with different phases depending on cells,
mode of action, as well as target. Garlic-derived compounds can suppress colon
cancer cell proliferation by arresting cell cycle [40] through decreasing Cdk1/cyclin
B1 activity, disrupting Cdk1 and cyclin B1 complex, and decreasing Cdc25C
expression [41]. DATS mediates cell cycle arrest in G2/M phase due to oligosulfide
chain (OSC) length [41–44]. In PC-3 cells, DATS mediates cell cycle arrest by
increasing phosphorylation of Cdk1 at Tyr 15, inhibiting Cdc25C activity of Cdk1/
cyclin B1 complex, increasing phosphorylation at inhibitory site (Ser216), as well as
downregulating Cdc25C protein level [45]. It also induces mitotic arrest by altering
tubulin network and chromatin condensation as well as by increasing histone H3
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Table 6.1 Summary of anticancer activity of allyl sulfides against GI tract cancers

Garlic
compound

Mechanism of action of garlic compounds

Gastric cancer Colon cancer Liver cancer Pancreatic cancer

DADS • Inhibits migra-
tion and inva-
siveness

• Inhibits MMP-2
and -9 activity

• Represses
claudin proteins

• Induces apopto-
sis

• Decreases Bcl-2
expression

• Enhances Fas
and Bax expres-
sion

• Increases
caspase-3
activity

• Inhibits prolifera-
tion

• Enhances apopto-
sis

• Targets ECM pro-
teins

• Reduces metasta-
sis

• Targets MMP-2,
�7, and -9

• Modulates PI3K,
Ras, MAP kinases,
ERK1/2, JNK1/2,
pathways

• Enhances early
apoptosis

• Enhances genomic
DNA degradation

• Induces cell cycle
arrest

• Enhances ROS
levels

• Increases cyclin
B1 activity

• Affects prolifera-
tion and viability

• Induces apoptosis
• Activates MAPK
pathway

• Enhances intracel-
lular ROS

• Induces
dysregulation of
mitochondrial
membrane poten-
tial

• Triggers DNA
damage

• Induces G2/M cell
cycle arrest

• Increases mito-
chondrial apopto-
tic pathway

• Invasion and
migration ability

• Protects against
cerulein-induced
acute pancreatitis

Allicin • Induces apopto-
sis

• Activates
caspase-3

• Activates p38
MAP kinase
signaling path-
way

• Induces mito-
chondrial
dependent apo-
ptosis

• Enhances
Fas/Fas ligand-
dependent
apoptosis

• Induces cytotoxic-
ity

• Promotes apopto-
sis

• Increases Nrf2
expression

• Induces
genotoxicity

• Inhibits CYP
enzymes

• Induces phase II
enzymes

• Sensitizes HCC
cells to
5-FU-induced apo-
ptosis

• Ameliorates
tamoxifen-induced
liver injury

• Induces
p53-mediated
autophagy

• Effectively induces
apoptosis

• Induces caspase-3
expression

• Causes DNA frag-
mentation

• Inhibits cell cycle
• Induces p21 (Waf1/
Cip1) cyclin-
dependent kinase
inhibitor expression

• Enhances ROS
generation

SAMC • Inhibits tumor
growth

• Induces apopto-
sis

• Modulates

• In combination
with rapamycin,
induces apoptosis

• Upregulates Bax/
Bcl-2 ratio

• Inhibits metastasis
• Targets Ki-67 and
PCNA

• Induces cell cycle
arrest at S/G2

–

(continued)

6 Cellular and Molecular Mechanisms of Garlic Compounds in Common GI Cancers 123



Table 6.1 (continued)

Garlic
compound

Mechanism of action of garlic compounds

Gastric cancer Colon cancer Liver cancer Pancreatic cancer

MAPK and
PI3K/Akt sig-
naling pathways

• Induces depoly-
merization of
microtubule

• Activates JNK-1

• Inhibits autophagic
activity

• Promotes MAPK
inhibitor-induced
apoptosis

transition
• Induces apoptosis
• Downregulates
Bcl-xL and Bcl-2
proteins

• Activates caspase-
3 and -9

• Downregulates
Cdc25c, Cdc2, and
cyclin B1

DAS • Protects from
MNNG-induced
damages

• Inhibits cyto-
chrome P450
2E1

• Exhibits chemo-
preventive activity
by increasing
G2/M arrest

• Increases STAT1-
mediated PCD

• Upregulates
NF-kB expression

• Increases caspase-
3 activity

• Suppresses ERK-2
activity

• Promotes expres-
sion of drug-
resistant gene
MDR1

• Promotes expres-
sion of MRP3
gene

• Prevents initiation
of estrogen-
induced cancer

• Protects against N-
nitrosodiethylami-
ne-induced tumori-
genesis

• Modulates
testosterone-
induced oxidative
stress

• Displays
antigenotoxic
activity

• Prevents
hepatocarc
inogenesis

–

DATS • Enhances
chemosensitivit-
y by attenuating
NF-kB activity

• Enhances MRP1
expression

• Inhibits NF-κB
pathway

• Hamper COX-2
pathway

• Enhances caspase-
3-dependent apo-
ptosis

• Reduces viability
of J5 liver cancer
cells

• Enhances G2/M
phase arrest

• Enhances caspase-
3-dependent apo-
ptosis

• Reduces viability of
J5 liver cancer cells

• Inhibits cell prolif-
eration

• Induces caspase-3
activity
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phosphorylation at serine 10 in PC cells [42]. DATS also arrests cell division at
prometaphase of PC-3 cells by activating Chk1 and by accumulating APC/C and
cyclin A B1 along with hyperphosphorylation of securin [43]. DADS and SAMC
also induce mitotic attest in PC-3 cells [43]. DATS mediates cell cycle arrest through
generation of ROS in a JNK-dependent pathway [Ref]. In colorectal cancer cells,
DATS induces mitotic arrest in mitotic cells by disrupting the network of microtu-
bules as well as inhibiting the formation of spindle via oxidation-dependent tubulin β
(cysteine-12 and -354) modifications [46]. The summary of the mechanism of
DATS-mediated G2M arrest of cell cycle is depicted in Fig. 6.1.

Ajoene causes cells cycle arrest at G2/M phase by disrupting microtubule net-
work and inhibiting tubulin polymerization [47]. DADS also mediates cell cycle
arrest at S phase [48]. The synthetic derivative of DATS, allitridi, arrests cell cycle in
G1 phase by decreasing cyclin D1 level and increasing p27 protein level in gastric
cancer cells [49]. The arrest of cell cycle progression by garlic compounds can be
mediated by histone modifications. The garlic compound-dependent histone acety-
lation affects cancer cell proliferation by regulating gene expression. For instance,
DADS enhances H4 and H3 histone acetylation, but inhibits deacetylases [50]. Alli-
cin, SAMC, and SAC inhibit colon cancer growth by increasing acetylation of
histones [51]. The DADS induces cell cycle of colorectal cancer cells in G2/M
phase by inhibiting hyperacetylation of histones H3 and H4, and histone deacetylase,
and upregulating p21 levels [52]. DADS also affects cell cycle by decreasing tumor
cells at the G1 and S phases with concomitant increasing of G2/M phase [40]. DADS
is known to reduce proliferation of cells by inducting cell cycle arrest through
inhibition of p34cdc2 kinase [41]. It also inhibits growth of implanted H-ras-
dependent tumors by preventing the interaction of p21H-ras with cell membrane in
nude mice [37]. The summary of garlic compound-mediated cell cycle arrest is
presented in Fig. 6.1.

3.3 Apoptosis

Apoptosis/programmed cell death (PCD) with conserved and tight regulation is
essential for normal development of embryo as well as maintenance of tissue
homeostasis. Deregulation of apoptosis is the basis for various pathological states
of cancer. Hence, apoptosis is an effective target for cancer treatment as well as
prevention [53, 54]. The garlic compounds majorly mediate intrinsic or mitochon-
drial dependent apoptosis by promoting dissipation of mitochondrial membrane
potential (ΔΨm) along with release of apoptotic mediators into cytosol
[55, 56]. The ultimate fate of the mitochondrial dependent apoptosis depends on
the levels of anti-apoptotic (Bcl-2 and Bcl-xL) as well as pro-apoptotic (Bax and
Bak) proteins of Bcl-2 family [57].

Garlic-derived compounds trigger PCD by modulating Bcl-2 protein levels. For
instance, DAS and DADS increase Bax/Bcl-2 ratio in lung cancer cells
[58, 59]. DADS treatment also upregulates Bax level with concomitant
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downregulation of Bcl-xL [60]. DAS and DADS increase apoptosis by enhancing
p53 and Bax expression and decreasing Bcl-2 expression [59]. DADS and DATS
induce apoptosis by changing the morphology as well as by causing fragmentation
of DNA [31, 32]. DADS induces DNA fragmentation by increasing intracellular Ca2
+ and activating Ca2+-dependent endonucleases.

DATS is more potent in inducing apoptosis compared to other oil-soluble garlic
compounds [61]. It induces apoptosis by decreasing expression and JNK-dependent
hyperphosphorylation of Bcl-2, which decreases Bcl-2:Bax association and pro-
motes intrinsic apoptotic pathway [61]. DATS also enhances PCD by increasing
the expression of Bax as well as Bak [62]. DATS stimulates apoptosis mainly by
controlling Akt-mediated Bad pathway [63]. Akt enhances sequestration of Bad in
cytosol by phosphorylation and consequently reduces interaction of Bad with Bcl-2
protein. In fact, DATS reduces Akt-dependent phosphorylated Bad (Ser155 and
Ser136) levels, thereby diminishing Bad and 14-3-3β interaction [63]. It is experi-
mentally demonstrated that ROS is an intermediary of garlic-induced apoptotic cell
death mechanisms. DADS induces cell death by generating ROS [64] via activation
of JNK [65]. OSC induces apoptosis by increasing intracellular calcium. They
induce release of intracellular Ca2+ along with hydrogen peroxide level and activate

Fig. 6.1 Mechanism of garlic compounds on cell cycle. DATS induces cell arrest at G2M phase by
increasing phosphorylation of Cdk1 at Tyr 15, inhibiting Cdc25C activity, increasing phosphory-
lation of Cdc25C at inhibitory site (Ser216), downregulating Cdc25C and generation of ROS, and
inducing cell cycle arrest at G1 phase by decreasing cyclin D1 and increasing p27 protein levels.
DADS causes cell cycle arrest at G2M phase by inhibiting hyperacetylation of H3 and H4,
upregulating p21, and inhibiting p34cdc2 kinase and S phase by increasing phosphorylated
MAPKs and accumulating phosphorylated Chk1. SAMC inhibits cell cycle at M phase by inducing
depolymerization of microtubules. Allicin promotes G1-S transition by increasing cyclin D1,
CDK-4, and -6. Ajoene induces G2M cell arrest by disrupting microtubule network and inhibiting
tubulin polymerization

126 R. R. Malla



caspase-3 [31, 32, 66, 67]. DAS and DADS can activate calpain by increasing
calcium levels [58]. The Z ajoene promotes apoptosis by caspase-dependent cleav-
age of Bcl-2 via generation of ROS [68]. SAMC can also induce apoptosis by
triggering activation of caspase cascade [36]. The mechanism of garlic compound-
induced apoptosis is summarized in Fig. 6.2.

4 Antimetastatic Activity

Angiogenesis is indispensable for tumor growth beyond 1 mm in diameter
[69]. Recent reports demonstrated that garlic-derived compounds inhibit tumor-
induced angiogenesis and metastasis in cellular and animal models (Fig. 6.3).
AGE inhibits proliferation and invasiveness of the endothelial cells by increasing
cell adhesion to collagen and fibronectin [70]. AGE reduces endothelial cell-
mediated formation of capillary tubes [70]. Even DATS is more efficacious in
reducing the viability of HUVEC by increasing active caspase-3 and cleaving
PARP as well as apoptosis [71]. DATS mediates reduction of capillary tube forma-
tion as well as migration of HUVEC by suppressing the secretion of VEGF,
downregulating the expression of VEGFR-2, and inactivating Akt and activating
ERK ½ [71]. Alliin also reduces VEGF- and FGF-2-mediated angiogenesis
[72]. DADS and DAS reduce MMP-2 and -9 expression [73]. Alliin inhibits
FGF2- and VEGF-mediated angiogenesis by upregulating p53 expression and by
enhancing the release of NO [72]. Ajoene inhibits metastasis by disrupting the
vimentin network [74]. DAS is another OCS of garlic that increases circulatory
antiangiogenic factors and IL-2 and TIMP in C57BL/6 mice implanted with B16F-
10 melanoma cells [75]. It can also inhibit differentiation [73] and angiogenic
features of HUVAC cells by inactivating Akt and downregulating VEGF and
VEGF-R2 [71].

Taylor et al. [92] reported that ajoene significantly inhibited lung metastasis of
cancer cells. Likewise, SAMC reduced the lung metastasis without effect on local
metastasis [93]. DATS inhibited hypoxia-dependent hematogenous metastasis by
reducing HIF-1α mRNA expression [76]. DADS suppresses cancer metastasis by
SRC/Ras/ERK signaling-dependent upregulation of miR-34a [77]. It can also inhibit
invasiveness and cancer metastasis by repressing tight-junction protein claudin and
by inactivating invasive proteins MMP-2 and -9 [78]. DADS reduces gastric cancer
cell motility and invasion by upregulating the expression of TIMP-1 and -2
[79]. DADS reduces FN-induced metastasis by reducing the activity of gelatinases.
It suppresses FN-mediated EMT by enhancing the expression of E-cadherin and
cytokeratin-18 and by reducing the expression of N-cadherin and vimentin as well as
snail, slug, and twist. It inhibits DVLS-2 and LEF-1 by preventing β-catenin
translocation into nucleus and by phosphorylation-dependent inhibition of glycogen
synthase kinase-3β [80]. DADS suppresses metastasis by modulating MMP/TIMP
ratio through blocking NF-κB and PI3K/AKT pathways [81]. DATS diminishes
cancer progression and experimental metastasis by targeting metastasis-related
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genes, and NF-κB and MMP2/9 genes mediated by thioredoxin system [82]. DATS
suppresses colon cancer stem cells by targeting colon spheres and stem cell markers
via Wnt/β-catenin pathway [83].

5 Epigenetic Regulation

DADS inhibits cell cycle, induces apoptosis and autophagy, inhibits angiogenesis,
and enhances ROS generation in cancer cells by modulating histone deacetylase
(HDAC) [84]. It can reduce the metastasis of breast cancer cells by
post-transcriptionally attenuating HIF-1α via von Hippel-Lindau (VHL)-dependent
degradation [76]. Garlic can regulate gene expression by inhibiting histone
deacetylase-mediated histone acetylation [85]. SAC inhibits proliferation of ovarian
cancer cells by DNMT1-dependent methylation of DNA [86]. DATS increases the
sensitivity of gastric cancer cells to docetaxel by diminishing NF-κB activity through
epigenetic upregulation of metallothionein 2A [87]. These studies demonstrated that
garlic compounds regulate gene expression through epigenetic mechanism.

Fig. 6.2 Mechanisms of garlic compound-induced apoptosis. DAS and DADS enhance p53 and
Bax, decrease Bcl-2 expression, and activate calpain. DADS upregulates Bax, downregulates
Bcl-xL, induces DNA fragmentation, increases intracellular Ca2+, activates Ca2+-dependent endo-
nuclease, and induces ROS-dependent apoptosis via JNK activation; DADS and DATS alter
morphology and induce DNA fragmentation. DATS decreases the expression of Bcl2- and
JNK-dependent phosphorylation of Bcl2, increases Bax and Bak, controls Akt-mediated Bad
pathway, and diminishes Bad and 14-3-3β interaction. SAMC can trigger activation of caspase
cascade. Ajoene enhances caspase-dependent cleavage of Bcl-2 via generation of ROS. Oligosulfur
compounds (OSC) increase intracellular Ca2+, induce release of H2O2, and activate caspase-3
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6 Antitumor Immunity

AGE (500 mg/day) increases the activity of natural killer (NK) cells in advanced
hepatic cancer patients [88]. ABGE-treated gastric cancer cells exhibit antitumor and
immunomodulatory activity [89] by secreting IL-2, TNF-alpha, and IFN-gamma, by
increasing the activity of NK cells and by enhancing the phagocytic activity of
macrophages [90]. Garlic compounds prevent cancer by modulating immune
response [91]. DADS inhibits cancer metastasis through modulation of tumor-
associated macrophages (TAMs) via suppression of TNFα-mediated release of
MCP-1 [92]. These studies support the anticancer activity of garlic compounds
through immunomodulation.

The organic sulfuric compounds present in the garlic inhibit major GI tract
cancers through different mechanisms. They exhibit stronger antitumor activity
against GI malignancies by inhibiting the expression of oncogenes controlling
tumor cell proliferation, cell cycle regulation, apoptosis, metastasis, and antitumor
immunity (Table 6.1).

Fig. 6.3 Effect of garlic compounds on metastasis. DAS inhibits IL-2-mediated angiogenesis.
DATS inhibits hypoxia-mediated metastasis, and reduces capillary formation and migration of
HUVEC. AGE inhibits invasiveness of cancer cells and capillary formation of endothelial cells.
DADS inhibits miR-34a-mediated metastasis. DADS and DAS inhibit MMP- and -9-mediated
metastasis. Ajoene inhibits vimentin network-dependent metastasis. Alliin inhibits VEGF- and
FGF-2-mediated and NO-mediated angiogenesis
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7 Antitumor Mechanisms in Gastric Cancer

DADS induces inhibition of migration and invasiveness by enhancing tightness of
the tight junctions, and transepithelial electrical resistance [79]. It inhibits MMP-2
and -9 activities along with repression of claudin proteins (claudin-2, -3, and -4).
DADS decreases gastric cancer cell growth by inducing apoptosis via decreased
Bcl-2 expression-enhanced Fas, and Bax expression, as well as increased activity of
casp-3 [93]. Allicin induces apoptosis by activating caspase-3 via p38 MAP kinase
signaling pathway [94]. SAMC inhibits human gastric cancer growth in xenografts
by inducing apoptosis through modulating MAPK and PI3K/Akt signaling pathways
[95]. SAMC can induce apoptosis by depolymerizing microtubule and activating
JNK-1 [36]. Allicin induces both mitochondrial dependent intrinsic and Fas/Fas
ligand-dependent extrinsic apoptosis pathways in gastric cancers [96]. Garlic oil
inhibits proliferation of gastric cancer cells by targeting the expression of cyclin E
and autocrine and paracrine loops of TGF-α [97]. Further, combination of garlic oil
and resveratrol prompts apoptosis synergistically in gastric cancer cells by increas-
ing Fas and Bax and decreasing Bcl-2 expression [98]. SAMC inhibits gastric cancer
cell growth by causing dose-dependent reduction of proliferation and induction of
DNA fragmentation and caspase-3 activity via Bax and p53. It inhibits implanted
gastric tumors in nude mice by regulating Bcl-2 and Bax expression [99].

8 Antitumor Mechanisms in Colorectal Cancer

Organosulfur garlic compounds are also reported to target metastasis. DADS
reduces colorectal cancer growth by inhibiting proliferation and enhancing apoptosis
via targeting extracellular matrix proteins [100]. For instance DAS, DADS, and
DATS reduce metastasis by targeting MMP-2, -7, and -9 via modulating PI3K, Ras,
MAP kinases, ERK1/2, and JNK1/2 pathways [101]. DADS reduces development of
colorectal tumors along with dietary factors such as short-chain fatty acids/poly-
saccharides by reducing cell proliferation, enhancing early apoptosis, activating
caspase-3 and -9, and enhancing genomic DNA degradation as well as cell cycle
arrest [102].

Allicin induces cytotoxicity and apoptosis via increased expression of Nrf2
transcription factor. DADS inhibits proliferation of colon cancer cells by enhancing
ROS-dependent G2/M arrest of cell cycle via increased activity of cyclin B1 and
apoptosis by activating p53 [103]. Allyl sulfides modulate the activity of histone
deacetylases. Allyl mercaptan (AM) is most potent in inhibiting the activity of
histone deacetylase compared to its precursors, DADS and SAMC [104]. AM
induces G1-phase arrest by increasing the p21 expression in colorectal cancer cells
[105]. DAS exhibits chemopreventive activity by increasing G2/M arrest and
STAT1-mediated PCD as well as upregulating NF-kB and caspase-3 and
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suppressing ERK-2 activity [106]. DADS treatment significantly raises the intracel-
lular Ca2+ by enhancing Ca2+ influx.

DAS, DADS, and DATS promote the expression of drug-resistant gene multidrug
resistant 1 (MDR1) while DAS and DADS promote the expression of MRP3 gene,
whereas DATS alone enhances the expression of MRP1 in colorectal cancer cells.
However, DADS and DATS induce the expression of MDR1 and MRP1 genes,
DADS promotes MRP3 gene while DADS and DATS increase MRP4 and MRP6
genes in in vivo xenograft model [107]. DATS inhibits NF-κB and COX-2 pathways
[107]. These observations suggest the antimetastatic proliferation of colon cancer
cells by targeting potentials of organosulfur garlic compounds.

9 Antitumor Mechanisms in Liver Cancer

SAC inhibits metastasis of liver cancer cells by targeting Ki-67 and PCNA and
inducing cell cycle arrest at S/G2 transition [108]. It also induces apoptosis by
downregulating Bcl-xL and Bcl-2 proteins and activating caspase-3 and -9. More-
over, SAC enhances S-phase cell arrest by downregulating Cdc25c, Cdc2, and
cyclin B1. DATS showed significantly high anticancer activity against HepG2
cells in caspase-3-dependent apoptosis compared to DAS and DADS [109]. Simi-
larly, DATS reduces viability of J5 liver cancer cells by enhancing the arrest of cells
at G2/M phase. DATS-treated group displays significant number of G2/M arrest
cells compared to DADS- and DAS-treated groups with increased Cdk7 and cyclin
B1 protein levels due to difference in the allyl groups [110]. Water-soluble garlic
extracts induced significantly marked effects on HepG2 cells compared to
oil-soluble extracts [111]. They induce p53/p21-mediated G2/M arrest of cells and
JNK-dependent apoptosis [112]. DADS affects proliferation and viability of hepatic
cells by inducing apoptosis through activation of MAPK pathway [112]. Allicin,
DAS, DADS, SAC, and AM induce genotoxicity by inhibiting CYP enzymes and
inducting phase II enzymes [113]. SAC along with cisplatin inhibits tumor progres-
sion and metastasis of liver cancer cells in orthotopic xenograft [113]. Garlic oil
reduces N-nitrosodiethylamine (NDEA)-induced liver cancer by decreasing Bcl-2,
Bcl-xl, and β-arrestin-2 as well as increasing Bax and caspase-3 [114]. DMBA-
induced liver carcinogenesis was prevented by DAS [115, 116].

10 Antitumor Mechanisms in Pancreatic Cancer

DATS reduces the viability of pancreatic carcinoma cells by enhancing G2/M phase
and apoptotic cells via increasing Fas, p21, p53, and cyclin B1 expression and
decreasing Akt, cyclin D1, MDM2, and Bcl-2 expression [117]. It also increases
cleaved caspase 3 and PARP as well as Bim-s and Bim-L isoforms in apoptotic
pancreatic cells [117]. S-propargyl-L-cysteine (SPRC) reduces pancreatic cancer
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growth by inhibiting proliferation and promoting G2/M cell arrest and
JNK-dependent apoptosis by enhancing its phosphorylation and by reducing its
ubiquitin-dependent degradation [118]. Garlicin at higher concentration inhibits
pancreatic tumor growth, while at lower concentration reduces cancer cell invasion
and migration via targeting PI3K/AKT signaling pathway [119]. Allicin enhances
apoptosis in pancreatic cancer cells by increasing caspase-3 activity, DNA fragmen-
tation, and cell cycle arrest also inducing the expression of p21 (Waf1/Cip1),
generation of ROS, and depletion of GSH [120]. Garlic oil shows remarkable
inhibition of pancreatic cancer cell proliferation by accumulating cells at G2M
phase and presenting significant level of apoptosis [121].

11 Conclusion

In recent past, there has been an increase in research on the impact of garlic and its
derivatives in the treatment of various cancers especially GI and associated cancers.
The sulfur-containing garlic compounds target multiple cellular mechanisms includ-
ing proliferation, cell cycle, apoptosis, metastasis, and angiogenesis, which infer
their anticancer activities. Garlic compounds also regulate gene expression through
modulation of genes controlling epigenetic mechanisms. Further, limited studies
demonstrated the antitumor immunity especially aged garlic extract. Additional
information on cellular and molecular mechanisms of garlic compounds is required
to understand their cancer-preventive mechanism in clinical studies.
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Chapter 7
Combination of Phytochemicals
with Nanotechnology for Targeting GI
Cancer Therapy

Harshvardhan Chauhan and Masood Alam

Abstract Gastrointestinal (GI) cancer is one of the lethal among all cancers which
includes different types of cancers of the GI system, i.e., esophagus, liver, gallblad-
der, small intestine, pancreas, stomach, and bowel (large intestine or colon and
rectum). Therefore, several efforts are being made to find more suitable anticancer
agents based on synthetic and phytochemical approaches. There is the number of
phytochemicals reported with prominent anticancer activities, but they include the
number of limitations such as poor bioavailability, pitiable water solubility and low
penetration into cells, contracted therapeutic index, and higher hepatic disposition.
Therefore, this chapter discusses and summarizes the contemporary advances that
have been made for the management of GI cancers in the field of nanotechnology
with a combination of phytochemicals.

Keywords Phytochemicals · Nanoparticles · Targeted drug delivery · GI cancer
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HePG-2 Hepatocellular carcinoma
HPMC Hydroxypropyl methylcellulose
HRT Hormone replacement therapy
MAPK Mitogen-activated protein kinase
MMP-9 Matrix metallopeptidase-9
MRI Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
MSCs Marked mesenchymal stem cells
NF-κB Nuclear factor kappa B
NIR Near-infrared
P13K Phosphatidylinositol 3-kinase
PEG Polyethylene glycol
PET Positron-emission tomography
PtNDs Platinum nanodendrites
PVA Polyvinyl alcohol
QDs Quantum dots
SCC Squamous cell carcinoma
SPECT Single-photon emission computed tomography
SPIONs Superparamagnetic iron oxide nanoparticles
STAT3 Signal transducer and activator of transcription 3
TNF-α Tumor necrosis factor-alpha

1 Introduction

Cancer is a broad term that includes more than 200 types. It is known as one of the
most deadly diseases to living organisms affecting not only humans but also animals
and other living organisms [1]. It could be easily understood in general terms as
uncontrolled and abnormal growth or division of cells in the body which may result
in the form of tumors, can damage the immune system, and can be fatal [2]. More-
over, cancer cells may also move from affected original sites and travel through the
bloodstream and lymph systems, lodge in other organs where they grow, and repeat
uncontrolled cell division, known as metastasis. The majority of cancers, i.e., around
90–95%, could be observed due to genetic mutations from environmental and
lifestyle factors [1, 3], i.e., pollution, radiation, infections, unhealthy diet, use of
tobacco and alcohol, and lack of physical activities. The rest of the cases were
observed due to inherited genes [4].

According to the WHO report published in 2018, cancer is the second deadly
disease globally which is responsible for 9.6 million mortality worldwide with the
highest economic impact. It is estimated that one death among each six was due to
cancer and a total of around $1.16 trillion of the economy was spent on cancer in
2010. WHO data show that around 22% of cancer deaths occurred due to the use of
tobacco and around 25% of cases were observed due to infections in low- and
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middle-income countries [5]. Cancer factsheet 2018 of WHO also includes the most
common types of cancer which were found more responsible for mortality including
lung cancer (2.09 million cases), prostate cancer (1.28 million cases), breast cancer
(2.09 million cases), colorectal cancer (1.80 million cases), stomach cancer (1.03
million cases), and skin cancer (non-melanoma) (1.04 million cases).

2 Gastrointestinal Cancer (GI Cancer)

The primary purpose of the gastrointestinal tract is to break down the food from a
complex structure to a simple one, so nutrients can be absorbed to provide energy. GI
cancer includes a broad group of cancers which include different cancers of the GI
system, i.e., esophagus, small intestine, gallbladder, liver, stomach, pancreas, bowel
(large intestine or colon and rectum), and anus cancer. It also includes other rare
cancers such as neuroendocrine tumors and gastrointestinal stromal tumors which
could be found throughout the whole GI system. The frequency of GI cancer is very
high in industrialized realms. There are some common risk factors associated with
GI cancer, i.e., smoking, drinking alcohol, high-fat diet, gender, age, race, infection,
geographical location, and family history [6].

Sentinel lymph node (SLN) plotting evidently has converted to a highly practical
and accurate method in performing GI cancer and may be very convenient for
personalizing multimodal management for esophageal cancer which might be usu-
ally accepted smoothly for GI cancer [7]. Integrated ultrasound, OCT, PA, and/or
fluorescence imaging endoscope and biopsy [8] are helpful in diagnosing cancers in
the gastrointestinal tract. There are diverse methods used to treat cancer in the human
body, viz. chemotherapy, radiation therapy, and surgery. The selection of the method
for treatment of GI cancer depends on the variety of cancer, the stage of its
enlargement, and related health elements. The treatment in which synthetic or
phytochemicals are practiced to deal with the cancerous cell is known as chemo-
therapy. Chemotherapy contains the treatment of cancer cells by delivering antican-
cer agents. While a large assortment of chemopreventive and chemotherapeutic
agents in vitro as well as in vivo have been familiarized since the last few periods
to fight GI cancer, most of them are exorbitant and have side effects. Hence some
phytochemicals were extracted from the plants which are tested to be safe and
economical and exert anticancer activities against GI cancer including 6-gingerol,
6-shogaol, resveratrol, damnacanthal, zerumbone, and diallyl sulfide (DAS) [9].

The National Cancer Institute has recognized about 35 plant-based foodstuffs that
have cancer-preventive properties, including garlic, soybean, onion, ginger, toma-
toes, turmeric, and cruciferous vegetables [10]. Anticancer agents have the ability to
modify numerous signaling biomolecules like NF-κB,P13K, STAT3, ERK1/2, Akt,
cyclin D1, TNF-α, COX-2, cdk, MMP-9, caspases, survivin, cIAP-1, MAPK, XIAP,
Bcl-2, and other cell growth-regulatory proteins [6].

At presently nanotechnology has grown into a very useful technique in diagnosis
as well as in treatment process; it has the potential to unravel big challenges in cancer
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diagnosis and treatment [11]. Delivery of numerous anticancer drugs including
phytochemicals was testified in the latest years used for the treatment of GI cancer
using quantum dots, polymeric nanoparticles, metallic nanoparticles, and
nanoformulation of therapeutic agents [12].

3 Types of GI Cancer

The different types of GI cancer are shown in Fig. 7.1.

3.1 Esophagus Cancer

The esophagus is the region of food pipe between the throat and stomach. When cells
that line the esophagus change or mutate and grows out of control to form a mass or

Fig. 7.1 Different types of GI cancer
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tumor, it is known as esophagus cancer. The common symptoms of this type of
cancer include pain when swallowing, heavy voice, abnormally large lymph nodes,
vomiting blood, etc. The esophagus cancer is categorized into subtypes, i.e., esoph-
ageal squamous cell carcinoma (ESCC) which begins in the epithelial cells that link
the esophagus and esophageal adenocarcinoma (EAC) which come to light from
glandular cells in the lower third of the esophagus [13].

3.2 Stomach Cancer

Stomach cancer is as well a known gastric cancer which develops in the lining of the
gastric by the growth of cancerous cells. This cancer may spread to other organs of
the body, i.e., liver, bones, and abdomen [14]. It is difficult to diagnose it because
most of the people do not show symptoms in the earlier stages. Some earlier
symptoms may be helpful in its diagnosis such as heartburn, nausea, loss of appetite,
and upper abdominal pain. Other symptoms of stomach cancer consist of blood in
the stool, vomiting, weight loss, and yellowness of the skin [15]. Established in
GLOBOCAN 2018 data, stomach cancer is the fifth common neoplasm and the third
most lethal cancer, with a likely 783,000 deaths in 2018 [16].

3.3 Gallbladder Cancer

According to autopsy studies, gallbladder cancer is the sixth-rank cancer of the GI
tract which represents 80–95% of GI cancers globally [17]. The highest mortality
had been reported in Chile, Poland, India, Japan, and Israel with an average
incidence of 27, 14, 10, 7, and 5 out of 100,000 cases, respectively, including
some other risk areas such as Pakistan, Korea, and Spain [18, 19]. The causes of
this cancer are complex but there is a strong relation with gallstones. The most
common symptoms are abdominal pain, vomiting, and jaundice. It has the ability to
spread to other organs such as liver [20].

3.4 Liver Cancer

American Institute for Cancer Research marked liver cancer as the fifth most
ordinarily taking place cancer in males and the ninth most happening cancer in
females with above 840,000 new cases in the year of 2018. Liver cancer starts in the
liver and may spread to other organs. The most common causes of liver cancer are
excessive use of alcohol, diabetes, obesity, and having the condition of hemochro-
matosis in which the body takes up and stores more iron than its essentials’ limit,
taking foodstuffs that have aflatoxin [21].
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3.5 Pancreas Cancer

Pancreatic cancer (PC) occurs when cells in the pancreas which is a glandular organ
behind the stomach begin to proliferate out of control and make a mass or tumor.
Most pancreatic cancers begin from minuscular noninvasive epithelial proliferation
inside the pancreatic ducts as pancreatic intraepithelial neoplasia [22]. These can-
cerous cells have the capability to overrun other parts of the body. It is more common
in aged persons than in the younger one. It was observed that several factors are
responsible for it such as the use of tobacco, use of aspirin, and intake of alcohol and
coffee. About 5 to 10% of patients with pancreatic cancer have family antiquity of
the disease [23]. PC poorly responds to most chemotherapeutic agents and becomes
deadly in the form of pancreatic ductal adenocarcinoma [24].

3.6 Small Intestine Cancer

Small intestine cancer comprises the irregular and uncontrolled growth of cells in the
inner line of the small intestine (SI) which consists of 75% of the total length and
more than 90% of the mucosal surface of the gastrointestinal tract (GIT). It is very
uncommon among GI cancer. The foremost clinical signs are weight loss, abdominal
pain, lassitude, and discomfort [25]. There are 40 different types of intestine cancer
but the 4 most common cancers are carcinoid tumors, adenocarcinomas, sarcoma,
and lymphoma. Small intestine cancer has several menace issues which include
consumption of red or smoked meat, obesity, smoking, and saturated fat [26].

3.7 Colon Cancer (CC)

Colon cancer is the third most occurring cancer globally and the major reason for
tumor-related passing away in the USA. Colon cancer (CC) begins in the large
intestine (colon) which is the final segment of the digestive tract and typically affects
older adults. In the beginning, small noncancerous clumps of cells appear, called
polyps inside the colon. This type of cancer is a biologically heterogeneous disease
characterized by neoplasms [27, 28].

3.8 Bowel or Colorectal Cancer (CRC)

Uncontrolled arising in the internal lining of the bowel or rectum is known as
colorectal cancer and such growths are called polyps. Depending on where cancer
begins, CRC may be called bowel cancer, colon cancer, or rectal cancer. This is the
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third most common malignancy in both genders, and the second principal cause of
cancer-related death in the Western world [29]. The occurrence of CRC is mostly
higher for men, and the hazard of the disease increases with time [30].

3.9 Anus Cancer

Anal cancer is also an unwanted growth in the squamous and glandular epithelia of
the anus. It is the distal opening of the gastrointestinal tract. According to anatomical
and histological differences, anal cancer is mainly of two types such as squamous
cell carcinoma (SCC) and adenocarcinoma. SCC comprises more than 70% of cases
compared to the other [31]. It occurs in smoking persons, males who practice anal
intercourse, and immunosuppressed patients, including HIV patients and transplant
recipients [32].

4 Treatment of GI Cancer

Gastrointestinal stromal tumors (GIST) are unusual lumps of the gastrointestinal
(GI) tract that appear in embryonic mesenchymal cells. GISTs arise all over the GI
tract. It is positioned in the gastric region and small intestine mainly [33]. GI cancer
can be cured with surgery, immunotherapy, targeted therapy, chemotherapy, and
radiation therapy.

In the case of GI cancer handling, surgery is one of the methods but the recurrence
of GI cancer is a dangerous problem because the resection site and peritoneal
surfaces are very common places for reappearance. Disease extends to the polyp
bed and to peritoneal surfaces [34]. Surgery may be curative only when the tumor is
localized [35]. The other method available is radiation therapy in which the con-
trolled dose of high-energy radiation is given to the tumor site to kill or damage
cancer cells. It may be given before or after surgery with the aim of trying to
diminish the threat of recurrence of cancer after surgery [36].

In hormonal therapy, oncologist identifies some points as baseline predictors for
discontinuation, including the use of hormone replacement therapy (HRT). Several
peptide hormones can control the expansion of GI tumors like breast and prostate
cancer through all-specific receptors and signal transduction alleyways [37, 38]. Dis-
ruption or amendment of these growth-governing mechanisms, such as hormonal
centered treatment, may be remedial of advanced GI cancer [35].

Chemotherapy includes the use of chemicals, i.e., anticancer agents or cytotoxic
drugs to kill the cancerous cell in the GI tract. They could be given as parenteral
and/or oral which depends on the kind and stage of cancer. The main disadvantage of
this method is that the anticancer agents also affect healthy tissues of the body
[39]. The different methods which are currently in use for the cure of GI cancer are
shown in Fig. 7.2.
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4.1 Phytochemicals for GI Cancer Treatment

Phytochemicals are biomolecules that are derived from the plants including
nonedible plants. They are secondary metabolites, generally nonnutritive com-
pounds, which have several biological activities in humans including anticancer
properties. There is a wide range of phytochemicals and their synthetic derivatives,
which are used in cancer prevention and treatment. Some examples of
phytochemical-derived biomolecules from eatable and non-eatable plants are
rottlerin, sparstolonin B, berbamine, plumbagin, 6-shogaol, and sulforaphane;
some of the phytochemicals with their source and anticancer uses are reported in
Table 7.1.

Phytochemicals are used as bioactive markers for cytotoxicity counter to tumors
and anticancer activity of phytochemicals which mostly depend on their multi-target
tool of action, comprising antimutagenic, antiproliferative, and antioxidant deeds. It
has been assessed that at present 25–48% of appropriate therapies by the Food and
Drug Administration (FDA) are derivative of plants [67, 68].

Fig. 7.2 Techniques for the treatment of GI cancer, present and future
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Table 7.1 Phytochemicals utilized for the treatment of cancer

Phytochemicals Source Type of cancer Reference

Curcumin Rhizome of turmeric Multiple myelomas, pan-
creatic and colon cancers

[40]

Epigallocatechin gal-
late (EGCG)

Extract of green tea Brain, prostate, cervical,
bladder, and colon cancers

[41]

Crocin Callus of saffron (Crocus
sativus)

Human lung cancer, skin
carcinoma, pancreatic can-
cer, colorectal cancer, and
breast cancer

[42]

Fisetin Strawberries, apples, and
grapes

Human colon cancer [43]

Kaempferol Apples, grapes, tomatoes,
broccoli, cucumbers,
peaches, blackberries, rasp-
berries, green tea, potatoes,
onions, lettuce, green
beans, and spinach

Pancreatic cancer and lung
cancer

[44]

Lycopene Tomatoes, red papayas,
watermelons, and red
carrots

Breast cancer, prostate
cancer, endometrial cancer,
and colon cancer

[45]

Sulforaphane Cruciferous vegetables
such as broccoli, cabbages,
and Brussels sprouts

Human colon cancer [39]

Tocopherols/
tocotrienols
(vitamin E)

Wheat germ oil, safflower
oil, and sunflower oil

Liver, stomach, skin, colon,
prostate, lung, and pancre-
atic cancers

[40]

Apigenin Parsley, celery, chamomile,
Egyptian plant, and
Moringa peregrina

Breast, colon, and pancre-
atic cancers

[41]

Plumbagin Drosera and Nepenthes Ovarian cancer cells, colon
cancer, breast cancer, and
cervical cancer

[42]

Vitamin D (calcitriol) Mushroom, soy milk, and
cereals

Colon, breast, ovarian, and
prostate cancer

[43]

Phenethyl isothiocya-
nate (PEITC)

Cruciferous vegetables,
such as broccoli, cabbage,
watercress

Breast, osteogenic sarcoma
U-2 OS, lung, cervical, and
prostate cancer

[44]

Cyanidin-3-glucoside Grapes, raspberry, apples,
plums, red cabbage, black-
berry, cranberry, and red
onion

Breast apocrine carcino-
mas, colon cancer

[45]

Diindolylmethane
(DIM), (I3C) (indole-
3-carbinol)

Broccoli, cauliflower, col-
lard greens

Breast, colon, prostate, and
endometrial cancer

[46]

Genistein Fava beans, kudzu, coffee,
psoralea, Flemingia vestita,
and soybeans

Gastric cancer, breast can-
cer, and colorectal cancer

[47]

(continued)
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Table 7.1 (continued)

Phytochemicals Source Type of cancer Reference

Gingerol Ginger Breast cancer, retinoblas-
toma cancer, renal, mela-
noma, colon cancer, and
colorectal cancer

[48]

Resveratrol The skin of red grapes and
peanuts

Colon cancer, human breast
cancer, and liver cancer

[49]

Rosmarinic acid Lemon balm, peppermint,
sage, thyme, oregano, and
rosemary

Human colon carcinoma
cell and gastric cancer

[50]

Tocotrienols/vitamin E Plant oils as barley, coco-
nut, sesame, and wheat
germ

Pancreatic cancer, prostate
cancer, breast cancer, lung
and brain cancer

[50]

Delphinidin Cranberry and pomegranate Lung cancer [51]

3,30-Diindolylmethane
(DIM)

Brussels sprout and
fermented cabbage

Breast cancer, colon can-
cer, and prostate cancer

[52]

Naringenin Grapefruit and orange skin Colon cancer and breast
cancer

[53]

Proanthocyanidin Berries Colon cancer and ovarian
cancer

[54]

Pterostilbene Blueberries Breast cancer and prostate
cancer

[55]

Quercetin Onions Ovarian cancer, gastric
cancer, breast cancer, and
colon cancer

[56]

Retinoic acid Carrots Acute promyelocytic leu-
kemia (APL), oral, lung,
prostate, skin, breast, blad-
der, and ovarian cancers

[57]

Silibinin Milk thistle (Silybum
marianum)

Skin, prostate, breast, lung,
kidney carcinomas, bladder
cancer, and colon cancer

[58]

Zerumbone Gingers Colon cancer [59]

Diallyl sulfide (DAS) Garlic Colon cancer [60]

Lappaconitine sulfate Roots of Aconitum
sinomontanum

Colon cancer [61]

Berbamine Chinese herb Berberis
amurensis

Human lung cancer and
ovarian cancer

[62]

Rottlerin Kamala tree (Mallotus
philippinensis)

Colon, breast, prostate, and
pancreatic cancers

[63]

Podophyllotoxin Podophyllum emodi Wall
(syn. p. hexandrum Royle)
or P. peltatum L.

Lung cancer and testicular
cancer

[64]

Glyceollins Cruciferous vegetables,
beans, soybean, rice, garlic,
tomato, and potatoes

Prostate cancer and breast
cancer

[65]

Damnacanthal (noni) Roots of Morinda citrifolia
L. (noni)

Human colorectal cancer
and breast cancer

[66]
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5 Nanotechnology and Cancer Treatment

The term nanotechnology has defined the control of the size of matter on the
nanosize scale within the range of 1–100 nm. It is a multidisciplinary and emerging
area of research, employed in diverse fields, i.e., engineering, biology, chemistry,
physics, space, and medicine [69–75]. Nanotechnology becomes very useful in the
arena of cancer diagnosis and cures with the hope that it will solve big challenges in
the diagnosis and treatment of cancer [11].

The usage of nanotechnology in the field of medicine is very useful because, at
the nanoscale level, it paves great advantages in terms of target-specific drug
delivery which also reduces the concentration of drugs and reduces toxicity. The
use of nanoparticles as a drug carrier could boost up the process of drug delivery
with one of the deadly diseases like GI cancer [76]. Nanotechnology involves the
synthesis of different types of nanoparticles, their characterizations, and the appli-
cations to deal with different cancerous cells and cancers. Selective production of
nanoparticles with pointing biological methods has proved extremely leading
because it leads to higher efficacy associated with fewer side effects [77].

Nanoparticles were used in numerous techniques for the treatment of GI cancer
such as in chemotherapy, targeted drug delivery, imaging, theranostic, and diagno-
sis. The details are discussed in this chapter.

5.1 Nanoparticles in Cancer Imaging

In the field of cancer diagnosis, the nanoparticles are developing as a new way of
molecular imaging (MI) in different problems [78]. During the previous decade, the
application of nanotechnology in MI provided several significant benefits and
openings for the imaging of living objects. They have potential in precise cancer
diagnosis through active targeting and/or passive accumulation methodologies
[79]. Nanoparticles can deliver the imaging agents inadequate concentration at
targeted tumor sites because they are typically smaller in size when compared to
proteins and cells [80]. There are different methods available for MI which include
targeted ultrasound, bioluminescence, fluorescence, magnetic resonance spectros-
copy (MRS), positron-emission tomography (PET), single-photon emission com-
puted tomography (SPECT), and molecular magnetic resonance imaging
(MRI) [81].

Quantum dots (QDs) are unique types of nanoparticles which are extensively
studied for preclinical optical imaging techniques [82, 83] due to their tremendous
properties for biological imaging, durable endurance to chemical degradation,
photobleaching, good UV, high quantum yield, NIR (near-infrared) absorption,
and large Stokes shifts [84]. They also proved poor retention in the tumor cell and
were able to wash back easily into the bloodstream due to their smaller size which is
also one of the major advantages [84].
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Geng et al. [85] used quantum dot-based molecular targeted imaging methods to
inspect the discrete tendency, cell morphology, clone formation rate, and Ki67
expression as well as distribution in clones. They were helpful in the investigation
of the morphology of clones of MCF 7 human breast cancer cell line, SGC7901
human gastric cancer cell line, and SW480 human colon cancer cell line. They
observed that SW480, MCF-7, and SGC7901 cells have more nuclear:cytoplasmic
ratios, heterogeneous morphology, and noticeable pathological mitotic types. They
concluded that quantum dot molecular imaging-mediated cell clone formation assay
presented a unique method to understand the proliferative features of cancer cells.
Liu et al. [86] synthesized PEGylated near-infrared QDs, Zn x Hg1-x Se y S1-y QDs
(ZHS-QDs) consisting of zinc (Zn2+), S2�, Se2�, and mercury (Hg2+), for tumor-
specific imaging and delivered intravenously into orthotopic pancreas tumors and
breast in mice taking the tumor-penetrating iRGD peptide. The results of transmis-
sion electron microscopy (TEM) study showed that the core thickness of the
synthesized QDs was 6.6 � 2.3 nm (mean � standard deviation). The study com-
prises in vitro and in vivo positive ion-exchange actions in ZHS-QDs, slaking of
many QDs prompted by Ag-TS. They also analyzed in vivo imaging of pancreatic
cancer through ZHS-QDs. The study showed no toxicity and concluded that in vivo
positive ion exchange might be a hopeful scheme to boost the specificity of tumor
imaging. Another study of Brunetti et al. [87] consisted of the synthesis of NIR QDs
functionalized with the NT4 cancer-selective tetrabranched peptides (NT4-QDs) and
reported that NT4-QDs had a very favorable performance for selectively addressing
tumor cells in vitro as well as in vivo, and confirming growing features of NT4-QDs
such as theranostics.

The nanoparticles with incorporation or encapsulation of dyes were also reported
promising in MI with respect to cancer theranostics [88]. The US Food and Drug
Administration (FDA) approved nanoparticles encapsulated/incorporated with NIR
region fluorescent cyanine 7 (Cy7), indocyanine green (ICG) [89], and
dialkylcarbocyanine fluorophores [81]. A number of nanoparticles were studied
for the imaging of tumors by the supply of NIR dye toward the tumor site. Li
et al. [90] developed phospholipid micelles to assist the usage of IR780 dye for
fluorescent imaging of malignant brain tumor. This study included the in vivo brain
tumor targeting and NIRF imaging ability to use U87MG glioma ectopic and
orthotopic xenograft models and an impatient glioma mouse model obsessed by
RAS/RTK initiation. The observations have shown that IR780-phospholipid
micelles exhibited intracranial tumor accretion and effective NIRF signal intensity
in glioma orthotopic models in a real-time, noninvasive manner. Chansaenpak et al.
[91] encapsulated NIR-light-activating aza-BODIPY (AZB-NO2) in polymeric
nanoparticles for cancer cell imaging. It was perceived through SEM results that
the AZB-NO2 formed a sphere shape with a hydrodynamic ordinary size of 201 nm.
The study indicated that the nanoparticles were equipped by spending 0.8 mg dye
and displayed the highest fluorescence quantum yield. It was also testified that
AZB-NO2@PCL nanoparticles demonstrated bright fluorescence from U-251 cells
inside 3D Ca-alginate scaffolds after 24-h incubation. It was concluded that the
reported nanoparticles might be efficiently used in cancer cell imaging applications.
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The nanoparticles are of great significance in the magnetic resonance imaging
(MRI) with respect to gastric cancer cell imaging and treating [92]. Iron oxide
nanoparticles were extensively studied in this domain [93]. Recently, iron oxide-
loaded PLGA-based nanoparticles were reported for magnetic resonance imaging
and cancer therapy [94]. Ruan et al. synthesized amino-modified fluorescent mag-
netic nanoparticle (FMNP)-marked mesenchymal stem cells (MSCs) to recognize
targeted imaging and hyperthermia therapy of in vivo gastric cancer [95]. They
reported that the MNP-tagged MSCs considerably inhibited the development of
in vivo gastric cancer due to hyperthermia effects and suggested that CCL19/
CCR7 and CXCL12/CXCR4 axis loops may play crucial roles in the targeting of
MSCs to in vivo gastric cancer. Deserno et al. [96] stated the usage of ferumoxtran-
10 (a superparamagnetic iron oxide) [97] for MR imaging. It was concluded that
ferumoxtran-10-enhanced MR imaging significantly upgraded nodal performance in
patients with bladder cancer by portraying metastases even in normal-sized lymph
nodes. Another study of Jalalian et al. [98] reported the preparation of epirubicin-
loaded superparamagnetic iron oxide nanoparticle-aptamer bioconjugate and their
applications for united in vivo colon cancer therapy and imaging through murine
colon carcinoma cells (C26 cells, target). They reported that the complex could
competently identify tumors when inspected by MRI and constrain tumor growth
in vivo. The use of cetuximab-conjugated magneto-fluorescent silica nanoparticles
for directing and imaging of in vivo colon cancer was also evidenced [99].

During the uses of nanoparticles in imaging as well as photodynamic therapy of
cancer, poor biocompatibility, foreseeable requisite of external irradiation, and depth
of tissue penetration of the nanoparticles were some of the major problems, but they
could be rectified by using biodegradable and biocompatible nanoparticles. In
continuation of this, Xu et al. [100] synthesized biodegradable luminescent
nanoparticles with an amphiphilic polymeric conjugate and a luminescent giver
(luminol) and a fluorescent receiver [chlorin e6 (Ce6)] for in vivo luminescence
imaging and photodynamic remedy in deep tissues. They observed that the
nanoparticles have shown vivid in vivo imaging capability with apposite tissue
penetration.

5.2 Treating Cancer Cells with Nanoparticles

Nanoparticles were also used to treat the cancer cell called nanoparticle-mediated
chemotherapy. Chemotherapy is utilized for years to cure cancer, but it can also be
the root of severe damages to the noncancerous cells of the human body. The use of
nanoparticles can be more beneficial in terms of destroying the cancerous cells with a
marginal loss to well tissue, with preventing of harmful effects of traditional
chemotherapy. Evidence showed that albumin-bound paclitaxel nanoparticles were
used as second-line chemotherapy for unresectable or repeated gastric cancer
[101]. It exposed auspicious activity against formerly treated unresectable or peri-
odic gastric cancers, with well-tolerated noxiousness. Another evidence showed that
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paclitaxel/tetrandrine-co-loaded nanoparticles efficiently supported the apoptosis of
gastric cancer cells which was centered on “oxidation therapy” [102]. Sun et al.
[103] reported a poly (ethylene glycol) (PEG)-coated Fe3O4 nanoparticles as
miRNA supply method to reduce drug resistance of gastric cancer cells through
imposing miR16 expression in SGC7901/ADR cells. They perceived that miR16/
MNPs were capable to significantly overwhelm SGC7901/ADR tumor growth and
suggested that it might be through enhancing SGC7901/ADR cell sensitivity to
ADR. In another study, Zheng et al. [104] synthesized nanoparticles of poly
(lactide)–vitamin E TPGS (PLA–TPGS) copolymers using the dialysis technique
to formulate paclitaxel for oral chemotherapy with Caco-2 cells of the gastrointes-
tinal (GI) drug barricade. Wu et al. [105] reported the usage of smart gelatinase-
stimuli nanoparticles to supply 5-aza-20-deoxycytidine and 5-fluorouridine to gastric
cancer cells and observed that the assimilation of 5-aza-20-deoxycytidine into NPs
expressively enriched the sensitivity of gastric cancer cells to 5-fluorouridine. Li
et al. [106] testified the use of metal-phenolic nanoparticles of samarium (Sm3+) ions
as well as (�)-epicatechin (EC) for therapy against colon cancer. They compared
SmIII-EC nanoparticles with a clinic anticancer drug 5-fluorouracil and observed that
SmIII-EC nanoparticles not only diminished the tumor volume but also did not affect
the bodyweight of mice and ordinary organs presenting significant benefits over
clinic equivalent.

In continuation of this, Rashid et al. [107] investigated the radiosensitization
effects caused by gold nanoparticles (AuNPs), platinum nanodendrites (PtNDs),
bismuth oxide nanorods (BiNRs), and superparamagnetic iron oxide nanoparticles
(SPIONs) on human colon carcinoma cells (HCT 116) illumined with 150 MeV
proton beams. This study indicated that BiNRs demonstrated the maximum sensiti-
zation enrichment ratio (SER) of 4.93 and ROS generation corresponding to the
level of radiosensitization with the maximum ROS achieved for BiNRs. It was
suggested that as-prepared nanoparticles influenced the potential of being clinically
applied in proton beam therapy. Karuppaiya et al. [108] manufactured silver
nanoparticles by rhizome abstract of Dysosma pleiantha and studied their
antiproliferative effect against breast and human gastric cancer cells. They observed
that the synthesized AgNPs demonstrated to be dose-dependent cytotoxic against
human gastric cancer cell lines with IC50 at 7.14 μM and concluded that
biosynthesized AgNPs can be used in the advanced development of anticancer
drugs. Al-Radadi [109] synthesized nanoparticles of platinum expending Saudi’s
dates extract; studied their influence on the hepatocellular carcinoma (HePG-2)
cancer cells, breast cells (MCF-7), and colon carcinoma cells (HCT-116); and
obtained promising results. Jain et al. [110] also reported the derivation and char-
acterization of Eudragit S100-coated mini-capsules packed with chitosan
nanoparticles unconjugated and folic acid (FA) conjugated put in a nutshell
caspase-3 activator (7-hydroxystaurosporine) used for targeting, treatment of colon
cancer, and apoptosis induction. They observed that the equipped nanoparticles were
approximately sphere shaped with positive zeta potential. This study indicated
through In vitro, ex vivo, as well as in vivo studies that the layered mini-capsules
specifically supply the drug in the colon showing great therapeutic importance with
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low side effects. The metallic nanoparticles were also used in targeting autophagy
which is an auspicious approach for cancer treatment [111]. Flavonoid nanoparticles
were also evidenced in usage for the cure of cancer [112].

5.3 Nanoparticles for Targeted Drug Delivery

There are different methods used to cure cancer in the human body in which the field
where the synthetic or phytochemicals are employed to treat the cancerous cell is
called chemotherapy. Chemotherapy comprises the treatment of cancer cells by
delivering anticancer agents systemically to patients for reducing the uninhibited
growth of cancerous cells. Unluckily, these anticancer agents not only damage the
cancer cell, but also create harmful effects on healthy tissues of the body which is
due to the toxic nature of anticancer agents and poor drug delivery of these agents to
the targeted tumor site. Thus there arise grim side effects containing organ damage,
causing impaired treatment with minor dosage and finally low persistence
rates [113].

The drug development process is a very complex and interdisciplinary process
that includes chemistry, biology, computational design, and clinical study. The
easiest way to prevent healthy tissue from anticancer agents is therefore to segregate
the cancerous cells and the typical body cells. Then the drug is delivered to
specifically targeted tumor sites so the remedy can diminish the growth and prolif-
eration of only cancer cells. To overwhelm these limits of drug delivery, there has
been increased interest in nanotechnology in the last decade [114]. Nanoparticles
have been widely studied for drug and gene delivery uses by varying their compo-
sition and biological properties [115, 116]. NPs also play a significant part in
controlled drug delivery or sustained drug release [117].

The consumption of nanoparticles as a drug carrier has a number of advantages
such as (i) improvement in water solubility of poorly soluble drugs and their
protection in the bloodstream which also improves pharmacological and pharmaco-
kinetic properties of drugs; (ii) delivery of drugs to specific tumor target in controlled
manner by limiting the drug accumulation in other organs which also enhances the
efficacy and reduces the toxicity; and (iii) being helpful in real-time monitoring of
anticancer agents by delivering the combination of imaging agents with drugs
[118]. Delivery of several anticancer drugs including phytochemicals was conveyed
in recent years for the handling of GI cancer using quantum dots, polymeric
nanoparticles, metallic nanoparticles, and nanoformulation of therapeutic agents
[119]. Recently the nanoparticles of chitosan, PEG-conjugated chitosan, and
chitosan complexed using gelatin were testified intended for the site-specific release
and supply of green tea polyphenol extract epigallocatechin-3-gallate through gastric
cancer cells via oral administration. The nanoparticles effectively reduced drug
release within gastric acids stopping reduced vascular endothelial growth factor
protein, gastric cancer cell growth, and induced cell apoptosis [12]. The phase II
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reading of NK105, which is a paclitaxel-incorporating micellar nanoparticle, used
for gastric cancer treatment was also reported [120].

6 Nanoparticle-Mediated Phytochemical Delivery for GI
Cancer Therapy

There is a plethora of phytochemicals that play an important role as therapeutic
agents also showing promising results in GI cancer treatment. The targeted delivery
of these phytochemicals is also possible by using nanoparticles as a nanocarrier
[121]. There is a number of reported researches [122] related to the delivery of
phytochemicals for GI cancer treatment and few of them are detailed below:

Thipe et al. [123] informed the synthesis of resveratrol-conjugated gold
nanoparticles and investigated their antitumor usefulness contrary to breast, prostate,
and pancreatic cancers. The study shows that resveratrol reduced Au3+ to Au0 to
synthesize Res-AuNPs and the encapsulation of gum arabic increased their stability.
The in vitro anticancer studies counter to the human breast (MDAMB-231), prostate
(PC-3), and pancreatic (PANC-1) cancers showed that the corona of resveratrol was
systematically increased on Res-AuNPs. It showed synergetic anticancer effects on
selected cancers. The researchers concluded that the improved corona of resveratrol
on AuNPs enhances the bioavailability of resveratrol so that therapeutically active
species can be optimally accessible in vivo for solicitations in cancer therapy.

The study of Brian [124] included the synthesis of silver nanoparticles through
Ceiba pentandra bark extract (ethanolic) and their anticancer activities on colorectal
cancer cells (HCT-116) with an emphasis on cell cytotoxicity, quantification of
ROS, and determination of mitochondria membrane potential. The result of the
study indicated that as-prepared nanoparticles exhibited IC50 value at 60 μg/mL
that significantly inhibited cell viability and changed the morphology of HCT-116
colon cancer cells. Elbialy et al. [125] synthesized curcumin-mediated AuNPs and
studied the effect of AuNPs on increasing the efficacy of curcumin as an anticancer
agent counter to the colon (HCT-116) as well as breast (MCF-7) human cancer cell
lines. Their results indicated that the equipped AuNPs-Cur (0.72 μg mL�1) have
greater antiproliferative and apoptotic properties against MCF-7 as well as HCT-116
cells, related to free curcumin. Mariadoss et al. [126] synthesized phloretin-loaded
chitosan nanoparticles (PhCsNPs) and investigated their anticancer properties. They
observed that the prepared PhCsNPs have shown major antioxidant and detoxifica-
tion effects in investigational carcinogenesis as well as it significantly decreased the
tumor volume and neoplastic alterations through oral administration in various
doses.

The polymeric nanoparticles have also gained interest in the delivery of thera-
peutic phytochemicals for targeted drug delivery. Zhou et al. [127] synthesized
mucus-penetrating curcumin-loaded PLGA nanoparticles with different amounts
of Pluronic F127 for oral supply to swollen colon tissues. They observed that
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nanoparticles functionalized with F127 showed improved mucus-penetrating ability
with negative cytotoxicity. It was reported that the prepared nanoparticle showed a
particularly stronger ability to reduce the secretion of TNF-α from macrophages. The
nanoparticles also demonstrated the best therapeutic efficacy against ulcerative
colitis. Hajizadeh et al. [128] loaded diosgenin (a phytochemical) into noisome by
thin-film hydration method to increase its solubility and hence efficiency and
investigated the cytotoxicity assay on HepG2 cell line. The results indicated that
the prepared nanodrug-delivery system was normal in size and spherical in mor-
phology. They calculated the loading proficiency of diosgenin and obtained 89%
with a maintainable and governable release rate. Anter et al. [129] prepared chitosan
oligosaccharide-based nanoparticles (COS-NPs) by ionic gelation method for gastric
mucosal administration of the biomolecules “apocynin” (APO). They analyzed
in vivo antiulcerogenic activity counter to ketoprofen (KP)-induced gastrointestinal
ulceration in rats and observed that APO-loaded COS-NPs triggered splendid
antiulcerogenic activity contrary to KP-induced digestive ulceration in rats com-
pared with free APO-treated group. They concluded that the prepared nanoparticles
could be measured as an auspicious oral phytopharmaceutical nanoparticulate
scheme for the organization of gastrointestinal ulceration. Maity et al. [130] testified
the production of nanoconjugates of Au nanoparticles (AuNPs) conjugated through
theaflavin (AuNP@TfQ) by a subsequent one-step green synthesis by reacting
HAuCl4 and theaflavin at room temperature. They observed that the occurrence of
the quinone motif in AuNP@TfQ induced an improved level of ROS generation and
resulted in the caspase-mediated apoptotic cell demise which might grip the potential
for a “magic bullet”-mediated ovarian cancer treatment.

PEGylated lipid bilayer mesoporous silica nanoparticles were also reported for
the supply of two phytochemicals, i.e., paclitaxel and curcumin, simultaneously at
the tumor site [131]. This delivery system effectively carries medications into cancer
cells with the persistent release, and better controlled the tumor weight.

Sweety et al. [132] nanoformulated thymoquinone with three various hydrophilic
polymers hydroxypropyl methylcellulose (HPMC), chitosan, as well as polyvinyl
alcohol (PVA) and then coated with Eudragit L100 for site-specific supply for colon
cancer management. The pitiable physicochemical properties of thymoquinone were
overcome by three different nanoformulations and observed that chitosan-based
nanoformulation showed great cytotoxicity in colon cancer because of the formation
of an oxime bond and sialic acid binding. They reported that the nominal dosage
mandatory for killing the colon cancer cells was 10 μg/mL.

Saraf et al. [133] developed curcumin-loaded Eudragit S100 nanoparticles using
the Box-Behnken experimental design for site-specific supply in colon cancer. They
observed the average particle size of nanoparticles in the range of 122.38 � 0.75 nm
and the minimum drug release at pH 1.2, and higher at pH 6.8, and continued drug
discharge was found at pH 7.4, corresponding to pH of colon. Udompornmongkol
et al. [134] equipped curcumin-loaded polymeric nanoparticles of chitosan and gum
arabic via an emulsification solvent diffusion technique and studied their anti-
colorectal cancer applications. They observed that curcumin was entangled in
polymeric nanoparticles with +48mV and 136 nm size, with high encapsulation

7 Combination of Phytochemicals with Nanotechnology for Targeting GI Cancer. . . 157



proficiency (95%). This study shows that curcumin nanoparticles were able to
endure hydrolysis due to digestive juice or small intestinal enzymes, and therefore
it should blow out in the colon mainly intact. Moreover, the prepared encapsulated
nanoparticles were reported with greater anti-colorectal cancer properties than free
curcumin due to bigger cellular uptake. Anitha et al. [135] reported the In vitro
combinatorial anticancer effects of 5-fluorouracil and curcumin-loaded N,
O-carboxymethyl chitosan nanoparticles on colon cancer with in vivo pharmacoki-
netic results. They observed the sustained-release profile of therapeutic drugs at
pH 4.5 and 7.4 outlined above for a period of 4 days and joined disclosure of colon
cancer cells (HT29). As per in vivo results, they reported the upgraded plasma
concentrations of 5-FU and CUR which sustained up to 72 h dissimilar to the
basic drugs. Another study showed the delivery of gambogic acid by telodendrimers
and vitamin E (VE) composed of linear polyethylene glycol (PEG)-blocking den-
dritic oligomer of cholic acid (CA) for colon cancer handling [136]. This study
reported that the reported nanoformulation was found to parade analogous In vitro
cytotoxic activity contrary to colon cancer cells as the permitted drug. Lotfi-Attari
et al. [137] studied co-delivery of curcumin as well as chrysin by PEGylated PLGA
NPs and inspected their synergistic inhibitory effect counter to human colorectal
(Caco-2) cancer cells. Their results indicated that nanoformulations showed dose-
dependent cytotoxicity against Caco-2 cells and had an additional synergistic
antiproliferative effect which suggestively detained the progress of cancer cells.

Vimala et al. [138] testified the anticancer action of doxorubicin-loaded ZnO
nanoparticles against Bax and Bcl-2 expression in breast and colon carcinoma. The
study reported that the size and shape of nanoparticles depended on the concentra-
tions of the extract and nanoparticles showed a significant decline of Bcl-2 mani-
festation on MCF-7 cells. They had good biocompatibility without any toxicity in
the bloodstream. Dandekar et al. [139] inspected the pH-sensitive curcumin-loaded
polymeric nanoparticles for the treatment of colon cancer with the HT-29 cell line.
They detected that curcumin-encumbered polymeric nanoparticles were homoge-
nous, spherical in size, and negatively surface charged with >99% of drug content.
The study reported that nanoparticles were verified virtually to have double obses-
sion of the cancerous cells, as matched to curcumin alone. The authors concluded
that the improved action may be accredited to size influencing value-added cellular
uptake and may result in the reduction of complete dose necessity. Moreover, the
gold nanoparticles produced from Trichosanthes kirilowii with ~50 nm in size were
also reported as potential anticancer nanomaterials against colon cancer cells
through the induction of the apoptotic alley [140]. MTT assay of the reported gold
nanoparticles shows that they exhibited the selective, operative anticarcinogenic
effect of AuNPs on HCT-116 cells in a dose-dependent style. Moreover, the
AuNPs considerably enhanced ROS generation caused by mitochondrial membrane
impairment and induced morphological alterations using AO/EtBr yellowing assay.
Furthermore, AuNP treatment prompted G0/G1-phase cell cycle detention in
HCT-116 cells. Also, AuNP treatment stimulated caspase expression and
downregulated the anti-apoptotic expression in HCT-116 cells.
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7 Conclusion

It may be concluded that the combination of nanotechnology with phytochemicals
into cancer diagnostics and therapeutics is a promptly progressing area. There is a
need to address the cost-effectiveness and the understanding of the concepts. Nano-
technology was found to accomplish an essential and effective character in improv-
ing efficacy as well as overcoming the limitations of plant-mediated chemotherapy
of GI cancers. Nanoparticles were utilized in diverse ways for the treatment of GI
cancer such as in chemotherapy, targeted drug delivery, imaging, theranostic, and
diagnosis. There are a number of studies reported which indicated that different
nanoparticles such as iron oxide nanoparticles, silver nanoparticles, and gold
nanoparticles acted as anticancer agents while they also showed promising use in
molecular imaging for cancer. The nanoparticles of synthetic and bio-based poly-
mers such as PLGA, PVA, and chitosan were found as efficient nanocarriers that
enhanced the therapeutic efficacy, bioavailability, and bioactivity of several phyto-
chemicals with targeted drug delivery and sustained drug release profile. The
nanoparticles were also found to reduce the toxicity effect of anticancer agents by
delivering them to the tumor-infected site which prevents healthy tissues from
exposure to anticancer agents. Moreover, it is expected that the combination of
phytochemicals with nanoparticles will constitute the next frontier in clinical
improvement. Further advances in the field of nanotechnology research and progress
will be associated with the unique and high-impact tactics to cancer diagnosis and
treatment.

References

1. Anand, P., Kunnumakara, A. B., Sundaram, C., Harikumar, K. B., Tharakan, S. T., Lai, O. S.,
Sung, B., & Aggarwal, B. B. (2008). Cancer is a preventable disease that requires major
lifestyle changes. Pharmaceutical Research, 25(9), 2097–2116.

2. Abbas, Z., & Rehman, S. (2018). An overview of cancer treatment modalities. Neoplasma,
139.

3. Khan, N., Afaq, F., & Mukhtar, H. (2010). Lifestyle as risk factor for cancer: Evidence from
human studies. Cancer Letters, 293(2), 133–143.

4. Parsa, N. (2012). Environmental factors inducing human cancers. Iranian Journal of Public
Health, 41(11), 1.

5. Choudhury NAB, Selimuzzaman M, Bari MA, Wohab A, Hoque MB: Prevalence and
identificationof socio-demographic factors and patterns of childhood cancer: A study in a
Dhaka Shishu (Children) Hospital, Dhaka, Bangladesh.

6. Prasad, S., & Tyagi, A. K. (2015). Ginger and its constituents: Role in prevention and
treatment of gastrointestinal cancer. Gastroenterology Research and Practice, 2015.

7. Aikou, T., Kitagawa, Y., Kitajima, M., Uenosono, Y., Bilchik, A. J., Martinez, S. R., & Saha,
S. (2006). Sentinel lymph node mapping with GI cancer. Cancer and Metastasis Reviews, 25
(2), 269–277.

7 Combination of Phytochemicals with Nanotechnology for Targeting GI Cancer. . . 159



8. Kaye, P., Lindsay, D., Madhusudan, S., Vohra, R., Catton, J., Platt, C., & Ragunath, K. (2019).
Upper GI biopsies for adenocarcinoma – How many biopsies should endoscopists take?
Histopathology, 74(6), 959–963.

9. Lin, S. Y., Liu, J. D., Chang, H. C., Yeh, S. D., Lin, C. H., & Lee, W. S. (2002). Magnolol
suppresses proliferation of cultured human colon and liver cancer cells by inhibiting DNA
synthesis and activating apoptosis. Journal of Cellular Biochemistry, 84(3), 532–544.

10. Fujiki, H., Sueoka, E., Watanabe, T., & Suganuma, M. (2015). Primary cancer prevention by
green tea, and tertiary cancer prevention by the combination of green tea catechins and
anticancer compounds. Journal of Cancer Prevention, 20(1), 1.

11. Bharali, D. J., Siddiqui, I. A., Adhami, V. M., Chamcheu, J. C., Aldahmash, A. M., Mukhtar,
H., & Mousa, S. A. (2011). Nanoparticle delivery of natural products in the prevention and
treatment of cancers: Current status and future prospects. Cancers, 3(4), 4024–4045.

12. Lin, Y.-H., Chen, Z.-R., Lai, C.-H., Hsieh, C.-H., & Feng, C.-L. (2015). Active targeted
nanoparticles for oral administration of gastric cancer therapy. Biomacromolecules, 16(9),
3021–3032.

13. Chai, J. (2018). Introductory chapter: Esophagus and esophageal cancer. In Esophageal
Cancer and beyond. London: IntechOpen.

14. Crew, K. D., & Neugut, A. I. (2006). Epidemiology of gastric cancer. World journal of
gastroenterology: WJG, 12(3), 354.

15. Brenner, H., Rothenbacher, D., & Arndt, V. (2009). Epidemiology of stomach cancer. In
Cancer epidemiology (pp. 467–477). Berlin: Springer.

16. Rawla, P., & Barsouk, A. (2019). Epidemiology of gastric cancer: Global trends, risk factors
and prevention. Przeglad Gastroenterologiczny, 14(1), 26.

17. Hundal, R., & Shaffer, E. A. (2014). Gallbladder cancer: Epidemiology and outcome. Clinical
Epidemiology, 6, 99.

18. Miller, G., & Jarnagin, W. (2008). Gallbladder carcinoma. European Journal of Surgical
Oncology (EJSO), 34(3), 306–312.

19. Lazcano-Ponce, E. C., Miquel, J., Muñoz, N., Herrero, R., Ferrecio, C., Wistuba, I. I., De Ruiz,
P. A., Urista, G. A., & Nervi, F. (2001). Epidemiology and molecular pathology of gallbladder
cancer. CA: a Cancer Journal for Clinicians, 51(6), 349–364.

20. Misra, S., Chaturvedi, A., Misra, N. C., & Sharma, I. D. (2003). Carcinoma of the gallbladder.
The Lancet Oncology, 4(3), 167–176.

21. Kamath, A., Roudenko, A., Hecht, E., Sirlin, C., Chernyak, V., Fowler, K., & Mitchell, D. G.
(2019). CT/MR LI-RADS 2018: Clinical implications and management recommendations.
Abdominal Radiology, 44(4), 1306–1322.

22. Kamisawa, T., Wood, L. D., Itoi, T., & Takaori, K. (2016). Pancreatic cancer. The Lancet, 388
(10039), 73–85.

23. Xiao, M., Wang, Y., & Gao, Y. (2013). Association between Helicobacter pylori infection and
pancreatic cancer development: A meta-analysis. PLoS One, 8(9), e75559.

24. Vincent, A., Herman, J., Schulick, R., Hruban, R. H., & Goggins, M. (2011). Pancreatic
cancer. The Lancet, 378(9791), 607–620.

25. Korman, M. U. (2002). Radiologic evaluation and staging of small intestine neoplasms.
European Journal of Radiology, 42(3), 193–205.

26. Pan, S. Y., & Morrison, H. (2011). Epidemiology of cancer of the small intestine. World
Journal of Gastrointestinal Oncology, 3(3), 33.

27. Liu, R., Zhang, W., Liu, Z.-Q., & Zhou, H.-H. (2017). Associating transcriptional modules
with colon cancer survival through weighted gene co-expression network analysis. BMC
Genomics, 18(1), 361.

28. Kumar, K. S., Sastry, N., Polaki, H., & Mishra, V. (2015). Colon cancer prevention through
probiotics: An overview. Journal of Cancer Science and Therapy, 7(2), 081–092.

29. Song, Y.-X., Gao, P., Wang, Z.-N., Liang, J.-W., Sun, Z., Wang, M.-X., Dong, Y.-L., Wang,
X.-F., & Xu, H.-M. (2012). Can the tumor deposits be counted as metastatic lymph nodes in
the UICC TNM staging system for colorectal cancer? PLoS One, 7(3), e34087.

160 H. Chauhan and M. Alam



30. Zavoral, M., Suchanek, S., Zavada, F., Dusek, L., Muzik, J., Seifert, B., & Fric, P. (2009).
Colorectal cancer screening in Europe. World Journal of Gastroenterology: WJG, 15(47),
5907.

31. Grulich, A. E., Poynten, I. M., Machalek, D. A., Jin, F., Templeton, D. J., & Hillman, R. J.
(2012). The epidemiology of anal cancer. Sexual Health, 9(6), 504–508.

32. Patel, H. S., Silver, A. R., & Northover, J. M. (2007). Anal cancer in renal transplant patients.
International Journal of Colorectal Disease, 22(1), 1–5.

33. Pidhorecky, I., Cheney, R. T., Kraybill, W. G., & Gibbs, J. F. (2000). Gastrointestinal stromal
tumors: Current diagnosis, biologic behavior, and management. Annals of Surgical Oncology,
7(9), 705–712.

34. Sugarbaker, P., Cunliffe, W., Belliveau, J., De Bruijn, E., Graves, T., Mullins, R., Schlag, P.,
et al. (1991). Rationale for integrating early postoperative intraperitoneal chemotherapy into
the surgical treatment of gastrointestinal cancer. In Proceedings of the 3rd international
congress on neo-adjuvant chemotherapy (pp. 272–275). Berlin: Springer.

35. Bold, R. J., Ishizuka, J., & Townsend, C. M., Jr. (1996). Progress toward hormonal therapy of
gastrointestinal cancer. Annals of Surgery, 223(1), 4.

36. Hazard, L., O’Connor, J., & Scaife, C. (2006). Role of radiation therapy in gastric adenocar-
cinoma. World journal of gastroenterology: WJG, 12(10), 1511.

37. Barbieri, F., Bajetto, A., Pattarozzi, A., Gatti, M., Würth, R., Thellung, S., Corsaro, A., Villa,
V., Nizzari, M., & Florio, T. (2013). Peptide receptor targeting in cancer: The somatostatin
paradigm. International Journal of Peptides, 2013.

38. Gründker, C., & Emons, G. (2017). The role of gonadotropin-releasing hormone in cancer cell
proliferation and metastasis. Frontiers in Endocrinology, 8, 187.

39. Ognjenovic, L., Trajkovski, G., Gjoshev, S., Shumkovski, A., Dzambaz, D., Hadzi-Manchev,
D., Volcevski, G., Fildishevski, I., Nikolova, D., & Petrushevska, G. (2018). HER2 positive
gastric carcinomas and their clinico-pathological characteristics. Open Access Macedonian
Journal of Medical Sciences, 6(7), 1187.

40. D'Incalci, M., Steward, W. P., & Gescher, A. J. (2005). Use of cancer chemopreventive
phytochemicals as antineoplastic agents. The Lancet Oncology, 6(11), 899–904.

41. Larsen, C. A., & Dashwood, R. H. (2010). (�)-Epigallocatechin-3-gallate inhibits met signal-
ing, proliferation, and invasiveness in human colon cancer cells. Archives of Biochemistry and
Biophysics, 501(1), 52–57.

42. Hire, R. R., Srivastava, S., Davis, M. B., Konreddy, A. K., & Panda, D. (2017).
Antiproliferative activity of crocin involves targeting of microtubules in breast cancer cells.
Scientific Reports, 7, 44984.

43. Kashyap, D., Sharma, A., Sak, K., Tuli, H. S., Buttar, H. S., & Bishayee, A. (2018). Fisetin: A
bioactive phytochemical with potential for cancer prevention and pharmacotherapy. Life
Sciences, 194, 75–87.

44. Zhang, Y., Chen, A. Y., Li, M., Chen, C., & Yao, Q. (2008). Ginkgo biloba extract kaempferol
inhibits cell proliferation and induces apoptosis in pancreatic cancer cells. Journal of Surgical
Research, 148(1), 17–23.

45. Miller, E. C., Giovannucci, E., Erdman, J. J., Bahnson, R., Schwartz, S. J., & Clinton, S. K.
(2002). Tomato products, lycopene, and prostate cancer risk. The Urologic Clinics of North
America, 29(1), 83–93.

46. Zhang, C., Su, Z.-Y., Khor TO, Shu, L., & Kong, A.-N. T. (2013). Sulforaphane enhances
Nrf2 expression in prostate cancer TRAMP C1 cells through epigenetic regulation. Biochem-
ical Pharmacology, 85(9), 1398–1404.

47. Spagnuolo, C., Russo, G. L., Orhan, I. E., Habtemariam, S., Daglia, M., Sureda, A., Nabavi,
S. F., Devi, K. P., Loizzo, M. R., & Tundis, R. (2015). Genistein and cancer: Current status,
challenges, and future directions. Advances in Nutrition, 6(4), 408–419.

48. Lee, S. H., Cekanova, M., & Baek, S. J. (2008). Multiple mechanisms are involved in
6-gingerol-induced cell growth arrest and apoptosis in human colorectal cancer cells.

7 Combination of Phytochemicals with Nanotechnology for Targeting GI Cancer. . . 161



Molecular Carcinogenesis: Published in cooperation with the University of Texas MD
Anderson Cancer Center, 47(3), 197–208.

49. Sinha, D., Sarkar, N., Biswas, J., & Bishayee, A. (2016). Resveratrol for breast cancer
prevention and therapy: Preclinical evidence and molecular mechanisms. In Seminars in
cancer biology (pp. 209–232). Amsterdam: Elsevier.

50. Lim, S.-W., Loh, H.-S., Ting, K. N., Bradshaw, T. D., & Zeenathul, N. A. (2014).
Antiproliferation and induction of caspase-8-dependent mitochondria-mediated apoptosis by
β-tocotrienol in human lung and brain cancer cell lines. Biomedicine & Pharmacotherapy, 68
(8), 1105–1115.

51. Pal, H. C., Sharma, S., Strickland, L. R., Agarwal, J., Athar, M., Elmets, C. A., & Afaq,
F. (2013). Delphinidin reduces cell proliferation and induces apoptosis of non-small-cell lung
cancer cells by targeting EGFR/VEGFR2 signaling pathways. PLoS One, 8(10), e77270.

52. Ciska, E., Verkerk, R., & Honke, J. (2009). Effect of boiling on the content of ascorbigen,
indole-3-carbinol, indole-3-acetonitrile, and 3, 30-diindolylmethane in fermented cabbage.
Journal of Agricultural and Food Chemistry, 57(6), 2334–2338.

53. Hatkevich, T., Ramos, J., Santos-Sanchez, I., & Patel, Y. M. (2014). A naringenin–tamoxifen
combination impairs cell proliferation and survival of MCF-7 breast cancer cells. Experimen-
tal Cell Research, 327(2), 331–339.

54. Kim, K. K., Singh, A. P., Singh, R. K., DeMartino, A., Brard, L., Vorsa, N., Lange, T. S., &
Moore, R. G. (2012). Anti-angiogenic activity of cranberry proanthocyanidins and cytotoxic
properties in ovarian cancer cells. International Journal of Oncology, 40(1), 227–235.

55. Li, K., Dias, S. J., Rimando, A. M., Dhar, S., Mizuno, C. S., Penman, A. D., Lewin, J. R., &
Levenson, A. S. (2013). Pterostilbene acts through metastasis-associated protein 1 to inhibit
tumor growth, progression and metastasis in prostate cancer. PLoS One, 8(3), e57542.

56. Dechsupa, S., Kothan, S., Vergote, J., Leger, G., Martineau, A., Beranger, S., Kosanlavit, R.,
Moretti, J.-L., & Mankhetkorn, S. (2007). Quercetin, Siamois 1 and Siamois 2 induce apo-
ptosis in human breast cancer MDA-mB-435 cells xenograft in vivo. Cancer Biology &
Therapy, 6(1), 56–61.

57. Chen, M.-C., Hsu, S.-L., Lin, H., & Yang, T.-Y. (2014). Retinoic acid and cancer treatment.
Biomedicine (Taipei), 4(4), 22–22.

58. Wing Ying Cheung, C., Gibbons, N., Wayne Johnson, D., & Lawrence Nicol, D. (2010).
Silibinin-a promising new treatment for cancer. Anti-Cancer Agents in Medicinal Chemistry
(Formerly Current Medicinal Chemistry-Anti-Cancer Agents), 10(3), 186–195.

59. Girisa, S., Shabnam, B., Monisha, J., Fan, L., Halim, C. E., Arfuso, F., Ahn, K. S., Sethi, G., &
Kunnumakkara, A. B. (2019). Potential of zerumbone as an anti-cancer agent. Molecules, 24
(4), 734.

60. Puccinelli, M. T., & Stan, S. D. (2017). Dietary bioactive diallyl trisulfide in cancer prevention
and treatment. International Journal of Molecular Sciences, 18(8), 1645.

61. Qu, D., Zhang, X., Sang, C., Zhou, Y., Ma, J., & Hui, L. (2019). Lappaconitine sulfate induces
apoptosis in human colon cancer HT-29 cells and down-regulates PI3K/AKT/GSK3β signal-
ing pathway. Medicinal Chemistry Research, 28(6), 907–916.

62. Zhang, H., Jiao, Y., Shi, C., Song, X., Chang, Y., Ren, Y., & Shi, X. (2018). Berbamine
suppresses cell proliferation and promotes apoptosis in ovarian cancer partially via the
inhibition of Wnt/β-catenin signaling. Acta Biochimica et Biophysica Sinica, 50(6), 532–539.

63. Maioli, E., Torricelli, C., & Valacchi, G. (2012). Rottlerin and cancer: Novel evidence and
mechanisms. The Scientific World Journal, 2012.

64. Chen, J.-Y., Tang, Y.-A., Li, W.-S., Chiou, Y.-C., Shieh, J.-M., & Wang, Y.-C. (2013). A
synthetic podophyllotoxin derivative exerts anti-cancer effects by inducing mitotic arrest and
pro-apoptotic ER stress in lung cancer preclinical models. PLoS One, 8(4), e62082.

65. Payton-Stewart, F., Schoene, N. W., Kim, Y. S., Burow, M. E., Cleveland, T. E., Boue, S. M.,
& Wang, T. T. (2009). Molecular effects of soy phytoalexin glyceollins in human prostate
cancer cells LNCaP.Molecular Carcinogenesis: Published in cooperation with the University
of Texas MD Anderson Cancer Center, 48(9), 862–871.

162 H. Chauhan and M. Alam



66. Witayasinthana, W., & Shotipruk, A. (2009). Recovery of anti-cancer damnacanthal from
roots of Morinda citrifolia by microwave-assisted extraction. Separation Science and Tech-
nology, 44(12), 2942–2955.

67. Catalano, E. (2016). Role of phytochemicals in the chemoprevention of tumors. arXiv preprint
arXiv, 160504519.

68. Tuorkey, M. J. (2015). Cancer therapy with phytochemicals: Present and future perspectives.
Biomedical and Environmental Sciences, 28(11), 808–819.

69. Singh, D., Madhav, H., & Jaiswar, G. (2016). Effects on zinc oxide on polyacrylic acid: A
core–shell nanoparticles. Science and Engineering Applications, 1, 36–39.

70. Madhav, H., Singh, N., Singh, P., & Jaiswar, G. (2017). Biological synthesis of nanoparticles
and their applications: A review. Agra University Journal of Research: Science, 1(2), 25–30.

71. Singh, N., Madhav, H., Yadav, S., & Jaiswar, G. (2018). Critical evaluation of thermal, optical
and morphological properties of V, S and Dy doped-ZnO/PVDF/functionalized-PMMA
blended Nanocomposites. Journal of Inorganic and Organometallic Polymers and Materials,
28(5), 2121–2130.

72. Madhav, H., Singh, N., & Jaiswar, G. (2019). Thermoset, bioactive, metal–polymer compos-
ites for medical applications. InMaterials for biomedical engineering (pp. 105–143). Amster-
dam: Elsevier.

73. Madhav, H., Singh, P., Singh, N., & Jaiswar, G. (2017). Evaluations of thermal and
antibacterial properties of nanocomposites of functionalized poly (methyl methacrylate) with
different amino containing groups. Macromolecular Research, 25(7), 689–696.

74. Singh, N., Madhav, H., Yadav, S., & Jaiswar, G. (2019). Impact of vanadium-, sulfur-, and
dysprosium-doped zinc oxide nanoparticles on various properties of PVDF/functionalized-
PMMA blend nanocomposites: Structural, optical, and morphological studies. Journal of
Applied Polymer Science, 136(9), 47116.

75. Rathore, S., Madhav, H., & Jaiswar, G. (2019). Efficient nano-filler for the phase transforma-
tion in polyvinylidene fluoride nanocomposites by using nanoparticles of stannous sulfate.
Materials Research Innovations, 23(4), 183–190.

76. Iravani, S., & Varma, R. S. (2019). Plant-derived edible nanoparticles and miRNAs: Emerging
frontier for therapeutics and targeted drug-delivery. ACS Sustainable Chemistry & Engineer-
ing, 7(9), 8055–8069.

77. Rao PV, Nallappan D, Madhavi K, Rahman S, Jun Wei L, Gan SH: Phytochemicals and
biogenic metallic nanoparticles as anticancer agents.Oxidative medicine and cellular longevity
2016, 2016.

78. Ma, Y.-Y., Jin, K.-T., Wang, S.-B., Wang, H.-J., Tong, X.-M., Huang, D.-S., & Mou, X.-Z.
(2017). Molecular imaging of cancer with nanoparticle-based theranostic probes. Contrast
Media & Molecular Imaging, 2017.

79. Bazak, R., Houri, M., El Achy, S., Kamel, S., & Refaat, T. (2015). Cancer active targeting by
nanoparticles: A comprehensive review of literature. Journal of Cancer Research and Clinical
Oncology, 141(5), 769–784.

80. Wiwanitkit, V. (2006). Glomerular pore size corresponding to albumin molecular size, an
explanation for underlying structural pathology leading to albuminuria at nanolevel. Renal
Failure, 28(1), 101–101.

81. Cheng, Z., Yan, X., Sun, X., Shen, B., & Gambhir, S. S. (2016). Tumor molecular imaging
with nanoparticles. Engineering, 2(1), 132–140.

82. Pericleous, P., Gazouli, M., Lyberopoulou, A., Rizos, S., Nikiteas, N., & Efstathopoulos, E. P.
(2012). Quantum dots hold promise for early cancer imaging and detection. International
Journal of Cancer, 131(3), 519–528.

83. Fang, M., Peng, C.-W., Pang, D.-W., & Li, Y. (2012). Quantum dots for cancer research:
Current status, remaining issues, and future perspectives. Cancer Biology &Medicine, 9(3), 151.

84. Gao, J., Chen, K., Luong, R., Bouley, D. M., Mao, H., Qiao, T., Gambhir, S. S., & Cheng,
Z. (2011). A novel clinically translatable fluorescent nanoparticle for targeted molecular
imaging of tumors in living subjects. Nano Letters, 12(1), 281–286.

7 Combination of Phytochemicals with Nanotechnology for Targeting GI Cancer. . . 163



85. Geng, X. F., Fang, M., Liu, S. P., & Li, Y. (2016). Quantum dot-based molecular imaging of
cancer cell growth using a clone formation assay. Molecular Medicine Reports, 14(4),
3007–3012.

86. Liu, X., Braun, G. B., Qin, M., Ruoslahti, E., & Sugahara, K. N. (2017). In vivo cation
exchange in quantum dots for tumor-specific imaging. Nature Communications, 8(1), 343.

87. Brunetti, J., Riolo, G., Gentile, M., Bernini, A., Paccagnini, E., Falciani, C., Lozzi, L., Scali,
S., Depau, L., & Pini, A. (2018). Near-infrared quantum dots labelled with a tumor selective
tetrabranched peptide for in vivo imaging. Journal of Nanobiotechnology, 16(1), 21.

88. Silva, C. O., Pinho, J. O., Lopes, J. M., Almeida, A. J., Gaspar, M. M., & Reis, C. (2019).
Current trends in cancer nanotheranostics: Metallic, polymeric, and lipid-based systems.
Pharmaceutics, 11(1), 22.

89. Wang, H., Li, X., Tse, B. W.-C., Yang, H., Thorling, C. A., Liu, Y., Touraud, M., Chouane,
J. B., Liu, X., & Roberts, M. S. (2018). Indocyanine green-incorporating nanoparticles for
cancer theranostics. Theranostics, 8(5), 1227.

90. Li, S., Johnson, J., Peck, A., & Xie, Q. (2017). Near infrared fluorescent imaging of brain
tumor with IR780 dye incorporated phospholipid nanoparticles. Journal of Translational
Medicine, 15(1), 18.

91. Chansaenpak, K., Tanjindaprateep, S., Chaicharoenaudomrung, N., Weeranantanapan, O.,
Noisa, P., & Kamkaew, A. (2018). Aza-BODIPY based polymeric nanoparticles for cancer
cell imaging. RSC Advances, 8(69), 39248–39255.

92. Yang, Y., & Cui, D. (2017). Upconversion nanoparticles for gastric cancer targeted imaging
and therapy. In Gastric cancer prewarning and early diagnosis system (pp. 239–270). Berlin:
Springer.

93. Thomas, R., Park, I.-K., & Jeong, Y. Y. (2013). Magnetic iron oxide nanoparticles for
multimodal imaging and therapy of cancer. International Journal of Molecular Sciences, 14
(8), 15910–15930.

94. Schleich, N., Sibret, P., Danhier, P., Ucakar, B., Laurent, S., Muller, R. N., Jérôme, C., Gallez,
B., Préat, V., & Danhier, F. (2013). Dual anticancer drug/superparamagnetic iron oxide-loaded
PLGA-based nanoparticles for cancer therapy and magnetic resonance imaging. International
Journal of Pharmaceutics, 447(1), 94–101.

95. Ruan, J., Ji, J., Song, H., Qian, Q., Wang, K., Wang, C., & Cui, D. (2012). Fluorescent
magnetic nanoparticle-labeled mesenchymal stem cells for targeted imaging and hyperthermia
therapy of in vivo gastric cancer. Nanoscale Research Letters, 7, 309.

96. Deserno, W. M. L. L. G., Harisinghani, M. G., Taupitz, M., Jager, G. J., Witjes, J. A., Mulders,
P. F., CAHVD, K., Kaufmann, D., & Barentsz, J. O. (2004). Urinary bladder cancer:
Preoperative nodal staging with ferumoxtran-10-enhanced MR imaging. Radiology, 233(2),
449–456.

97. Hudgins, P. A., Anzai, Y., Morris, M. R., & Lucas, M. A. (2002). Ferumoxtran-10, a
superparamagnetic iron oxide as a magnetic resonance enhancement agent for imaging
lymph nodes: A phase 2 dose study. American Journal of Neuroradiology, 23(4), 649–656.

98. Jalalian, S. H., Taghdisi, S. M., Hamedani, N. S., Kalat, S. A. M., Lavaee, P., ZandKarimi, M.,
Ghows, N., Jaafari, M. R., Naghibi, S., & Danesh, N. M. (2013). Epirubicin loaded super
paramagnetic iron oxide nanoparticle-aptamer bioconjugate for combined colon cancer ther-
apy and imaging in vivo. European Journal of Pharmaceutical Sciences, 50(2), 191–197.

99. Cho, Y.-S., Yoon, T.-J., Jang, E.-S., Hong, K. S., Lee, S. Y., Kim, O. R., Park, C., Kim, Y.-J.,
Yi, G.-C., & Chang, K. (2010). Cetuximab-conjugated magneto-fluorescent silica
nanoparticles for in vivo colon cancer targeting and imaging. Cancer Letters, 299(1), 63–71.

100. Xu, X., An, H., Zhang, D., Tao, H., Dou, Y., Li, X., Huang, J., & Zhang, J. (2019). A self-
illuminating nanoparticle for inflammation imaging and cancer therapy. Science Advances, 5
(1), eaat2953.

101. Sasaki, Y., Nishina, T., Yasui, H., Goto, M., Muro, K., Tsuji, A., Koizumi, W., Toh, Y., Hara,
T., & Miyata, Y. (2014). Phase II trial of nanoparticle albumin-bound paclitaxel as second-line
chemotherapy for unresectable or recurrent gastric cancer. Cancer Science, 105(7), 812–817.

164 H. Chauhan and M. Alam



102. Li, X., Lu, X., Xu, H., Zhu, Z., Yin, H., Qian, X., Li, R., Jiang, X., & Liu, B. (2011).
Paclitaxel/tetrandrine coloaded nanoparticles effectively promote the apoptosis of gastric
cancer cells based on “oxidation therapy”. Molecular Pharmaceutics, 9(2), 222–229.

103. Sun, Z., Song, X., Li, X., Su, T., Qi, S., Qiao, R., Wang, F., Huan, Y., Yang, W., & Wang,
J. (2014). In vivo multimodality imaging of miRNA-16 iron nanoparticle reversing drug
resistance to chemotherapy in a mouse gastric cancer model. Nanoscale, 6(23), 14343–14353.

104. Zhang, Z., & Feng, S.-S. (2006). Self-assembled nanoparticles of poly (lactide)–vitamin E
TPGS copolymers for oral chemotherapy. International Journal of Pharmaceutics, 324(2),
191–198.

105. Wu, F.-l., Li, R.-T., Yang, M., Yue, G.-F., Wang, H.-Y., Liu, Q., Cui, F.-B., Wu, P.-Y., Ding,
H., & Yu, L.-X. (2015). Gelatinases-stimuli nanoparticles encapsulating 5-fluorouridine and
5-aza-20-deoxycytidine enhance the sensitivity of gastric cancer cells to chemical therapeutics.
Cancer Letters, 363(1), 7–16.

106. Li, K., Dai, Y., Chen, W., Yu, K., Xiao, G., Richardson, J. J., Huang, W., Guo, J., Liao, X., &
Shi, B. (2019). Self-assembled metal-phenolic nanoparticles for enhanced synergistic combi-
nation therapy against colon cancer. Advanced Biosystems, 3(2), 1800241.

107. Rashid, R. A., Abidin, S. Z., Anuar, M. A. K., Tominaga, T., Akasaka, H., Sasaki, R., Kie, K.,
Razak, K. A., Pham, B. T., & Hawkett, B. S. (2019). Radiosensitization effects and ROS
generation by high Z metallic nanoparticles on human colon carcinoma cell (HCT116)
irradiated under 150 MeV proton beam. OpenNano, 4, 100027.

108. Karuppaiya, P., Satheeshkumar, E., & Tsay, H. S. (2019). Biogenic synthesis of silver
nanoparticles using rhizome extract of Dysosma pleiantha and its antiproliferative effect
against breast and human gastric cancer cells. Molecular Biology Reports, 1–10.

109. Al-Radadi, N. S. (2019). Green synthesis of platinum nanoparticles using Saudi’s dates extract
and their usage on the cancer cell treatment. Arabian Journal of Chemistry, 12(3), 330–349.

110. Jain, A., Jain, R., Jain, S., Khatik, R., & Veer Kohli, D. (2019). Minicapsules encapsulating
nanoparticles for targeting, apoptosis induction and treatment of colon cancer. Artificial Cells,
Nanomedicine, and Biotechnology, 47(1), 1085–1093.

111. Cordani, M., & Somoza, Á. (2019). Targeting autophagy using metallic nanoparticles: A
promising strategy for cancer treatment. Cellular and Molecular Life Sciences, 76(7),
1215–1242.

112. Khan, H., Ullah, H., Martorell, M., Valdes, S. E., Belwal, T., Tejada, S., Sureda, A., & Kamal,
M. A. (2019). Flavonoids nanoparticles in cancer: Treatment, prevention and clinical pros-
pects. Seminars in Cancer Biology.

113. Sutradhar, K. B., & Amin, M. L. (2014). Nanotechnology in cancer drug delivery and selective
targeting. ISRN Nanotechnology, 2014, 12.

114. Dadwal, A., Baldi, A., & Kumar Narang, R. (2018). Nanoparticles as carriers for drug delivery
in cancer. Artificial Cells, Nanomedicine, and Biotechnology, 46(sup2), 295–305.

115. Liyanage, P. Y., Hettiarachchi, S. D., Zhou, Y., Ouhtit, A., Seven, E. S., Oztan, C. Y., Celik,
E., & Leblanc, R. M. (2019). Nanoparticle-mediated targeted drug delivery for breast cancer
treatment. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer, 1871(2), 419–433.

116. Lombardo, D., Kiselev, M. A., & Caccamo, M. T. (2019). Smart nanoparticles for drug
delivery application: Development of versatile nanocarrier platforms in biotechnology and
nanomedicine. Journal of Nanomaterials, 2019, 26.

117. Senapati, S., Mahanta, A. K., Kumar, S., & Maiti, P. (2018). Controlled drug delivery vehicles
for cancer treatment and their performance. Signal Transduction and Targeted Therapy, 3,
7–7.

118. Li, Z., Tan, S., Li, S., Shen, Q., & Wang, K. (2017). Cancer drug delivery in the nano era: An
overview and perspectives. Oncology Reports, 38(2), 611–624.

119. Suri, S. S., Fenniri, H., & Singh, B. (2007). Nanotechnology-based drug delivery systems.
Journal of Occupational Medicine and Toxicology, 2(1), 16.

120. Kato, K., Chin, K., Yoshikawa, T., Yamaguchi, K., Tsuji, Y., Esaki, T., Sakai, K., Kimura, M.,
Hamaguchi, T., & Shimada, Y. (2012). Phase II study of NK105, a paclitaxel-incorporating

7 Combination of Phytochemicals with Nanotechnology for Targeting GI Cancer. . . 165



micellar nanoparticle, for previously treated advanced or recurrent gastric cancer. Investiga-
tional New Drugs, 30(4), 1621–1627.

121. Xie, J., Yang, Z., Zhou, C., Zhu, J., Lee, R. J., & Teng, L. (2016). Nanotechnology for the
delivery of phytochemicals in cancer therapy. Biotechnology Advances, 34(4), 343–353.

122. Arora, D., Saneja, A., & Jaglan, S. (2019). Cyclodextrin-based delivery systems for dietary
pharmaceuticals. Environmental Chemistry Letters, 1–8.

123. Thipe, V. C., Amiri, K. P., Bloebaum, P., Karikachery, A. R., Khoobchandani, M., Katti,
K. K., Jurisson, S. S., & Katti, K. V. (2019). Development of resveratrol-conjugated gold
nanoparticles: Interrelationship of increased resveratrol corona on anti-tumor efficacy against
breast, pancreatic and prostate cancers. International Journal of Nanomedicine, 14, 4413.

124. Brian, M. O., & Selvi, S. (2019). Cytotoxic effects of Ceiba pentandra L. mediated silver
nanoparticles on HCT-116 colon cancer cell lines through ROS generation and cell membrane
damage. International Journal of Research in Pharmaceutical Sciences, 10(4), 3236–3243.

125. Elbialy, N. S., Abdelfatah, E. A., & Khalil, W. A. (2019). Antitumor activity of curcumin-
green synthesized gold nanoparticles: In vitro study. BioNanoScience, 1–8.

126. Mariadoss, A. V. A., Vinayagam, R., Xu, B., Venkatachalam, K., Sankaran, V., Vijayakumar,
S., Bakthavatsalam, S. R., Mohamed, S. A., & David, E. (2019). Phloretin loaded chitosan
nanoparticles enhance the antioxidants and apoptotic mechanisms in DMBA induced exper-
imental carcinogenesis. Chemico-Biological Interactions, 308, 11–19.

127. Zhou, X., Liu, Y., Huang, Y., Ma, Y., Lv, J., & Xiao, B. (2019). Mucus-penetrating polymeric
nanoparticles for oral delivery of curcumin to inflamed colon tissue. Journal of Drug Delivery
Science and Technology, 52, 157–164.

128. Hajizadeh, M. R., Parvaz, N., Barani, M., Khoshdel, A., Fahmidehkar, M. A., Mahmoodi, M.,
& Torkzadeh-Mahani, M. (2019). Diosgenin-loaded niosome as an effective phytochemical
nanocarrier: Physicochemical characterization, loading efficiency, and cytotoxicity assay.
DARU Journal of Pharmaceutical Sciences, 1–11.

129. Anter, H. M., Hashim, I. I. A., Awadin, W., & Meshali, M. M. (2019). Novel chitosan
oligosaccharide-based nanoparticles for gastric mucosal administration of the phytochemical
“apocynin”. International Journal of Nanomedicine, 14, 4911.

130. Maity, R., Chatterjee, M., Banerjee, A., Das, A., Mishra, R., Mazumder, S., & Chanda,
N. (2019). Gold nanoparticle-assisted enhancement in the anti-cancer properties of theaflavin
against human ovarian cancer cells. Materials Science and Engineering: C, 109909.

131. Gao, J., Fan, K., Jin, Y., Zhao, L., Wang, Q., Tang, Y., Xu, H., Liu, Z., Wang, S., & Lin,
J. (2019). PEGylated lipid bilayer coated mesoporous silica nanoparticles co-delivery of
paclitaxel and curcumin leads to increased tumor site drug accumulation and reduced tumor
burden. European Journal of Pharmaceutical Sciences, 140, 105070.

132. Sweety, J. P., Sowparani, S., Mahalakshmi, P., Selvasudha, N., Yamini, D., Geetha, K., &
Ruckmani, K. (2020). Fabrication of stimuli gated nanoformulation for site-specific delivery of
thymoquinone for colon cancer treatment – insight into thymoquinone’s improved physico-
chemical properties. Journal of Drug Delivery Science and Technology, 55, 101334.

133. Saraf, A., Dubey, N., Dubey, N., & Sharma, M. (2019). Box Behnken design based develop-
ment of curcumin loaded Eudragit S100 nanoparticles for site-spcific delivery in colon cancer.
Research Journal of Pharmacy and Technology, 12(8), 3672–3678.

134. Udompornmongkol, P., & Chiang, B.-H. (2015). Curcumin-loaded polymeric nanoparticles
for enhanced anti-colorectal cancer applications. Journal of Biomaterials Applications, 30(5),
537–546.

135. Anitha, A., Sreeranganathan, M., Chennazhi, K. P., Lakshmanan, V.-K., & Jayakumar,
R. (2014). In vitro combinatorial anticancer effects of 5-fluorouracil and curcumin loaded N,
O-carboxymethyl chitosan nanoparticles toward colon cancer and in vivo pharmacokinetic
studies. European Journal of Pharmaceutics and Biopharmaceutics, 88(1), 238–251.

136. Huang, W., Wang, X., Shi, C., Guo, D., Xu, G., Wang, L., Bodman, A., & Luo, J. (2015).
Fine-tuning vitamin E-containing telodendrimers for efficient delivery of gambogic acid in
colon cancer treatment. Molecular Pharmaceutics, 12(4), 1216–1229.

166 H. Chauhan and M. Alam



137. Lotfi-Attari, J., Pilehvar-Soltanahmadi, Y., Dadashpour, M., Alipour, S., Farajzadeh, R.,
Javidfar, S., & Zarghami, N. (2017). Co-delivery of curcumin and chrysin by polymeric
nanoparticles inhibit synergistically growth and hTERT gene expression in human colorectal
cancer cells. Nutrition and Cancer, 69(8), 1290–1299.

138. Vimala, K., Sundarraj, S., Paulpandi, M., Vengatesan, S., & Kannan, S. (2014). Green
synthesized doxorubicin loaded zinc oxide nanoparticles regulates the Bax and Bcl-2 expres-
sion in breast and colon carcinoma. Process Biochemistry, 49(1), 160–172.

139. Prajakta, D., Ratnesh, J., Chandan, K., Suresh, S., Grace, S., Meera, V., & Vandana, P. (2009).
Curcumin loaded pH-sensitive nanoparticles for the treatment of colon cancer. Journal of
Biomedical Nanotechnology, 5(5), 445–455.

140. Han, X., Jiang, X., Guo, L., Wang, Y., Veeraraghavan, V. P., Krishna Mohan, S., Wang, Z., &
Cao, D. (2019). Anticarcinogenic potential of gold nanoparticles synthesized from
Trichosanthes kirilowii in colon cancer cells through the induction of apoptotic pathway.
Artificial Cells, Nanomedicine, and Biotechnology, 47(1), 3577–3584.

7 Combination of Phytochemicals with Nanotechnology for Targeting GI Cancer. . . 167



Chapter 8
Emerging Roles of Phytochemicals
in the Pathobiology and Management
of Esophageal Cancer

Asad ur Rahman, Deepika Sarvepalli, Mamoon Ur Rashid, Saeed Ali,
Awais Naeem, Asif Imran, Effa Zahid, and Sarfraz Ahmad

Abstract Esophageal cancer demonstrates varying epidemiology across the globe.
Over the last 30 years, esophageal adenocarcinoma has overtaken esophageal
squamous cell cancer as the most common histologic variety in the Western hemi-
sphere. However, esophageal squamous cell cancer remains the predominant type in
Asia. Despite an increase in our understanding of its pathophysiology, varying
chemotherapeutic regimens have not made any significant impact on the survival
of patients with this disease. These chemotherapeutic agents have potentially severe
adverse effects which affect the patient adherence to the given treatment. As an
alternative modality of the disease treatment, various phytochemicals have been
studied as therapeutic and prophylactic entities for esophageal cancer. Most of these
agents exert their effect using antioxidant and anti-inflammatory pathways. In this
chapter, we discuss the roles of curcumin, flavonoids, and other agents in terms of
the available data. As we move towards preventative care among the high-risk
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patients with conditions such as Barrett’s esophagus, supplementation of these
phytochemicals may lead to halting and decrease in the progression towards malig-
nancy. More robust studies are needed prior to recommending their widespread
application; however, in the era of cost-effective medicine, introducing such options
in the care of patients will have a significant impact in the long run. We also briefly
discuss the current state of chemotherapeutic and immune therapeutic options for
patients with esophageal cancer.

Keywords Phytochemicals · Cancer · Esophagus · Targeted therapies ·
Pathobiology · Management · Clinical outcomes

Abbreviations

BSC Best supportive care
CD Cluster differentiation
COX Cyclooxygenase
CSC Cancer stem cells
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
EAC Esophageal adenocarcinoma
EGCG Epigallocatechin gallate
EGFR Epidermal growth factor receptor
ESC Esophageal squamous cell cancer
FDA Food and Drug Administration (USA)
FGFR Fibroblast growth factor receptor
5-FU 5-Fluorouracil
GEJ Gastroesophageal junctional carcinoma
GERD Gastroesophageal reflux disease
HER2 Human epidermal growth factor receptor 2
IL Interleukin
NF-kB Nuclear factor-kB
OR Odds ratio
ORR Objective response rate
OS Overall survival
PD-1 Programmed cell death protein 1
PDGFR Platelet-derived growth factor receptor
PD-L1 Programmed death-ligand 1
PFS Progression-free survival
PGE-2 Prostaglandin E-2
ROS Reactive oxygen species
RTK Receptor tyrosine kinase
TKI Tyrosine kinase inhibitors
VEGFR Vascular endothelial growth factor receptor
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1 Epidemiology of Esophageal Cancer

Esophageal cancer is one of the most common malignancies in the world and is the
ninth most common malignancy overall [1]. However, in the United States, it
accounts for nearly 1% of all the cancer diagnoses and is currently the 11th leading
cause of cancer-related deaths [2]. In the United States, it is diagnosed most
commonly in patients between the age of 65 and 74 years.

The two major subtypes of esophageal cancer are esophageal adenocarcinoma
(EAC) and esophageal squamous cell cancer (ESC). Although globally 95% of all
esophageal cancers are ESC, there are significant worldwide geographic differences.
EAC has overtaken ESC as the predominant type in the developed countries, while
ESC is still the most common variety in the African and East Asian countries
[3]. Although the incidence of esophageal cancer in the United States has increased
from 1975 till 2006, since then it has shown a steady decline. Both major varieties of
esophageal cancers more commonly occur in men compared to women. The current
age-adjusted annual incidence is 4.3 cases per 100,000 people [2]. This is in stark
contrast to the “esophageal cancer belt” of Northern Iran, Northern China, Kazakh-
stan, and Uzbekistan, where the incidence of esophageal cancer (predominantly
ESC) has been reported to be as high as 800 cases per 100,000 population [4].

The predominant risk factors for ESC include cigarette smoking, alcohol con-
sumption, dietary use of N-nitroso compounds, deficiency of zinc, selenium, caustic
strictures, Plummer-Vinson syndrome, and tylosis [5]. Comparatively, the predom-
inant risk factors for EAC are gastroesophageal reflux disease (GERD) and meta-
bolic syndrome since they increase the risk of Barrett’s esophagus [6]. About 40% of
the diagnosed cases have distant metastatic disease, and these patients have a 5-year
survival of 19.9%. However, the 5-year survival is much better (46.7%) in patients
with localized esophageal cancer. Despite the decline seen in the incidence of
esophageal cancer over the last decade, the mortality rate and 5-year survival have
not changed significantly. This has led to significant research to explore newer
treatment strategies, including the use of phytochemicals, for the management of
esophageal cancer.

2 The Role of Phytochemicals in the Treatment
of Esophageal Cancer

Although the localized esophageal cancer is being increasingly managed with
endoscopic resection strategies, the mainstay of the treatment for advanced esoph-
ageal cancer comprises a combination of surgery, chemotherapy, and/or radiation
[7]. Despite significant advances in the diagnosis and treatment, the 5-year survival
rate for the disease remains relatively low. The modalities in use for the treatment of
esophageal cancers are known to have numerous side effects and, at times, limited
efficacy given the usual late stage at which the disease is detected owing to the slow
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onset of symptoms, a factor that significantly contributes to the dismal survival rate
[8, 9]. Therefore, the need to identify novel treatment modalities remains high, not
only in complementing the currently available treatment options but also in playing
possible role(s) towards the prevention and management of the disease.

One such area of promise is the use of phytochemicals. The word phytochemical
is originally derived from phyto which in Greek means related to plants. Phyto-
chemicals are nonessential plant-based compounds found abundantly in fruits,
vegetables, grains, etc. [10]. Though used for various ailments over centuries, the
role of phytochemicals is only now being elucidated scientifically. Over the past few
decades, numerous studies have identified a wide array of pharmacological effects
for phytochemicals, particularly as antioxidants and anti-inflammatory agents while
also possessing significant anticancer properties [11–14].

Phytochemicals are primarily classified into five groups, namely carotenoids,
phenolics, alkaloids, nitrogen-containing compounds, and organo-sulfides
[10]. Among these, most studies have been done on phenolics and carotenoids.
The anticancer roles/properties of various phytochemicals are well documented in
peer-reviewed studies pertaining to cancers of the gastrointestinal tract [11]. Here,
we therefore discuss the role(s) of some of the most well-studied phytochemicals in
the potential treatment and management of esophageal cancer.

3 Curcumin

Turmeric is a major spice in Asian cuisines and has been used for centuries in herbal
medicine. By virtue of its antioxidant properties, it acts as an anti-inflammatory
agent; studies have documented its role(s) in lowering the incidence of cancer [12]. It
is one of the three curcuminoids in the spice, belonging to the subcategory of
phenolic acids under the group phenolics [10, 13]. Curcumin possesses a significant
anti-oncogenic profile owing to its effects on multiple molecular pathways involved
in carcinogenesis such as its regulation of an array of membrane receptors, tran-
scription factors, cytokines, kinases, and other enzymes [14–16]. The anticancer
effects of curcumin in gastrointestinal malignancies such as esophageal, gastric, and
colon cancers are well documented [11, 17–19]. Interestingly, a comparison of the
effect of curcumin and 5-fluorouracil (5-FU) on esophageal squamous cell carci-
noma found curcumin to be more effective [20].

In esophageal cancers, multiple molecular pathways are involved in the patho-
genesis and progression of the disease (Fig. 8.1). The efficacy of curcumin on
esophageal malignancies has been evaluated through various angles. Oxidative
stress produced by reactive oxygen species (ROS) plays a significant role(s) in the
development of many cancers, including those of the esophagus [21]. One study
identified curcumin to exert an antioxidant and an anti-inflammatory effect on
esophageal cell lines as a result of induction of the activity of superoxide
dismutase-1, a potent antioxidant enzyme, and inhibition of the activity of
cyclooxygenase-2, a pro-inflammatory protein, respectively [22]. Another study
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further expanded upon curcumin’s anti-inflammatory role in esophageal tumorigen-
esis by highlighting its inhibition of nuclear factor (NF)-kB activity and interleukin
(IL)-8 mRNA expression [23].

Curcumin promotes apoptosis and cell cycle arrest in esophageal cancer cells by
inhibiting the Notch signaling pathway, a process known to be upregulated in many
cases of esophageal cancers [24, 25]. In many tumors, such as esophageal squamous
cell carcinoma, cancer stem cells (CSCs) are known to contribute to the poor
prognosis of the disease [26, 27]. The CSCs differentiate into non-CSCs making
up the bulk of these tumors [28]. Moreover, CSCs have also been found to add to the
resistance of tumors towards the traditional chemo- and radiotherapies
[29]. Curcumin has shown efficacy in targeting these CSCs in esophageal
cancer [18].

4 Epigallocatechin Gallate

Besides phenolic acids from which curcumin traces its origin, another very-well-
studied subcategory of phenolics is the flavonoids [10]. Flavonoids are found
abundantly in fruits and tea [13]. Historically, green tea has been infamous in
possessing numerous health benefits, ranging from its roles as an antibacterial and
anti-inflammatory agent to its effects in cardioprotection and cancer prevention
[30]. As far as green tea’s anticancer role is concerned, researchers have identified

Fig. 8.1 Schematic representation of some of the emerging treatment options for the management
of esophageal cancer
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the catechin epigallocatechin gallate (EGCG) as the primary active agent
[31]. Although abundant in green tea, the levels of EGCG in black tea are much
lower as the catechin is oxidized during the production process of black tea leaves,
explaining the difference in the anticancer effects of the two types of teas [32]. Stud-
ies have also found EGCG to exert its anticancer effects through a myriad of
processes at the molecular level that control the development and progression of
cancers, including but not restricted to proliferation of cancer cells, angiogenesis,
metastasis, and oxidative stress [33–35] (Fig. 8.1).

Studies have identified the mechanism behind EGCG’s anticancer role in esoph-
ageal cancer to be multifaceted and a combination of its anti-inflammatory effect,
such as decreased COX-2 and PGE-2 production, and by inducing cell cycle arrest
by inhibition of cyclin D1 [36]. Other mechanisms by which EGCG was found to
inhibit progression of esophageal cancer cell lines was by blocking the phosphory-
lation of EGFR, thus leading to the inactivation of a potent growth receptor [37].

5 Isothiocyanate, Resveratrol, and Carotenoids

Besides curcumin and EGCG, other phytochemicals have also shown promise as
anticancer agents against not just esophageal cancers but other cancers as well.
Among these are the carotenoids, other flavonoids such as resveratrol and organo-
sulfide isothiocyanate, etc. A meta-analysis conducted to study the association
between the consumed amount of carotenoids and risk of developing esophageal
cancers concluded that the risk of esophageal cancers is lowered with a higher intake
of carotenoids [38]. Although the anticancer role of resveratrol for other gastroin-
testinal cancers is well established [11], recent studies have also identified its role
against esophageal cancer, possibly by upregulating cancer cell apoptosis [39]. Sim-
ilarly, isothiocyanate has also shown promise in combating esophageal cancer in
mice; however, more investigations are needed to elucidate more about the precise
molecular mechanisms involved in bringing about the effect [11, 40].

6 Lignans, Quercetin

The Western diet is rich in three phytochemicals that possess estrogenic properties,
namely lignans, quercetin, and resveratrol [41–44]. A diet rich in wine, tea, vegeta-
bles, lettuce, whole-grain bread, and tomatoes and decreased intake of milk are a
great source of all the three phytochemicals. These phytochemicals have a chemical
structure similar to female hormones resulting in being able to bind to estrogenic
receptors, and thus produce estrogenic effects [45–47]. Interestingly, in vitro studies
have found estrogenic receptors in the esophageal tissue [48]. This is intriguing
because the presence of estrogen has been postulated to be an important factor for the
lower incidence of esophageal adenocarcinoma in females when compared to men
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(women-to-men ratio of 9:1) [49]. Studies have also shown strong negative correla-
tion between a diet rich in lignans, quercetin, and resveratrol and the incidence
of various histological patterns of esophageal cancer [50]. Tea is a good source of
lignans and quercetin, and animal studies have demonstrated anticancer properties of
black tea [51]. In the European countries, whole-grain bread is found to be a good
source of lignans, and the consumption of whole-grain bread has been associated
with a relatively lower incidence of esophageal adenocarcinoma [50].

Quercetin is thought to facilitate lipolysis in adipocytes, which can further cause
cell apoptosis [52]. Animal studies lead to hypothesis that a diet rich in combined
intake of these three phytochemicals might exert antitumor properties based on this
synergistic effect on the downregulation of adipogenesis and further facilitation of
cell death [53]. A 2013 case-controlled study in Sweden consisted of 181 patients of
esophageal adenocarcinoma, 158 cases of esophageal squamous cell carcinoma,
255 cases of gastroesophageal junctional (GEJ) carcinoma, and 806 control cases
[50]. The study assessed the intake of lignans, quercetin, and resveratrol in the study
population by using simplified dietary pattern in quintiles. A diet rich in lignans,
quercetin, and resveratrol has been characterized by the high intake of lettuce, wine,
tea, tomatoes, and whole-grain bread and a low intake of milk [50]. The study
demonstrated a dose-dependent correlation between the dietary score and all varie-
ties of esophageal cancers. The adjusted odds ratio (OR) for the types of cancer was
as follows: OR 0–24 for esophageal adenocarcinoma, OR 0–31 for squamous cell
cancer, and OR 0–49 for gastroesophageal junction cancer [50]. The positive results
of the study demonstrate that a diet high in lignans, quercetin, and resveratrol may
have a protective effect in the incidence of esophageal cancer in the Swedish
people [50].

7 Pharmacologic Agents Used in the Treatment
of Esophageal Cancer (Table 8.1)

7.1 Tyrosine Kinase Inhibitors (TKIs)

Receptor tyrosine kinases (RTKs) are transmembrane glycoproteins that comprise
three parts: an extracellular domain for ligand attachment, a transmembrane domain,
and a tyrosine kinase motif [54, 55]. The extracellular domain of the RTK helps in
the identification of various subfamilies of the kinases. Binding of the corresponding
ligands to the RTKs results in their activation via phosphorylation of tyrosine
residues on the receptor and through intracellular signaling proteins [56]. The
activated RTKs play an important role in the regulation of many cellular processes,
such as cellular proliferation, adhesion, differentiation, migration, and survival
[57]. RTKs are classified into at least 21 groups, such as the vascular endothelial
growth factor receptor (VEGFR), epidermal growth factor receptor (EGFR), fibro-
blast growth factor receptor (FGFR), and platelet-derived growth factor receptor
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(PDGFR) families [58]. In cancer cells, multiple signaling processes including
cellular proliferation, differentiation, and metabolic pathways are activated by
dimerization of RTK. Studies have shown that monoclonal antibodies can inhibit
the activation and overexpression of kinases in cancer cells. Some of the RTK
inhibitors that have been approved by regulatory agencies for the treatment of
cancers include trastuzumab for advanced-stage breast cancer [59], gefitinib used
in the treatment of non-small cell lung carcinoma [60], and cetuximab for metastatic
colon cancer [61]. The benefits of targeted therapy in esophageal cancer are rather
limited. The application of molecular targeted drugs is also rather limited in esoph-
ageal cancer, and is restricted to the inhibition of EGFR, VEGFR, or HER-2.

Table 8.1 Summary of a select group of pharmacologic agents used in the treatment of esophageal
cancer

Sl.
No.

Study
authors
(year)

Drug
tested

Phase
of the
study Study population Clinical outcomes

EGFR inhibitors
1. Dutton

et al.
(2014)

Gefitinib Phase
III

Patients with esophageal
cancer progression after
chemotherapy

In all the patients, gefitinib
as a second-line therapy
did not improve the over-
all survival

2. Zhai
et al.
(2010)

Erlotinib Phase
II
pilot
study

Concurrent erlotinib and
radiation therapy in patients
intolerant to
chemoradiotherapy

Erlotinib + radiotherapy
was effective and tolerable
in esophageal squamous
cell carcinoma patients

3. Huang
et al.
(2016)

Icotinib Phase
II

Patients with pretreated
advanced esophageal squa-
mous cell cancer and EGFR
overexpression

Icotinib showed positive
results in terms of overall
survival and progression-
free survival

VEGFR inhibitors
4. Horgan

et al.
(2016)

Sunitinib Phase
II

Patients who underwent
chemoradiotherapy and
surgery for locally
advanced esophageal
cancer

Adjuvant sunitinib
resulted in median sur-
vival of 26 months and a
2-year survival rate of
52%

5. Janjigan
et al.
(2015)

Sorafenib Phase
II

Patients with
chemotherapy-refractory
esophageal carcinoma

In all the patients, the
median overall survival
was 9.7 months and
median progression-free
survival was 3.6 months
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8 EGFR Inhibitors

The EGFR is a tyrosine kinase receptor that helps in cell growth, cell differentiation,
migration of cells, and metastasis. Studies have shown that EGFR overexpression is
noticed in about 30–90% of esophageal cancers [62]. A 2004 study in patients
diagnosed with esophageal cancer has shown a correlation between the EGFRs
and overall survival (OS) [63]. In that study, the median OS was 16 months in the
EGFR-positive cases whereas the median OS was 35 months in the EGFR-negative
patients [63]. This signifies the importance of targeting EGFR in esophageal cancer,
and to that aim, various drugs have been tested such as cetuximab, panitumumab,
and gefitinib. Cetuximab has shown survival benefits in different malignancies such
as cancers such as colon cancer and head-and-neck cancers, when combined with
chemotherapy [64]. Unfortunately, it failed to produce any positive results in
esophageal cancer. Since the year 2010, many clinical trials have been conducted
regarding the efficacy of cetuximab and a meta-analysis including ten trials has
shown that cetuximab combined with chemotherapy did not have any appreciable
survival benefits in either local or advanced esophageal cancer [65]. Panitumumab is
another EGFR inhibitor that also failed to show improvement in overall survival in
phase III clinical trials [66]. Similarly, gefitinib and nimotuzumab were tested for
esophageal cancer, but these agents also failed to demonstrate any positive outcomes
in phase III trials [67, 68].

9 VEGFR Inhibitors

The VEGFRs play major role(s) in tumor angiogenesis, which helps in cancer cell
invasion and metastasis. Studies have demonstrated that up to 30–60% of advanced
esophageal cancer cases have upregulation of VEGFR [69]. Ramucirumab, a
VEGFR/HER2 inhibitor, when used as a second-line monotherapy showed promis-
ing results in gastric cancer, including gastroesophageal junction carcinoma. The
HER2 receptor is upregulated in 20% of esophageal cancers. Ramucirumab is FDA
approved as second-line therapy of advanced esophageal cancer, either as a single
agent or when used with abraxane [70]. Similarly, trastuzumab, another HER2
inhibitor, has also been approved for the first-line treatment of esophageal cancer
in combination with chemotherapy [71]. Apatinib, a VEGFR/HER2 inhibitor, has
shown positive results in terms of overall survival as well as progression-free
survival in comparison with placebo in the Asian patients with advanced GE
junction cancer [72].
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10 Immunotherapy

Immunotherapies act by boosting the body’s innate immune response by enabling
destruction of tumor cells. Cytotoxic cluster differentiation (CD) 8 T cells recognize
and destroy cancer cells through apoptosis. When cancer cells undergo mutation,
they develop immunosuppressive mechanisms that either inhibit or anergize cyto-
toxic T cells [73]. Below we summarize some of the key immunotherapeutic studies
related to esophageal and related cancers.

10.1 Immune Checkpoint Inhibitors

Programmed cell death protein 1 (PD-1) is an immune checkpoint-signaling mole-
cule, which functions as an inhibitory signaling receptor on T-lymphocytes. Studies
have demonstrated that tumor cells have overexpression of programmed cell death-
ligand 1 (PD-L1) that helps in the suppression of lymphocyte activation and further
cell destruction by T cells [74]. Targeting PD-L1 or PD-1 has demonstrated benefits
in the treatment of various cancers such as lymphomas, lung, melanoma, head and
neck, and some gynecologic malignancies [73]. Studies have shown that the major-
ity of esophageal cancers present with p53 gene mutations presumably due to the
impact of chronic gastroesophageal reflux and inflammation resulting in continuing
cell turnover, eventually resulting in tumorigenesis [75]. Furthermore, PD-L1 is
detected in around 40% of the GEJ adenocarcinomas and esophageal adenocarci-
nomas, thus making them vulnerable to the checkpoint inhibitor therapies [76].

10.2 Pembrolizumab

Pembrolizumab is a monoclonal antibody that aims to inhibit PD-1. A phase Ib trial
consisting of 39 patients (KEYNOTE-012) [77] was conducted to assess the effects
of pembrolizumab as a first-line medication in metastatic or recurrent gastric and
GEJ PD-L1-positive adenocarcinomas. In that study, pembrolizumab showed pos-
itive results in terms of objective response rate (ORR) (22%) and OS (11.4 months),
and 12-month survival rate (42%) [77].

10.3 Nivolumab

Nivolumab is a monoclonal antibody that inhibits PD-1. It was evaluated for
metastatic GEJ and gastric cancers in a randomized, phase III trial
(ATTRACTION-2) [78] that recruited patients from Asian countries including
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Japan, South Korea, and Taiwan. In that study, nivolumab’s overall response rate
(ORR) was 11.2% with an OS of 5.3 months in comparison to 4.1 months for
patients receiving placebo. In the ATTRACTION-04 phase II trial [79], the combi-
nation of nivolumab with S-1 and oxaliplatin demonstrated an ORR of 57.1%, with
progression-free survival of 9.7 months, while the combination of nivolumab,
capecitabine, and oxaliplatin had an ORR of 76.5% and a PFS of 10.6 months.
Both combinations were tolerated well and had fewer adverse events and these
combinations have been tested in a phase III trial. Nivolumab has been approved
for patients with PD-L1-positive GE junction and gastric cancer in Japan. This is
expected to receive approval for esophageal cancer therapy. Another study (Check-
Mate 032) [80] assessed nivolumab in 160 patients with metastatic esophagogastric
or advanced cancer refractory to chemotherapy. The study showed a 12% ORR and a
1-year survival rate of 39%, with a median OS of around 7 months for nivolumab
alone [80]. Interestingly, the study also concluded that the PD-L1 status did not have
a significant association with the antitumor response.

10.4 Avelumab

Avelumab is an anti-PD-L1 monoclonal antibody. A phase III trial (JAVELIN 300)
[81] evaluated the potential of avelumab in advanced gastric and GEJ cancers that
was refractory to chemotherapy. Unfortunately, results from this trial were discour-
aging as the ORR for avelumab was worse than that from the treatment with
paclitaxel (4% vs. 8%) when considered as a third-line treatment option [81].

10.5 Durvalumab

Durvalumab is a high-affinity, selective human IgG1κ monoclonal antibody that
functions by blocking PD-L1 binding to CD80 and PD-1. Studies utilizing a dose of
10 mg/kg of durvalumab administered intravenously biweekly for 12 months can
have a positive impact on gastroesophageal cancers [82]. A phase II open-label study
consisting of 23 patients is investigating treatment with 1500 mg of maintenance
durvalumab offered intravenously every 4 weeks to patients with persistent residual
esophageal cancer after definitive surgery following concurrent chemoradiation
(NCT02639065). Another ongoing study consists of a phase Ib/II study on GEJ or
gastric adenocarcinoma patients in the second- and third-line metastatic settings for
treatment with durvalumab alone, single-agent tremelimumab, or combination ther-
apy with durvalumab and tremelimumab [anti-CTLA-4 (cytotoxic T-lymphocyte-
associated protein 4)] [83].
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11 Combination Drugs

The CTLA-4 is a receptor located on the surface of T cells. Attachment of CTLA-4
to CD80 or CD86 results in downregulation of immune system. Ipilimumab, the
powerful anti-CTLA-4 drug, failed to show any benefits when used alone in
advanced gastric or GEJ adenocarcinomas when compared to best supportive care
(BSC) [84]. This poor response was also demonstrated by another phase II trial, this
time using a different anti-CTLA-4 monoclonal antibody (i.e., tremenumab) that was
tried as a second-line treatment for metastatic gastric and esophageal adenocarci-
noma [85]. Combination therapy consisting of anti-PD-1 (nivolumab) and anti-
CTLA-4 (ipilimumab) checkpoint inhibitors has shown efficacy in phase I and
phase II studies and this combination is currently being evaluated in a phase III
trial [86].

A non-randomized study, KEYNOTE-059 [87], assessed the efficacy of
pembrolizumab as a third-line therapy in patients with advanced and
chemotherapy-refractory gastric and GEJ adenocarcinomas. In that study, the ORR
was 11.6% for all patients. Interestingly, the drug efficacy was dependent on the
PD-L1 status; the ORR for the PD-L1-positive cases was 15.5% whereas it was only
6.4% for the PD-L1-negative cases. Furthermore, the combination of
pembrolizumab with chemotherapeutic agents (i.e., cisplatin plus 5-FU or
capecitabine) resulted in an overall response rate of 60% for all patients, with
PD-L1-positive cases again displaying higher ORR compared to the PD-L1-negative
cases (69% vs. 38%). Additionally, when the single-agent pembrolizumab was used
as a first-line treatment in patients with PD-L1-positive status, the ORR was 26%,
which was considered promising [88]; however, the medication had significant
adverse effects. Based on the results of the KEYNOTE-059 trial, pembrolizumab
was approved by the FDA as a third-line option for PD-L1-positive, metastatic, or
locally advanced gastric and GEJ adenocarcinomas [89]. Contrary to the above
results, a phase III randomized trial (KEYNOTE-061) [90] compared the efficacy
of pembrolizumab with paclitaxel in patients with advanced gastric and GEJ cancer
and a positive PD-L1 status. In that study, pembrolizumab did not show any positive
results. This finding suggested that the PD-L1 status may not serve as a reliable
prognostic biomarker for making ideal treatment choices.

Other recent trials on the efficacy of pembrolizumab in PD-L1-positive esopha-
geal squamous cell cancers include the KEYNOTE-180 phase II and KEYNOTE-
181 phase III trials. Pembrolizumab showed positive response in metastatic ESC
patients who underwent >2 lines of standard therapy, in terms of the ORR (14.3%).
For esophageal adenocarcinoma, the results were more evident in those with positive
PD-L1 status (13.8% vs. 6.3%) [91]. Later, the KEYNOTE-181 trial demonstrated
that pembrolizumab when used in metastatic ESC as a second-line treatment resulted
in a slightly improved OS when compared to chemotherapy, but this effect was not
found to be statistically significant [92]. In July 2019, pembrolizumab received FDA
approval as a second-line agent for the PD-L1-positive ESC. In addition, these
results have paved the way for further trials that worked on analyzing the
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combination of pembrolizumab and chemotherapy as a first-line treatment of
advanced esophageal cancer. Recently, a phase II trial analyzed the effects of
pembrolizumab in combination with trastuzumab, capecitabine, and oxaliplatin as
the first-line therapy for EAC. The study demonstrated positive results in terms of
ORR (83%) and progression-free survival (11.4 months) in subjects with metastatic
esophageal adenocarcinoma and positive HER-2 status [93].

12 Conclusions and Future Perspectives

Despite the ever-growing list of phytochemicals as potential novel anticancer agents,
further conclusive studies are needed to strengthen their beneficial role(s) in the
management of esophageal cancer. The lack of control groups and relatively small
sample sizes are some of the issues that need to be addressed in future studies.
Although the molecular mechanisms behind the functions of many phytochemicals
have successfully been identified, much more needs to be done in identifying the
pharmacokinetics, interactions, and side effect profiles of these substances. It can be
deduced from the current evidence that phytochemicals still have a long way to go
before ever being formally inducted as treatment options for cancers. Even their role
(s) in the prevention of cancers, at the moment, remains somewhat questionable
given the low concentration and possibly inactive forms of most of these compounds
in natural dietary sources. However, based on the studies conducted so far, the initial
results are indeed promising and warrant further translational studies that may
become more effectively implemented in clinical practice.
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Chapter 9
Gastric Cancer: Role of Phytochemicals
and Tyrosine Kinase Inhibitors

Muzammil Muhammad Khan, Deepika Sarvepalli, Mamoon Ur Rashid,
Hammad Zafar, Muhammad Shayan Khan, Effa Zahid, Akash Khetpal,
Bayarmaa Mandzhieva, Rima Shobar, Anum Jalil, and Sarfraz Ahmad

Abstract Cancer is one of the prominent causes of mortality in the world while
carcinoma of stomach happens to be the seventh most prevalent reason for
carcinoma-related mortality worldwide. The development of chemotherapeutic
drugs has certainly improved cancer patients’ outcomes; however, metastasized
cancer remains largely untreatable. Hence, the innovation and research for the
effective and safer chemoprevention and treatment of cancers are needed. Cancer
chemoprevention and treatments with natural phytochemical compounds is an
emerging strategy to potentially cure cancer. For a long time, the study of phyto-
chemicals has shown very encouraging results in clinical trials against cancer cells.
Hence, it is recommended that consuming fruits and vegetables by modifying/
improving lifestyle can result in the prevention of different gastrointestinal cancers,
including gastric carcinoma. In this chapter, we discuss some of the key natural
phytochemicals that exercise their antioxidant properties and also act as inhibitors of
inflammation and cancer-causing agents by aiming certain pathways and molecules
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in gastric carcinoma along with newer targeted therapies of gastric cancer. We also
highlight the role of inhibitors of receptor tyrosine kinases in the carcinoma of
stomach.

Keywords Gastric carcinoma · Phytochemicals · Tyrosine kinase inhibitors ·
Anticancer mechanisms · Clinical trials

Abbreviations

DNA Deoxyribonucleic acid
EGFR Epidermal growth factor receptor
FGFR Fibroblast growth factor receptor
GEJ Gastroesophageal junction
GST Glutathione S transferase
H Pylori Helicobacter pylori
IHC Immunohistochemistry
IL Interleukin
ITC Isothiocyanates
NADPH Nicotinamide adenine dinucleotide phosphate
OS Overall survival
PDGFR Platelet-derived growth factor receptor
PFS Progression-free survival
ROS Reactive oxygen species
RTK Receptor tyrosine kinases
SFN Sulforaphane
TKI Tyrosine kinase inhibitor
TNF Tumor necrosis factor
UDP Uridine 50-diphosphate
UGT UDP-glucuronosyltransferase
VEGFR Vascular endothelial growth factor receptor

1 Introduction

Cancer remains one of the leading sources of morbidity and death worldwide, and an
upsurge in cancer incidence is witnessed in the recent years as well. It is second
behind cardiovascular diseases as the leading source of mortality in developed
nations [1]. The development of malignancy is marked by uncontrolled and
sustained proliferation, notwithstanding apoptosis, which can invade tissues and
angiogenesis. Genetic alterations in the cell can produce unstable genetic makeover
resulting in normal cells transforming into a malignant cell. These changes consist of
alterations in tumor-suppressor genes, oncogenes, and DNA repair genes, which are
involved in cell growth and differentiation. Some extrinsic elements (smoking,
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infectious agents, and radiation) as well as intrinsic causes (immune conditions, and
hormones) are responsible for these mutations.

Carcinoma of the stomach stands as the top ten leading sources of carcinoma-
related deaths. Studies have shown that factors such as exposure to cancer causing
chemical agents and bacteria such as Helicobacter pylori are the two main causative
factors resulting in the initiation of several events causing gastric carcinoma
[2]. Infection byH. pylori can result in gastric mucosal infiltration with macrophages
and neutrophil cells which further results in the production of harmful free radicals
called reactive oxygen species (ROS) including superoxide and nitric oxide, which
go on to cause gastric mucosal injury, ulcer, and eventually carcinoma [3]. Phyto-
chemicals with antioxidant properties may help in protecting against carcinoma.

Consumption of fruits and herbal medicine is the most suitable and productive
method of taking phytochemicals on a daily basis and in a cost-effective manner. In
this chapter, we review the natural phytochemicals that possess antioxidant, anti-
oncogenic, or anti-inflammatory properties that function via altering the course of
action of different molecules involved in gastric carcinogenesis. We also discuss the
newer targeted therapies extensively being studied for gastric cancer with special
reference to tyrosine inhibitors that play critical roles in gastric cancer outcomes.

2 Curcumin

Turmeric plants (Curcuma longa) contain a bright yellow pigment called curcumin.
Curcumin also happens to be the major curcuminoid present in turmeric. There is
vast evidence about the numerous advantages of curcumin such as anti-
inflammatory, antioxidant, and antitumor properties [4, 5]. The mode of action of
curcumin is mainly mediated by targeting multiple intracellular pathways [6]. Over
the years, inability to clear H. pylori infection has been implicated as the main cause
of gastritis, ulcers, and eventually gastric carcinoma. Recently, it has been shown
that curcumin is effective in arresting the growth of H. pylori [7]. The prospective
therapeutic capabilities of curcumin have been assessed through several in vitro
studies. The main reason for tumors being resistant to chemotherapy is the
overexpression of nuclear transcription factor NF-κB. Curcumin can suppress the
NF-κB effects, thereby augmenting chemotherapeutic drug effects. Yu et al. [8] in
their studies showed enhanced activity of chemotherapeutic drugs (doxorubicin and
etoposide) in combination with curcumin as compared to either of the drugs alone.
Studies on the gastric cancer cell cultures (SGC 7901) in humans have shown that
curcumin causes downregulation of NF-κB, which further results in the
downregulation cell death inhibitor genes such as Bcl-2 and Bcl-xl via inhibition
of NF-κB activity [8].

It has been shown previously that curcumin inhibits the receptor tyrosine kinase,
EGFR, as well as downstream regulation of EGFR tyrosine kinase, p21-activated
tyrosine kinase 1 (PAK1), without affecting its expression. In addition, curcumin
causes mRNA suppression, which results in decreased production of cyclin-D1
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protein and eventually results in the arrest of cell cycle progression in G1 phase.
Consequently, curcumin can inhibit not only the cell proliferation but also the
invasion of gastric carcinoma cells [9].

3 Isothiocyanates

Isothiocyanates (ITCs) are plant phytochemicals that are abundantly present in
vegetables belonging to the family Cruciferae such as broccoli, Brussels sprouts,
wasabi, radish, and turnips [3]. These occur in their inactive form, glucosinolates,
and become reactive after coming in contact with an enzyme called myrosinase
present in the oral cavity and small intestine. Some of the ITCs consist of aliphatic
ITC (AITC) and sulforaphane (SFN) which are aliphatic compounds, and phenethyl
ITC (pEITC) and benzyl ITC (BITC) which are aromatic.

Isothiocyanates have been shown to decrease the activity of enzymes that are
responsible for the biotransformation of xenobiotics. The oxidative enzyme that
facilitates phase one reactions is nicotinamide adenine dinucleotide phosphate
(NADPH) cytochrome P450 reductase while glutathione S transferase (GST) and
uridine 50-diphospho (UDP)-glucuronosyltransferase (UGT) enzymes are responsi-
ble for second-phase reactions. It is believed that ITCs such as sulforaphane exert its
antioxidant effects by stimulating Nrf-2-dependent enzymes, such as GST, thus
guarding against the free radicals [10–12]. Sulforaphane can maintain the effect of
enzymes such as NADPH, quinone oxidoreductase NQOI, and GST in Nrf-2-
deficient mice when injected with foods containing large quantities of salt and
H. pylori [3]. These results demonstrate the antioxidant potential of sulforaphane
on the gastric mucosa.

SFN can also increase the Nrf-2-dependent antioxidant effect. A study by Fahey
et al. [10] has shown that sulforaphane can inhibit the development of gastric cancer
in the Institute of Cancer Research (ICR) mice which were treated with benzo[a]
pyrene. These effects are thought to be facilitated by stimulation of phase two
reactions of GST and NQOI, and also by an increase in the production of antioxidant
enzymes, which are abolished by the deletion of Nrf-2 gene in the mice [10]. In
patients with gastritis due to H. pylori, eradication of the bacteria augmented or
reinstated the GST enzyme levels, which further reinforces the significance of
antioxidants in preventing H. pylori-associated gastric tumors [13].

Sulforaphane also possesses chemopreventive activities against H. pylori infec-
tion [3]. During a study on people infected with H. pylori, 48 subjects were followed
who ingested 70 g/d of broccoli (precursor of 420 μmol/L sulforaphane) for 8 weeks
and were compared with placebo. The study reported a decline in H. pylori markers
such as stool antigen and urease enzyme when compared to placebo. A decline in
gastric inflammation markers such as pepsinogen 1 and 2 was noticed in broccoli
group as well compared to placebo [14]. A study in C57BL/6 female mice that were
infected with H. pylori and were kept on excessive salt regime also established the
potential of sulforaphane in bacterial inhibition [14]. Consumption of
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sulforaphane-enriched broccoli in mice resulted in low levels of interleukin (IL)-1β
and tumor necrosis factor (TNF)-α adding to the improvement of inflammation,
decrease of bacterial colonization, and thus prevention of gastric corpus atrophy via
high-salt diet. Interestingly, there were no effects of sulforaphane on Nrf-2 gene-
depleted mice, suggesting that its mechanism of action is Nrf-2 dependent [14].

4 Resveratrol

Resveratrol belongs to the family of a polyphenol commonly found in red wine and
red grapes. There has been a widely reported benefit of red wine with the inverse
relation of cardiovascular diseases [15]. Studies have also shown beneficial effects of
resveratrol on the neuronal cell death [16]. It is also believed that resveratrol is
responsible for the benefits of red wine on cardiovascular diseases [17]. This
prompted for extensive research on resveratrol in malignancies during the last
20 years focusing on its anti-inflammatory, antioxidant, and anticancer potential
[18]. Exposure of gastric cells to H. pylori results in elevated IL-8 production and
free radical production. Furthermore, H. pylori infection resulted in stimulation of
gastric motility and phenotype alterations observed in cell lines through humming-
bird effect [19]. It was also established that resveratrol possesses antibacterial
activity against H. pylori infection, resulting in hampering of the H. pylori prolifer-
ation [20–22]. Treatment with resveratrol significantly reduced IL-8 expression,
decreased free radical production, and suppressed the phenotype alterations in
H. pylori-infected cells. These positive results explain the potential of resveratrol
in gastric cancer treatment.

In vitro studies have shown that resveratrol can cause cell cycle arrest in the
G0/G1 phase via inhibition of the kinase C-mediated processes and further stimula-
tion of cell apoptosis. This cell cycle inhibition hampers the formation of RF-1 and
KATO-III cells [23, 24]. Another critical mechanism by which resveratrol regulates
the growth and expansion of gastric adenocarcinoma cells happens to be the MEK1/
2-ERK1/2-c-Jun cascade. Studies have postulated that resveratrol causes MEK1/
2-ERK1/2 phosphorylation downregulation, thereby further inhibiting c-Jun trans-
location into the nucleus, ultimately resulting in cell growth inhibition [25]. Further-
more, resveratrol (50–200 μmol/L) can also stimulate cell death by producing ROS
in human gastric cancer SGC7901 cells. These effects of resveratrol could be
overturned when tumor cells are treated with substances such as superoxide
dismutase and catalase, which dilute the apoptotic process [26]. Resveratrol can
cause cell death of transplanted tumor cells, most likely mediated by suppression of
Bcl2 anti-apoptotic genes and cell death activation via Bax gene in an implanted
gastric tumor cells in nude mice [27] (Fig. 9.1).
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5 Receptor Tyrosine Kinases (RTKs) and Tyrosine Kinase
Inhibitors (TKIs)

Studies have shown that in gastric cancer, several receptor tyrosine kinases get
stimulated and amplified. So, drugs aimed at controlling the RTKs can be beneficial
in advanced gastric carcinoma people. RTKs occur as transmembrane glycoproteins
that comprise a domain for ligand attachment extracellular, a motif for the tyrosine
kinase, and another domain across the membrane [28–30]. The extracellular domain
of the RTK helps in the identification of various subfamilies of the kinases. Binding
of the corresponding ligands to the RTKs results in their activation via tyrosine
molecule phosphorylation and further activation of cellular proteins [31]. Activated
RTKs play a major regulatory role in a variety of cellular processes including
proliferation, differentiation, migration, and survival [32]. When some of the biva-
lent ligands bind to two receptor molecules, it forms a dimer, which results in the
activation of the kinases [33]. The activation of kinases is dependent on two key
steps; the first step is augmentation of catalysis intrinsically while the second step
consists of formation of protein attachment sites intracellularly, both of which are
dependent on tyrosine autophosphorylation. While phosphorylation of tyrosine
molecules near the enzyme’s activation loop upregulates kinase actions, phosphor-
ylation of the enzyme adjacent to the membrane helps in the formation of anchors for
the attachment of modules, which identify the phosphotyrosine molecules in precise
patterns [34] (Fig. 9.2).

Tyrosine kinase receptors are classified into 21 groups, such as the epidermal
growth factor receptor (EGFR), vascular endothelial growth factor receptor

Circumin

H. pylori NF-κB Tobacco

Low pH

Tumorogenes       Inflammation

Resveratrol Sulforaphane

ROS High Salt Diet

Tumor genesis

Fig. 9.1 Schematic representation of the mechanisms of action of phytochemicals and pro-cancer/
tumor formation agents
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(VEGFR), fibroblast growth factor receptor (FGFR), and platelet-derived growth
factor receptor (PDGFR) families [35]. In cancer cells, RTKs play a major role in
various cellular processes such as growth, differentiation, and metabolism. Studies
have also shown that monoclonal antibodies can inhibit the activation and
overexpression of kinases in cancer cells. Some of the RTK inhibitors that became
standard treatment options in various malignancies include trastuzumab in carci-
noma of breast [36], gefitinib in lung cancer [37], and cetuximab in advanced
colorectal carcinoma [38].

Studies have shown that RTKs exhibit various mutations and changes in gastric
cancer patients. Mutations and overexpression of RTKs were observed in 37% of
people diagnosed with gastric carcinoma [39]. The study has also reported the family
of kinases that were amplified including KRAS in 8.8% of people with gastric
cancer, FGFR2 in 9.3%, EGFR in 7.7%, and ErbB2 in 7.2% of the diagnosed
patients. Moreover, upregulation of RTKs was found to be associated with patient
prognosis; higher RTK levels correlated with inferior patient outcomes. Later, in a
study by Morishita et al. [31], the levels of various RTKs (EGFR, FGFR1/2, ErbB2)
were amplified in tumor cells in contrast with healthy gastric cells. The findings of
these studies propose that drugs targeting kinase receptors can be beneficial in
patients with gastric malignancies.

There are many monoclonal antibodies under various phases of clinical trials such
as trastuzumab, cetuximab, and lapatinib, which are classified based on their ability
of inhibition of various families of RTKs (Table 9.1). Below we summarize the
biological and clinical applications of these monoclonal antibodies in gastric cancer.

Fig. 9.2 Selected tyrosine kinase inhibitors and their relationship with gastric cancer
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5.1 HER-2 Inhibitors

5.1.1 Trastuzumab

Trastuzumab is a monoclonal antibody which targets HER-2 and causes inhibition of
its downward signaling. ErbB2/HER cluster comprises four different receptors and
HER-2 (ErbB2) is one among them. Studies have demonstrated that 10–38% of
people with gastric malignancies present with amplification of HER-2; inhibition of
HER-2 has demonstrated successful results in metastatic gastric carcinoma cases
[40–42]. Nevertheless, the study was unable to show clear results regarding the
relationship between HER-2 amplification and clinical outcome in advanced gastric
cancer [43, 44].

Bang et al. [45] in the ToGA trial reported that patients who were HER-2 positive
had a greater benefit [based on the immunohistochemistry (IHC) scoring system]
when managed with trastuzumab. In 2006, the results of clinical trials on the effects
of trastuzumab in late stages of gastric cancer got published. In the first phase II
clinical trials, the combination of trastuzumab with cisplatin and docetaxel showed
improved response on radiological findings in four out of five patients with advanced
gastric carcinoma and cancer of gastroesophageal junction (GEJ) who are HER-2
positive [46]. Another phase II study was conducted in people who presented with
metastatic gastric cancer or GEJ cancer and are HER-2 positive. During the study,
the patients were put on a combination therapy consisting of trastuzumab (8 mg/kg
loading dose followed by 6 mg/kg) and cisplatin (75 mg/m2) every 3 weeks until
relapse. The study reported positive results in terms of patient response (35% out of
17 people) at the end of an average of two treatment cycles [47].

An open-label, global, phase III, clinical trial (the ToGA study) was conducted
including many countries where the people with gastric cancer were randomly given
either combination therapy with trastuzumab + chemotherapy or chemotherapy
monotherapy. The study demonstrated positive results in terms of median overall
survival (OS) in the combination therapy arm which was 13.8 months, whereas in
the second group the median OS was only 11.1 months. The combination arm also
showed an improved OS and progression-free survival (PFS); an increase in median
survival by almost 2.7 months was witnessed in the trastuzumab group [45]. How-
ever, it was worth noting that trastuzumab was associated with an elevated proba-
bility of type 2 chemotherapy-related cardiac issues, which were managed by the
removal of the antibody [48]. Nevertheless, the patients in the trastuzumab group did
not report any positive results in terms of quality of life [49].

5.2 EGFR Inhibitors

EGFR amplification and activation happened in significant number of patients
(27–64%) with gastric carcinoma, more predominantly for proximally located
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cancers. The EGFR amplification was correlated with poor prognosis as well
[50, 51]. Other factors that were associated with EGFR overexpression were elderly
people, infiltrative pathologies, and advanced cancers. Drugs that are aimed against
EGFR include the following:

5.2.1 Cetuximab

Cetuximab is a monoclonal antibody (mAb) that inhibits EGFR. It also remains the
most frequently studied EGFR inhibitor in people with gastric carcinoma. In gastric
cancer patients, several studies were conducted to understand the impact of
cetuximab. A total of six clinical studies reported that the combination therapy of
cetuximab and chemotherapy resulted in positive results in terms of response rate
(41–63%) and median OS (9–16.6 months) [52–55]. Contrary to this, the initial
results from a phase II study in 2011 [56] showed that the combination therapy
consisting of cetuximab and docetaxel + oxaliplatin failed to produce positive
results. Later, a phase III clinical study (NCT00678535) [57] that examined the
effects of cetuximab in combination with cisplatin + capecitabine also reported
similar results in 2013. The combination therapy reported no benefit in terms of
PFS (4.4 months in combination therapy vs. 5.6 months in chemotherapy alone).
Furthermore, majority of the patients in the study (83% in combination therapy
group and 77% in chemotherapy alone) suffered from adverse events including
diarrhea, dermatitis, low potassium and magnesium levels, and hand-foot syndrome.

5.2.2 Gefitinib and Erlotinib

EGFR inhibitors, gefitinib and erlotinib, are frontline drugs used in the management
of GEJ cancer. However, in patients with advanced gastric cancer, both the drugs
failed to produce positive results when used as monotherapy during the phase II
clinical trials [58].

5.2.3 Panitumumab

There are very few study results regarding the effect of panitumumab in advanced
gastric carcinoma therapy. REAL3, a phase III clinical study [59], classified and
studied esophagogastric carcinoma patients based on the treatment received; the first
group received combination therapy consisting of chemotherapeutic agents
epirubicin, oxaliplatin, and capecitabine (EOC) and panitumumab whereas the
second set of patients received chemotherapy alone. The median overall survival
in the chemotherapy-alone (EOC) group was 11.3 months whereas the median OS
was 8.8 months in the combination (mEOC plus P) group. The patients in the
combination therapy arm also suffered from drug side effects such as diarrhea,
rash, mucositis, and neutropenia.
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Matuzumab and nimotuzumab are other EGFR inhibitors that were tested in
combination with chemotherapy during phase II clinical studies. Unfortunately,
both the drugs produced unsatisfactory clinical outcomes in terms of PFS [60, 61].

5.3 Combined EGFR and HER-2 Inhibitor

Lapatinib is a dual inhibitor of RTKs acting on HER-2 and EGFR. The efficacy of
lapatinib in gastric carcinoma patients was tested in a phase II trial where the drug
demonstrated positive clinical outcomes in terms of overall reduction rate (ORR),
which was 7%, and disease stabilization rate of 20%. Adverse effects included grade
4 fatigue (two patients) and vomiting [62]. In patients with metastatic gastric cancer,
the efficacy of lapatinib is being tested in two current phase III clinical studies. In the
first study (LoG-IC trial) [63], lapatinib is being tested as a frontline drug in
combination with chemotherapeutic agents oxaliplatin and capecitabine. The second
clinical trial (TYTAN) [64] is being conducted on Asian population who are
diagnosed with HER-2-positive gastric cancer. In this trial, paclitaxel is tested as a
second-line drug with/without lapatinib combination. The results of both these
studies are expected to help establish lapatinib as an option for metastatic gastric
carcinoma treatment.

5.4 VEGFR Inhibitor

Bevacizumab (Avastin) is a monoclonal antibody, which suppresses angiogenesis
via inhibition of vascular endothelial growth factor-A (VEGF-A). In advanced
gastric cancer patients, bevacizumab has shown an ORR of 42–67% and an OS of
8.9–16.2 months, during the phase II clinical trials. Adverse events consisted of
grade 3–4 thromboembolic disease (25%) and gastric perforation (8%) [65–67]. The
phase III clinical trial (AVAGAST) [68] focused on assessing the effectiveness of
bevacizumab as second-line therapy in metastatic gastric cancer patients. Patients
were classified into two groups; the first set of patients were put on bevacizumab in
addition to frontline therapy with capecitabine-cisplatin whereas the second group
received chemotherapy alone. The overall survival drastically enhanced after
bevacizumab incorporation (46% vs. 37%) and the median PFS got notably
prolonged as well (6.7 vs. 5.3 months). Moreover, the results varied based on the
geographical location.

An increase in the OS was also seen in all the patients of American origin whereas
no significant survival benefits were observed in the Asian and European patients.
However, the authors reported a prognostic benefit with bevacizumab. These results
could be due to alterations in patient selection, genetic variations within populations,
and intake of second-line drugs in those patients. During the AVAGAST study,
Ohtsu et al. stated that the prognosis of patients with metastatic gastric cancer could
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be associated with the levels of angiogenic factors, such as tumor neuropilin-1 and
plasma VEGF-A [68, 69]. Unfortunately, patients in both the study arms experi-
enced side effects such as anemia, neutropenia, and anorexia [68].

5.5 Dual Inhibitors of VEGFR and PDGFR

Sorafenib suppresses a variety of RTKs such as VEGF, PDGFR, and BRAF.
Sunitinib causes inhibition of VEGFR, PDGFR, c-Kit, and Flt-3. Both the antibodies
did not show any significant survival benefits in phase II studies [70–72] (Table 9.1).

6 Conclusion

Phytochemicals are abundantly found in fruits and vegetables and have been valu-
able in gastric cancer. While the combination of phytochemicals could augment
antitumor effects on gastric cancer through multiple prevention mechanisms, addi-
tional translational and clinical outcome researches are necessary to greatly under-
stand their potential benefits in cancer prevention and prognosis. In addition, several
receptor tyrosine kinases are stimulated in gastric malignancies; therefore identifi-
cation of kinase inhibitors can be potentially beneficial in providing tailored treat-
ment to the patients. Several clinical trials are in development and are anticipated to
provide benefits in clinical practice.
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Chapter 10
Therapeutic Effects of Curcumin Against
Colorectal Cancer

Christoffer Briggs Lambring, Sagar Shelake, Faraz Hasan, and Riyaz Basha

Abstract Colorectal cancer is the third most prevalent cancer in terms of incidences
and cancer-related deaths. Surgery, chemotherapy, and radiation are the standard
therapeutic options for several cancers including colorectal cancer. Phytochemicals
or derivatives such as taxol and vincristine have shown efficacy and are widely used
for the treatment of multiple cancers. Since the toxicity associated with the standard
chemotherapeutic agents still is a major concern for treating colorectal cancer,
alternative strategies using herbal products are extensively tested. Curcumin (cur)
is a product of the plant, Curcuma longa, which exhibits anti-inflammatory, anti-
infectious, and anticancer activities. A wide variety of evidences from numerous
studies demonstrated that Cur prevents carcinogenesis, modulates signaling, inhibits
angiogenesis and other critical aspects linked to cancer cell survival and prolifera-
tion, and induces chemopreventive and anticancer activity against colorectal cancer.
Cur also showed improved efficacy of chemotherapeutic agents in combination
studies. Bioavailability and distribution, and clearance in tissues, pose some limita-
tions for the therapeutic application of this herbal component. To address such
limitations, strategies such as combination with other compounds, synthesis of
derivatives, and nanoparticles were tested with some success. Overall, Cur could
play a vital role in the prevention and therapy of colorectal cancer.
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Abbreviations

5-FU Fluorouracil
Bcl-2 B-cell lymphoma-2
CCND1 Cyclin D1
COX Cyclooxygenase
CRC Colorectal cancer
CSCs Cancer stem cells
Cur Curcumin
MRP Multidrug resistance-associated protein
NF Nuclear factor
NSCs Normal stem cells
PARP Poly (ADP-ribose) polymerase
PD-1 Programmed cell death protein-1
PI3-k Phosphoinositide 3-kinase
Sp Specificity protein
TA Tolfenamic acid

1 Introduction

1.1 Colorectal Cancer (CRC)

CRC is one of the most significant malignancies, with global statistics demonstrating
that CRC stands fourth (after lung, breast, and prostate cancers) in incidences but
third in deaths [1]. In the United States, it is third in both incidences and cancer-
related deaths among men and women [2]. CRC is a slow-growing malignancy
originating in the large intestine or rectum and hence screening patients and diag-
nosis at an early stage are crucial for their prognosis. Typically, surgery is the first
option for the removal of tumors, subsequently followed by an adjunctive therapy
involving chemo- and radiotherapy. There is slight variation for the chances of
developing CRC among men (1:22) and women (1:24). CRC originates from benign
polyps in colon or rectum. Alongside colonoscopy, other methods such as stool and
blood-based and radiological tests are also used for screening CRC [3–7]. Early
detection maximizes patient outcomes and minimizes deaths in CRC patients. The
5-year survival rate for CRC patients with the localized disease in the United States
is approximately 90%; the survival of patients diagnosed at later/advanced stages is
poor (regional disease: ~70%; one distant metastasis: 4%) [8]. Global data predicts
that 2.2 million new cases and 1.1 million deaths may occur by 2030 reaching a CRC
burden of 60% [9].

210 C. B. Lambring et al.



1.2 Curcumin (Cur)

Cur is derived from Curcuma longa (turmeric), a spice commonly used in Asian
subcontinental foods. It is a unique herbal product with multiple medicinal applica-
tions due to its antioxidant properties and upon discovery of its pharmacological
safety Cur has undergone testing as an anticancer agent [10–13]. While several
mechanisms are suggested to be involved with the anticancer activities exerted by
Cur, the overwhelming evidence is pointing towards the activities mediated through
the nuclear factor (NF)-κB [14–17]. Cur treatment has been shown to upregulate
various factors incluing cleaved poly (ADP-ribose) polymerase (PARP) and
resulting in an increase of apoptosis [18–20]. The observed cellular growth reduction
and increase of apoptosis may be due to the inhibition of NF-κB, a transcription
factor (TF) that among other functions transcribes growth-regulatory genes and
promotes cellular proliferation. Therefore, Cur’s effect on NF-κB was investigated.
The other interesting candidate modulated by Cur is cyclooxygenase (COX)-2, an
enzyme that is involved with arachidonic acid metabolism [21–24].

2 Cur: Signaling

2.1 Signaling in Cancer

Cancer is defined as a collection of diseases characterized by cells undergoing
uncontrolled growth. Advances in cell and molecular biology over the past decades
have helped uncover arrays of signaling pathways that play major roles in cancer
initiation, progression, and resistance to standard therapy regimens. Hanahan and
Weinberg et al. elucidated six hallmarks of cancer that provide the basic mechanisms
of cancer progressiveness [25]. These include sustained proliferative signaling,
evasion of growth suppressors, resistance to apoptosis, angiogenesis, cellular repli-
cation immortality, and activation of invasion and metastasis. Each of these afore-
mentioned function is highly regulated by a conglomerate of well-controlled
signaling pathways.

3 Molecules That Impact Signaling in Cancer

Genetic alternations due to either hereditary or environmental factors such as
exposure to radioactive agents result in cancer-inducing events including but not
limited to overactivation of additional downstream signaling pathways and inhibi-
tion of negative feedback pathways that regulate cell proliferation and tumor-
suppressor genes. Important molecules in these pathways are genes labeled as
proto-oncogenes. Proto-oncogenes are genes which serve many normal cellular
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functions, but most importantly in the context of cancer have regulatory roles in the
cell cycle and cellular division. Gain-of-function mutations of proto-oncogenes
result in oncogenes, which can hyperactivate signaling pathways and drive cell
proliferation [26]. Mutations can also occur in tumor-suppressor genes and multiple
other molecules and molecular pathways; the culmination of these mutations leads to
cancer development. Several of these molecular pathways and their effectors are
targets of anticancer agents such as doxorubicin, vincristine, and cisplatin. Below are
major signaling molecules that play key roles in cancer.

4 Cell Survival and Cell Cycle Regulators

Several proteins are involved in cell survival such as specificity protein (Sp) family
TFs (Sp1 and Sp3), survivin, and apoptosis-regulator proteins such as Bcl2. Initiator
and effector caspases are of critical importance for regulating cell health and
apoptosis [27, 28]. Other regulators such as cyclin D1 and PCNA proteins are
considered to play a pivotal role in cellular growth and cell cycle. However,
upregulation of these proteins is found to have strong correlation with cancer
progression and chemotherapy resistance [29]. Most importantly, targeting survival
regulators, mainly Sp1 and survivin, using small inhibitors like tolfenamic acid
(TA) and its copper (II) complex analog Cu-TA is shown to induce anticancer
activity in cancer cells [28].

5 TGF-Beta/Smad Signaling Pathway

Dysregulation of transforming growth factor (TGF)-β signaling pathway is involved
in many diseases, including cancer. (TGF)-β signaling pathway has tumor-
suppressor functions in healthy cells. These functions mainly include apoptosis
and cell cycle arrest regulation. However, in cancer cells it acts as a cancer-
promoting pathway. The (TGF)-β superfamily consists of several growth factors
which include both ligands such as (TGF)-β1, (TGF)-β2, (TGF)-β3, and smad1/3
and their receptors (TGF)-βR1 and (TGF)-βR2. Most importantly, (TGF)-β is seen as
an important regulator of epithelial-mesenchymal transition (EMT). In metastatic
and chemotherapy-resistant cancers, such as oxaliplatin-resistant colorectal cancer,
activation of (TGF)-β EMT is found to be an important mechanism of chemotherapy
resistance [30].
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6 NF-kappaB Signaling Pathway

6.1 Cur’s Role in Impacting Signaling and How it Affects
Anticancer Activity

The anticancer properties of Cur are mainly believed to be related to its capacity to
downregulate cytokines, growth factors, and signaling pathways that activate cancer
progression and induce chemotherapy resistance. In chemotherapy-resistant CRC,
(TGF)-β/Smad signaling pathway and hyperactivation of NF-kB signaling pathways
mediate resistance to oxaliplatin. Interestingly, in two independent studies, Cur
combination therapy with oxaliplatin was shown to rescue oxaliplatin-resistant
cancer cells by not only downregulating (TGF)-β, an EMT-inducing pathway, and
NF-κB signaling pathway, but also increasing apoptotic caspase-3 in CRC cells
[30, 31]. In another study reported by Preethi Ravindranathan et al., Cur is shown to
promote antitumor activity of oligomeric proanthocyanidins by altering the expres-
sion of PCNA and cyclin D1, key cell cycle regulators [29].

7 Cur and Chemotherapy Combination

7.1 Resistance in CRC

Colorectal cancer, especially late-stage and metastatic CRC (mCRC), is associated
with a high mortality rate due in large part to its ability to respond to and survive
chemotherapeutic interactions. Chemo-surviving cells can eventually lead to relapse
and a regrowth of chemotherapy-nonrespondent cells. Chemoresistance is suspected
to be the cause for treatment failure in over 90% of mCRC cases [32]. Resistance to
one drug can also result in multidrug resistance (MDR) leading to CRC gaining the
ability to defend against drugs that have different mechanisms of action. Resistance
to anticancer drugs is mediated through up- and downregulation of certain pathways,
altered levels of gene expression, and other various mechanisms.

7.2 Mechanisms Associated with Resistance in CRC

A few of the general mechanisms of chemoresistance in cancer cells involve genetic
modifications and DNA repair mechanisms, altered metabolism, trapping the drug in
compartments within the cell, and up- and downregulation of signaling pathways
that respond to treatment [33, 34] (Fig. 10.1). Cancer cells in general can have innate
resistance to targeted drugs. ABC transporters are proteins that participate in the
movement of substrates intra- and extracellularly. ABC transporters likely assist in
CRC resistance due to their ability to efflux and transport anticancer drugs via ATP
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hydrolysis and inhibition of ABC transporters have shown negative effects on
tumorigenesis [35]. Multidrug-resistant proteins (MRPs) are a family of proteins
under the umbrella of ABC transporters and are thought to be one of the main drivers
behind MDR in cancer cells [36]. Knockdown of multidrug-resistant protein-1
(MRP1) showed increased sensitivity in CRC cells to FOLFOX and XELOX,
some of the main chemotherapy combinations used in the treatment of CRC
[37]. Chemoresistance to treatment by 5-fluorouracil (5-FU) is common among
CRC resistance and identification of biomarkers to track the progression of CRC
resistance is being elucidated. Long intergenic noncoding RNAs (lincRNAs) have
been implicated as important players in CRC cancer. LINC00957 is linked to poor
survival rates of CRC patients when it is overexpressed and its inhibition leads to a
reversal of resistance to 5-FU, most likely due to its possible regulation of MRP
[38]. Another lincRNA, LINC00261, and its overexpression in CRC cells have
shown increased sensitivity to cisplatin, possibly through the suppression of nuclear
β-catenin, effectively reducing the activation of genes Myc and cyclin D (CCND)1
which are known oncogenic drivers [39]. Multiple pathways have been indicated in
resistance to certain chemotherapeutic drugs; as mentioned in the previous chapter,
NF-κB-mediated resistance acts through its activation of the NF-κB pathway upon
stimulation, by oxaliplatin or other chemotherapeutic interactions, and subsequent
phosphorylation of p65, resulting in an upregulation of B-cell lymphoma (Bcl)-2 and
survivin [31]. Src-dependent pathways are evident in 5-FU resistance in CRC cells.
Src pathways involve multiple downstream effectors that have relevance in CRC and
Src dysregulation can result in uncontrolled proliferation and metastasis. Allgayer
et al. reported Src activation at nearly a twofold increase in CRC tumors and suggest
that Src elevation could be used as a prognostic marker [40].
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efflux:
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lysosomal sequestration.4 ABC 
transporter efflux. 

Chemotherapy 
resistance

Genetic alterations and DNA 
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2,3

Regulation of Signaling Pathways
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leads to aberrant DNA repair and 
increased autophagy, which can lead to 
chemo-resistance. Increased glycolysis 
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Fig. 10.1 General mechanisms and associated components in chemotherapy resistance in CRC
cells. The ability to use one or multiple of these mechanisms can lead to chemo-surviving cells and
regrowth
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8 Combination Treatments to Address Resistance
to Chemotherapy

Mounting efforts to combat resistance to chemotherapy and radiation in CRC are
becoming more focused on options that offer fewer adverse effects. Combinational
therapies offer multiple advantages in chemotherapy because they offer multiple
modes of action in the targeting of cancers and a decrease in the dosage of
medications which could result in curbing the negative effects of conventional
chemotherapy. In the case of CRC, the most prominent medications, oxaliplatin
and fluorouracil (5-FU) or Xeloda, are used in combinations like XELOX (Xel:
Xeloda; OX: oxaliplatin), a combination of capecitabine and oxaliplatin, and
FOLFOX which contains 5-FU and leucovorin [41]. But as described above resis-
tance to these first-line drugs is common and avenues to circumvent this are
necessary for treatment. Immunotherapy medications are available to be used in
combination with classical drugs in the hope of providing a different approach for
the treatment of CRC. The aim of immunotherapy combinations in CRC is to
increase the immune response of the body and sensitize the tumor to attack by
eliminating factors that may create a positive microenvironment for the growth of
CRC cells; this provides another mechanism to combat the ability of a tumor cell to
proliferate and acquire resistance. An immunotherapy medication that is used
synergistically with a conventional drug is atezolizumab, a monoclonal antibody
and programmed cell death protein-1 or PD-L1 inhibitor that is used in combination
with cobimetinib [42]. Studies into natural products to combat chemoresistance are
also underway. Hedyotis diffusa, a plant used in traditional Chinese medicine, shows
the ability to sensitize CRC to 5-FU treatment possibly through regulation of
multidrug resistance-associated protein (MRP)1 [43]. NSAIDs have also been used
in combinational therapy with chemotherapy in order to address resistance in CRC.
Celecoxib has been shown to have synergistic effects with multiple drugs including
cetuximab which is used in the treatment of metastatic CRC. Celecoxib and
cetuximab were shown to decrease the levels of nuclear β-catenin [44], which as
mentioned before is associated with MDR through regulation by lincRNAs.

Several options are in testing to address drug resistance in cancer treatment [45–
47], in emerging combinatorial therapies, Cur has been tested as an option in
combination treatments for resistant CRC [30, 31, 48–50]. Cur’s ability to reverse
oxaliplatin resistance in CRC has already been discussed, but Cur has also been
shown to increase sensitization to 5-FU. Cur and 5-FU combination treatment was
shown to increase pro-apoptotic proteins Bax, PARP, and caspases-8, -9, and -3 and
subsequently the combination decreased anti-apoptotic proteins like BCL-xL
[51]. Cur also suppressed 5-FU’s induction of NF-κB and phosphoinositide
3-kinase (PI-3 K)/Src enhancement when compared to 5-FU treatment alone
[51]. Cur-induced up- and downregulation of relevant cellular constituents are
shown in Fig. 10.2. Cur has also been used in combination with other natural
molecules including silymarin which is a phytochemical and the bioactive compo-
nent of milk thistle [52]. Silymarin has an inhibiting effect on β-catenin/TCF4 in
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CRC cells [53]. Montgomery et al. showed that Cur effectively sensitized CRC cells
to silymarin, leading to a higher rate of apoptosis in three CRC cell lines [52]. Com-
binational therapy based solely on natural compounds like Cur and silymarin avoids
both the negative side effects and possibility of resistance in conventional chemo-
therapy for CRC.

9 Cancer Stem Cells

Cancer stem cells (CSCs) are distinct from normal stem cells (NSCs) which can be
formed due to mutated genes in NSCs or progenitor cells [54–57]. Similar to other
cancers, CRC cells are driven by these tumor-initiating CSCs [58, 59]. CSCs exhibit
less ability for cell differentiation and a high level of activity for self-renewal
[60]. Even though CSCs are only a fraction (~1%) of cancer cell population, they
are critical for the formation of tumors due to their higher proliferative ability
[61, 62]. These cells can also play a role in a tumor’s ability to develop resistance
to therapies and also spread to local or distant organs [63, 64].

CSCs can influence the response to therapy and outcomes in cancer treatment
[65, 66]. About 50% of CRC patients experience reoccurrence of the disease and
CSCs are believed to play a role in cancer reoccurrence. Since the first report on
CSCs in CRC [67], there is an increasing interest to test strategies to target CSCs for
therapy. Cur has been shown to affect CSCs in human cancers including CRC
[62, 68–70]. Interestingly, Cur exhibited a distinct effect on NSCs and CSCs by
inhibiting cytokines, Wnt, and Notch pathways [71]. Several mechanisms have been
attributed to describe the cellular resistance and attenuation in response to chemo-
therapy including the modulation of apoptosis and epigenetic reprogramming [72]
and Cur has been demonstrated to affect most of such mechanisms (Fig. 10.3) and
induce CSC death.

Curcumin + 5-FU

Curcumin + 5-FU

Bax, Parp, 
Caspase-9, 
-8, -3, p53

Bcl-XL, NF-
B, p65, 

PI-3K/Src
k

Fig. 10.2 Cur and 5-FU
combination treatment for
CRC. The pathways
associated with cellular
growth are affected by Cur
and induce sensitivity to
5-FU. The critical markers
that are upregulated or
downregulated by Cur are
given inside green or red
circles, respectively
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10 Clinical Trials

Cur has been tested and currently under clinical testing for multiple cancers. A
search on “clinicaltrials.gov” revealed eight studies (completed: four; active (not
recruiting): one; unknown status: one; and terminated: two) focused on CRC. Two
studies (NCT00003365: Sulindac and Plant Compounds in Preventing Colon Can-
cer, and NCT00118989: Curcumin for the Chemoprevention of Colorectal Cancer)
are terminated and results are not available yet at “clinicaltrials.gov.” The other six
studies with details are listed in Table 10.1.

11 Conclusion

Current options for treating advanced or distant metastatic CRC result in modest
benefits. Cytotoxic therapies using chemotherapeutic agents cause morbidity and
have not provided much improvement as outcomes and survival rates remain low.
Cur, a natural compound shown to induce anticancer activity against several cancer
models, is a viable addition for use in current cancer therapy. Due to the morbidity
associated with traditional highly toxic cancer therapy, reducing toxicity in CRC is
very important. A few natural agents have been evaluated in combination with
standard chemotherapeutic agents. Preclinical and clinical studies provide strong
evidence that Cur is effective in both CRC prevention and therapy. Most importantly
Cur’s ability to fight against resistance to chemotherapy is well established. The
mechanisms associated with the anticancer activity of Cur include epigenetic mod-
ifications, signaling, miRNAs, etc. Typically, similar mechanisms are contributed to

DNMT
Mythylation

Hedgehog
Notch
PI3, Akt/mTOR
Wnt/β-Catenin

Epigenetic Signaling

EGFR
IGFR

Growth 
Factors miR 21: Sensitivity, CD markers

miR 22: Estrogen receptors, 
TFs (eg., Sp1)
miR 26a:
miR 200: Sensitivity
miR 200b&miR 200c: EMT

miRNA

Apoptosis Cell cycle 
arrest

CSCs

CURCUMIN

Fig. 10.3 Effect of Cur on CSCs. Research showed distinct effect of Cur against NSCs and CSCs.
Cur modulates apoptosis, cell cycle phase distribution, miRNAs, cytokines, and signaling mole-
cules; promotes CSC death; and sensitizes CRC cells against chemotherapy
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affect CRC cells including CSCs. One of the issues that are still in progress is to
increase bioavailability. Cur nanoparticles [73–77] and derivatives [78–80] are being
tested to overcome the limitations of Cur regarding bioavailability.

Table 10.1 Clinical trials: curcumin and colorectal cancer (clinicaltrials.gov)

NCT number Title Status Interventions Characteristics

1 NCT02439385 Avastin/FOLFIRI in
Combination with
Curcumin in Colorectal
Cancer Patients with
Unresectable
Metastasis

Completed • Drug: avastin/
FOLFIRI

• Dietary supple-
ment: curcumin

Study type:
interventional
Phase:
phase 2

2 NCT00973869 Curcumin in
Preventing Colorectal
Cancer in Patients
Undergoing Colorectal
Endoscopy or Colorec-
tal Surgery

Unknown • Dietary supple-
ment: curcumin

• Other: high-
performance
liquid chroma-
tography

• Other: labora-
tory biomarker
analysis

• Other: pharma-
cological study

• Procedure:
diagnostic
endoscopic
procedure

• Procedure:
therapeutic
conventional
surgery

Study type:
interventional
Phase:
phase 1

3 NCT01859858 Effect of Curcumin on
Dose Limiting Toxicity
and Pharmacokinetics
of Irinotecan in Patients
with Solid Tumors

Active
(not
recruiting)

• Dietary supple-
ment: curcumin

• Drug:
irinotecan

Study type:
interventional
Phase:
phase 1

4 NCT01333917 Curcumin Biomarkers Completed • Drug: curcumin
C3 tablet

Study type:
interventional
Phase:
phase 1

5 NCT01490996 Combining curcumin
with FOLFOX Chemo-
therapy in Patients with
Inoperable Colorectal
Cancer

Completed • Drug: oral
complex C3
curcumin +
chemotherapy

• Drug: chemo-
therapy only

Study type:
interventional
Phase:
• Phase 1
• Phase 2

6 NCT00027495 Curcumin for the Pre-
vention of Colon
Cancer

Completed • Dietary supple-
ment: curcumin

Study type:
interventional

(continued)
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Chapter 11
Molecular Pathways Involved
in the Pathogenesis of Pancreatic Cancer:
Role of Phytochemicals in Targeting
the Clinical Outcomes

Bayarmaa Mandzhieva, Rima Shobar, Anum Jalil, Hammad Zafar,
Mamoon Ur Rashid, Ranjeet Kumar, Akash Khetpal, and Sarfraz Ahmad

Abstract Pancreatic cancer is the fourth leading cause of cancer-related deaths in
the United States. Its high mortality is due to delayed diagnosis as it often produces
minimal symptoms early in the disease. Surgical resection, radiation therapy, and
chemotherapy are essential treatment components. It is well known that chemother-
apy options include gemcitabine monotherapy, 5-fluorouracil, leucovorin,
irinotecan, and oxaliplatin (FOLFIRINOX) combination and the combination of
gemcitabine plus albumin-bound (nab) paclitaxel. Despite these therapeutic options,
the average 5-year survival rate continues to be less than 5%; therefore more
efficacious approaches need to be explored. There are novel potential therapies
under investigation such as immunotherapy and compounds from natural sources.
Many recently published epidemiological studies have shown a strong association
between phytochemicals and reduced incidence of cancers. This chapter is an
overview of the current knowledge and the potential anticancer properties of various
natural products, such as curcumin, benzyl isothiocyanate, capsaicin, resveratrol,
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and tea polyphenols. These findings lay the groundwork to support that there exist
some association of anticancer properties of phytochemicals in the management of
pancreatic malignancy.

Keywords Pancreatic cancer · Pathobiology · Molecular pathways ·
Phytochemicals · Curcumin · Resveratrol · Quercetin · Isothiocyanates · Capsaicin ·
Tea polyphenols · Clinical outcomes

Abbreviations

ATM/Chk1 Ataxia-telangiectasia mutated/checkpoint kinase 1
ASK1 Apoptosis signal-regulating kinase 1
BITC Benzyl isothiocyanate
Blc2 B-cell lymphoma 2
CCND1 Cyclin D1
COX-2 Cyclooxygenase-2
CXCR4 C-X-C motif chemokine receptor 4
DNMTs DNA methyltransferases
ERK Extracellular signal-regulated kinase
FAK Focal adhesion kinase
FOXO Forkhead box O
Gli1 Glioma-associated oncogene homolog 1
HDACs Histone deacetylases
HATs Histone acetyltransferases
HIF-1α Hypoxia-inducible factor-1α
HSP Heat-shock protein
ICAM-1 Intercellular adhesion molecule-1
IL-8 Interleukin-8
JAK2 Janus kinase 2
MAPK Mitogen-activated protein kinase
MEK MAPK/ERK kinase
MMP-9 Matrix metallopeptidase 9
MKK MAP kinase kinase
NF-κB Nuclear factor κB
PGE2 Prostaglandin E2

PI3K/AKT Phosphoinositide 3 kinase/AKT
Res-AuNPs Resveratrol-conjugated gold nanoparticles
Src Rous Sarcoma oncogene cellular homolog
STAT3 Signal transducer activator transcription 3
VEGF Vascular endothelial growth factor
WT1 Wilms tumor-suppressor gene-1
XIAP Inhibitor of apoptosis, X-linked
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1 Introduction/Background

In 2020, it is expected that in the United States there will be approximately 57,600
new cases of pancreatic cancer and about 47,050 related deaths [1, 2]. The under-
standing of pancreatic cancer (PC) carcinogenesis will help us identify better targets
for more effective therapies. Previous studies have suggested that there is an
association between the development of PC and type 2 diabetes and obesity
influenced by a complex interaction of genetic background and environmental
factors. It has been established that smoking has the strongest environmental influ-
ence on this disease.

In a study conducted by Jones et al., it was found that PC was associated with
63 core genetic mutations in 12 common pathways [3]. Pancreatic cancer originates
from the precursor lesions called pancreatic intraepithelial neoplasias (PanINs), as a
consequence of the sequential accumulation of mutations in key oncogenes and
tumor-suppressor genes. PC carcinogenesis stems from four major molecular muta-
tions involving TP53, SMAD4, KRAS, and CDKN2A. Other associated pathways
include activation of RTKs, PI3K/AKT, EGFR, and STAT3 and deactivation of
tumor-suppressor protein pathways, namely p16INK4/Rb.

The treatment options of pancreatic malignancy depend on the stage at diagnosis.
Surgery is an option for early stages and may improve the 5-year survival rate.
Adjuvant therapy which includes chemotherapy and radiotherapy is commonly used
after surgical resection. The following chemo-agents are used for the management of
pancreatic cancer: gemcitabine, 5-fluorouracil (5-FU), oxaliplatin, cisplatin,
docetaxel, paclitaxel, capecitabine, and irinotecan including liposomal form. Nota-
bly, gemcitabine and 5-FU have been the standard of care for the treatment of
PC. Over the recent years, there has been minimal progress in the development of
novel treatments for metastatic PC.

Postsurgical relapse and emergence of the intrinsic resistance to chemotherapy
represent barriers to the success of available treatments. Due to high mortality rate
associated with PC, the research for newer management strategies is a high priority.
Phytochemicals are a new and appealing treatment strategy for PC. Multiple epide-
miological studies published in the peer-reviewed literature over the past few
decades, although with severe limitations, have shown a strong association between
fruit and vegetable consumption and decreased incidence of pancreatic cancer [4].

Phytochemicals are derived from natural plants and target multiple molecular
pathways involved in PC oncogenesis. They alter epigenomic compounds, cell
signaling pathways, and tumor-suppressing miRNAs. These natural bioactive prod-
ucts can reduce and scavenge free radicals as well as considerably sensitize neo-
plastic cells to chemotherapy, and as a result of that potentiate the chemo-drugs
[5]. It has been shown that the advantages of phytochemicals are increased cost-
effectiveness and safety profiles.

This chapter reviews potential antineoplastic effects of various phytochemicals
and emphasizes the need for better designed clinical studies to further characterize
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Table 11.1 Natural sources, chemical structures, and potential anticarcinogenic effects (targets) of
various phytochemicals

Phytochemicals
Natural
source

Chemical
structure

Signaling
pathways Targets

Isothiocyanates Cruciferous
vegetable
(watercress,
cabbage, cau-
liflower, mus-
tard, and
horseradish)

AKT, STAT3,
HDAC, NFkB
[82–84]

• Inactivation of
NF-kappaB/p65
could be the
underlying mecha-
nism of BITC-
induced apoptosis
via inhibition of
HDAC1/HDAC3
[82]

• Reduced levels of
activated and total
STAT-3 protein
[83]

• Neovascularization
through suppres-
sion of STAT-3 as
well as STAT-3-
induced HIF-1α
and VEGF [86]

• Downregulates the
activation of AKT

• Inhibition of
FOXO phosphory-
lation [84]

• ROS generation,
G2/M cell cycle
arrest, and apopto-
sis [89]

Curcumin Curcuma
longa (tur-
meric)

NFkB, STAT3,
Notch-1, SP1,
WT1, COX-II,
ATM/Chk1,
PI3K/Akt [66–
73]

• Inhibits NF-kB and
its downstream
effectors COX-2,
PGE2, and IL-8
[68]

• G2/M cell cycle
arrest and apopto-
sis [73]

• Downregulates the
expression of p50,
p65, and specific-
ity proteins (Sp1,
Sp3, and Sp4) [67]

• Inhibited STAT3
signaling in pan-
creatic cancer [66]

• Effect on epige-
netic modulators:

(continued)
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Table 11.1 (continued)

Phytochemicals
Natural
source

Chemical
structure

Signaling
pathways Targets

Histone
deacetylases
(HDACs) and
acetyltransferases
(HATs), DNA
methyltransferases
(DNMTs) [79–81]

Capsaicin Chili peppers 8-

Methyl-N-
vanillyl-6-
nonenamide

Mitochondrial
complex I and
complex III
activity
ASK1, MKK4/
MKK7-c-Jun
NH2-terminal
kinase (JNK)-
and MKK3/
MKK6-p-38
MAPK-
signaling
cascade

• Apoptosis in pan-
creatic cancer cells
via ROS genera-
tion and mitochon-
drial disruption
[43]

• Disturbs the cellu-
lar redox homeo-
stasis via depletion
of GSH level and
inhibition of
superoxide
dismutase, cata-
lase, and glutathi-
one peroxidase
[44]

• Reduces Trx
expression and
dissociates
Trx-ASK1 com-
plex resulting in
the activation of
ASK leading to
apoptosis [47]

Green tea Camellia
sinensis var.
sinensis

(�)-
Epigallocatechin-
3-gallate (EGCG)
(�)-
Epigallocatechin
(EGC)
(�)-Epicatechin-
3-gallate (ECG)
(�)-Epicatechin
(EC)

HSP90, FAK,
and STAT3

• Inhibits the
expression of the
Hsp90, Hsp75, and
Hsp27 [50]

• Induced apoptosis
through caspase-3
and caspase-9 acti-
vation; induced
proapoptotic Bax,
Bak, and Bcl-Xs;
and inhibited
antiapoptotic Bcl-2
and Bcl-XL [55].

• Decreases the
expression of the
K-ras gene [56]

• Inhibition of
angiogenesis
(vWF, VEGF, and

(continued)
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Table 11.1 (continued)

Phytochemicals
Natural
source

Chemical
structure

Signaling
pathways Targets

CD31) and metas-
tasis (MMP-2, -7,
-9, and -12) [57]

• Inhibits phosphor-
ylations of both
FAK and IGF-1R
[61]

• Inhibits the STAT3
signaling pathway
[62]

Resveratrol Red grapes,
peanuts,
berries, and
pines

Trans-3,5,4-
0-trihydroxy-
trans-stilbene

Hedgehog, Src,
STAT3, FOXO,
leukotriene A4
hydrolase, and
macrophage
inhibitory cyto-
kine-1

• Induces apoptosis
in pancreatic can-
cer cells by
targeting hedgehog
pathway by
decreasing the
expression of Blc2,
CCND1, Gli1, and
Ptc1 [32]

• Inhibits Src tyro-
sine kinase activ-
ity, thereby
inhibiting the con-
stitutive activation
of STAT3 [33]

• Inhibits phosphor-
ylation of FOXOs
through the inhibi-
tion of PI3K/AKT
and MEK/ERK
signaling [34]

• Inhibits LTB4 pro-
duction and
expression of the
LTB4 receptor
1 (BLT1) [37]

• Downregulation of
constitutive NF-κB
activation and
NF-κB-regulated
gene products [39]

Soy isoflavone
(genistein)

Lupin, fava
beans, soy-
beans, kudzu

NF-kB • Inhibits an onco-
genic microRNA,
miR-27a, inducing
apoptosis [92]

(continued)
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the potential of these agents in targeting clinical outcomes of pancreatic malignancy
(Tables 11.1, 11.2, 11.3, 11.4, 11.5, 11.6, and 11.7).

2 Gene Mutations and Molecular Pathways Associated
with the PC Pathogenesis

KRAS, p53, CDKN2A, and SMAD4 are the most frequently mutated genes associ-
ated with PC oncogenesis. Out of these, KRAS is the most associated gene and is
mutated in more than 95% of pancreatic cancers [6]. Below we describe these genes
with better scope and perspectives of the disease.

2.1 KRAS

KRAS is an oncogene, based on chromosome 12, and encodes a GTPase molecule.
Activating KRAS mutations impair the GTPase activity, which leads to a cascade of
events [7]. KRAS mediates several different molecular pathways and participates in
every step of tumorigenesis, i.e., from initiation to cellular proliferation, and metab-
olism to drug resistance patterns [8]. Several different downstream molecular path-
ways are also involved in tumorigenesis as a result of KRAS activation, including
Raf/mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/
AKT/mammalian target of rapamycin (mTOR) signaling pathway, and nuclear

Table 11.1 (continued)

Phytochemicals
Natural
source

Chemical
structure

Signaling
pathways Targets

Quercetin Sonic hedgehog
pathway proteins
β-Catenin

• Decreases alde-
hyde
dehydrogenase-1
activity and
inhibits epithelial-
mesenchymal tran-
sition [93]

• Upregulation of
miR-let7-a and
inhibition of K-ras
with combination
of quercetin, sulfo-
raphane, and cate-
chins [95]
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Table 11.2 Selective curcumin in vitro studies in pancreatic cancer

Plant/
phytochemical
component Animal/human cell line

Anticancer/chemoprevention
mechanism Reference

Curcumin PANC-1 pancreatic cancer
cell line

Induction of quinone oxido-
reductase 1 (NQO1) and
promoting its interaction
with P53, increasing P53
stability

Patiño-Morales
et al., 2019 [96]

L48H37
(curcumin
analog)

Primary (PANC-1 and MIA
PaCa-2), metastatic
(SW1990 and ASPC-1)

L48H37 inhibits prolifera-
tion by inducing cell cycle
arrest and promotes apopto-
sis, L48H37 alters MMP,
increases ROS production,
induces cell cycle arrest, and
activates the ER stress
pathway

Li et al., 2019
[97]

Curcumin and
garcinol

PaCa cells (BxPC-3 and
Panc-1)

Dose-dependent reduction in
cell viability and increase in
apoptosis were observed in
both cell lines. High level of
synergism with a potency
(Dm) of the combination of
garcinol and curcumin of
two- to tenfold that of the
individual agents

Parasramka
et al., 2012 [98]

Curcumin PANC-1 pancreatic cancer
cell line

Curcumin induces the apo-
ptosis of PANC-1 cells by
activating the miR-340/
XIAP signaling pathway
causing decreased XIAP
expression in a dose-
dependent manner

Yang et al.,
2017 [99]

Curcumin Five human pancreatic can-
cer cell lines (BxPC-3,
Capan-1, Capan-2, ASPC-
1, and HS766-T)

Inhibition of activation of
nuclear factor-kB transcrip-
tion factor, suppression of
IkB kinase activity, reduc-
tion in interleukin-8, cyclo-
oxygenase, and PGE-2;
induction of apoptosis

Li et al., 2004
[68]

Curcumin BxPC-3 and AsPC-1 pan-
creatic cancer cell lines

Suppressed cell growth and
invasion, and induced cell
apoptosis, increased miR-7
expression, and decreased
SET8 expression

Ma et al., 2014
[100]

Curcumin and
liposomal
curcumin

BxPC-3 human pancreatic
cancer cell line

Alters miRNA expression in
human pancreatic cells,
upregulating miRNA-22 and
downregulating miRNA-
199a

Sun et al., 2008
[101]

(continued)
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Table 11.2 (continued)

Plant/
phytochemical
component Animal/human cell line

Anticancer/chemoprevention
mechanism Reference

Curcumin BxPC-3 human pancreatic
cancer cell line

Inhibits high glucose and
EGF-induced proliferation in
pancreatic cancer cells; by
downregulating high
glucose-induced activation
of EGF/ERK and EGF/Akt
pathways, and inhibition of
EGF-induced invasive abil-
ity of pancreatic cancer cells,
EGF-induced wound closure
of pancreatic cancer cells and
EGF-modulated expression
of metastatic related factors

Li et al., 2019
[102]

Curcumin Panc-1 human pancreatic
carcinoma cell lines

Inhibits cell viability and cell
proliferation, induces apo-
ptosis by increased activation
of caspase-9 and caspase-3,
induces the expression of
FOXO1 through the PI3K/
Akt pathway, causes cell
cycle arrest by increasing the
expression levels of
p21/WAF1/CIP1 and
p27/KIP1, and decreases the
expression of cyclin D1

Zhao et al.,
2015 [70]

Curcumin BxPC-3, MIA PaCa-2,
Panc-1, MPanc-96

Potentiates the apoptotic
effects of gemcitabine, and
inhibits constitutive NF-κB
activation

Kunnumakkara
et al., 2007 [74]

Curcumin MiaPaCa-2 Inhibits proliferation,
enhances apoptosis, and
downregulates NF-kB

Bimonte et al.,
2013 [103]

Curcumin BxPC-3 Antiproliferative effect, acti-
vation of ATM/Chk1, G2/M
cell cycle arrest, causes DNA
damage, and induces apo-
ptosis, modulates expression
of G2/M cell cycle regula-
tory proteins

Sahu et al.,
2009 [73]

Curcumin Panc28 cell line
(gemcitabine resistant),
L3.6pL cells (gemcitabine
nonresistant)

Inhibits pancreatic cancer
cell proliferation, inhibits
constitutive NF-κB,
decreases Sp transcription
factors (Sp-1, Sp-3, Sp-4)
and Sp-dependent responses
(decreased expression of
multiple Sp-dependent pro-
teins including VEGF,
VEGFR1, cyclin D1, and
survivin)

Jutooru et al.,
2010 [67]

(continued)
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Table 11.2 (continued)

Plant/
phytochemical
component Animal/human cell line

Anticancer/chemoprevention
mechanism Reference

Curcumin PANC-1 cells Decreases IAP protein and
mRNA expression, reduces
cell viability, and induces
morphological changes char-
acteristic of cell death

Osterman et al.,
2015 [104]

Curcumin +
Tolfenamic
acid (TA)

L3.6pl and MIA PaCa-2
cells

Synergistic effect on cell
growth inhibition; inhibits
Sp1, Sp3, and survivin
expression; induces apopto-
sis; increases ROS level;
suppresses NF-kB transloca-
tion to nucleus

Basha et al.,
2016 [71]

Curcumin PANC-1 Inhibits TGF-β1-stimulated
PANC-1 cell proliferation,
induces apoptosis, reverses
EMT possibly through inhi-
bition of the Shh-GLI1 sig-
naling pathway, decreases
expression of Shh, GLI1 and
vimentin, increases expres-
sion of E-cadherin, decreases
cell invasion, inhibits the
invasion and migration of
TGF-β1-stimulated PANC-1
cells

Sun et al., 2013
[105]

CDF (synthetic
curcumin
analogue)

MiaPaCa-2 and Panc-1 cells Downregulates the expres-
sion of miR-221 and conse-
quently upregulates the
expression of PTEN, p27
(kip1), p57 (kip2), and
PUMA, leading to the inhi-
bition of cell proliferation
and migration

Sarkar et al.,
2013 [106]

Curcumin AsPC-1, MiaPaCa-2, Panc-
1, BxPC-3 human, and
Pan02 mouse pancreatic
cancer cells

Inhibits pancreatic cancer
cell growth, induces G2-M
cell cycle arrest inducing
mitotic catastrophe, inhibits
COX-2 and VEGF expres-
sion and translation, and
induces CUGBP2 and TIA-1

Subramaniam
et al., 2011
[107]

Curcumin PANC-1 Inhibition of cellular prolif-
eration, downregulation of
expression of WT1 on
mRNA and protein level

Glienke et al.,
2010 [69]

(continued)
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factor kappa B (NF-κB) signaling cascades. These cascades are the sites of action for
various phytochemicals, which act to inhibit them that can potentially lead to the
development of treatment options for PDAC [9, 10].

Table 11.2 (continued)

Plant/
phytochemical
component Animal/human cell line

Anticancer/chemoprevention
mechanism Reference

Curcumin PANC-1, AsCP Inhibits cell proliferation,
inhibits constitutive STAT3
phosphorylation, and
downregulates survivin/
BIRC5 gene expression

Glienke et al.,
2010 [66]

Curcumin Panc-1, BxPC-3, and MIA
PaCa-2

Inhibits both constitutive and
RT-induced NF-κB, inhibits
FIR/SDR-induced gene,
confers RT-inhibited cell
viability/survival, activates
caspase-3/7 activity, and
subsequent cell death

Veeraraghava
et al., 2011
[108]

Difluorinated
curcumin
(CDF)

AsPC-1 and MiaPaCa-2 Inhibits cell survival; inhibits
the expression of MMP-9,
EZH2, Shh, and cleaved
Notch-1 in AsPC-1 and
MiaPaCa-2 cell; inhibits the
expression of EpCAM in
AsPC-1 cells; inhibits the
expression of ABCG2 and
Hes-1 in MiaPaCa-2 cells

Bao et al., 2012
[109]

Liposomal
curcumin

Human MiaPaCa Antiproliferative effects Ranjan et al.,
2013 [110]

Curcumin Gemcitabine-resistant
PDAC cell lines

Resensitization of
chemoresistant PDAC cells
through the inhibition of the
PRC2-PVT1-c-Myc axis;
curcumin sensitized
chemoresistant cancer cells
by inhibiting the expression
of the PRC2 subunit EZH2
and its related lncRNA PVT1

Yoshida et al.,
2017 [111]
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Table 11.3 Selective curcumin in vivo studies in pancreatic cancer

Plant/
phytochemical
component(s) Animal test model

Anticancer/chemoprevention
mechanism(s) Reference

L48H37
(curcumin
analog)

Male BALB/c nude mice
injected with control and
KMT2D knockdown
PDAC cells

Tumor weight and volume
were significantly decreased in
the KMT2D knockout group
compared to the CTRL group;
KMT2D depletion inhibited
tumor growth synergistically
with L48H37

Li et al., 2019
[97]

Curcumin Male athymic nu/nu mice Potentiates the antitumor,
antiproliferative, and
antiangiogenic effects of
gemcitabine; inhibits NF-κB
activation; potentiates the
effect of gemcitabine in
downregulating the expression
of NF-κB-regulated gene
products COX-2, ICAM,
MMP, VEGF, cyclin-D,
c-myc, survivin, Bcl-2,
Bcl-xL, and IAP-1; decreases
the expression of procaspase-3
and procaspase-9

Kunnumakkara
et al., 2007 [74]

Curcumin Female upstream to Foxn1
mice injected by MIA
PaCa-2-RFP cells

Inhibits the tumor growth,
inhibits NF-κB activation, and
downregulates
NF-κB-regulated gene
products

Bimonte et al.,
2013 [103]

Curcumin Male athymic nude mice
(injected with MiaPaCa)

Inhibits the growth of tumor
xenografts, lowers CD31
staining, and obliterates the
tumor vessels suggesting
decreased angiogenesis

Subramaniam
et al., 2011
[107]

Curcumin Xenograft mouse model
(L36pL cells)

Tumor growth and tumor
weight inhibition

Jutooru et al.,
2010 [67]

Difluorinated
curcumin
(CDF)

Female CB17 severe
combined immunodefi-
cient (SCID) mice (MIA
PaCa-2 cells)

Tumor growth inhibition,
reduced expression of EZH2

Bao et al., 2012
[109]

Liposomal
curcumin

Female athymic nu/nu
mice

Inhibits pancreatic tumor
xenograft growth

Ranjan et al.,
2013 [110]

Curcumin
metformin

Nonobese diabetic/severe
combined immunodefi-
ciency disease
(NOD/SCID) mice

Inhibition of cell growth of
Panc1 adherent cells and
sphere cells; Panc1 sphere
cells were more sensitive to
the two compounds than
Panc1 adherent cells

Ning et al.,
2016 [112]
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Table 11.4 Selective curcumin clinical trials in pancreatic cancer

Plant/
phytochemical
component(s)

Clinical
trial
type/
phase N

Population
study/cancer
type Results Reference

Curcumin Phase I 25 5 High-risk
conditions/
premalignant

Not toxic to humans up to
8000 mg/day when taken by
mouth for 3 months

Cheng
et al.,
2001
[113]

“C3”
curcuminoid
capsules

Phase I 15 Colon and
rectal
cancers

First report of the systemic
parameters of pharmacokinetics
and activity of curcumin that are
likely to be of value in phase II
chemoprevention/anticancer tri-
als; consumption of 3.6 g of
curcumin daily is linked with
inhibition of PGE2 induction in
blood; dose-limiting toxicity
was not observed

Sharma
et al.,
2004
[114]

Curcumin Phase II 25 Pancreatic
cancer

Poor oral bioavailability; two
patients showed clinical biolog-
ical activity (one showed ongo-
ing stable disease for
>18 months and the other
showed brief but marked tumor
regression) (73%); no toxicities
were observed; expression of
NF-kappaB, cyclooxygenase-2,
and phosphorylated STAT3 was
downregulated in peripheral
blood mononuclear cells

Dhillon
et al.,
2008
[115]

Curcumin Phase
I/II

21 Pancreatic
cancer

No dose-limiting toxicities
observed in the phase I study;
median survival time was
161 days and 1-year survival rate
was 19%; combination therapy
using 8 g oral curcumin daily
with gemcitabine-based chemo-
therapy was safe and feasible in
patients with pancreatic cancer

Kanai
et al.,
2011
[116]

Curcumin Phase II 17 Pancreatic
cancer

Low compliance at a dose of
8000 mg/day (dose reduced to
4000 mg/day) due to GI side
effects, when taken together
with systemic gemcitabine; 1 of
11 evaluable patients (9%) had
partial response, 4 (36%) had
stable disease, and 6 (55%) had
tumor progression

Epelbaum
et al.,
2010
[117]
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Table 11.5 Selective in vitro studies of resveratrol in pancreatic cancer

Parent
compound/
phytochemical
constituents Animal/human cell line

Anticancer/chemoprevention
mechanism(s) Reference

Resveratrol CD133+ and CD133� PANC-
1 cells

Decreased N-cadherin and
TNF-α immunoreactivities

Hoca
et al.
(2019)
[118]

Resveratrol PANC-1, MIA PaCa-2,
HS766T, and AsPC-1 cell

Antiproliferative effects,
induces apoptosis through acti-
vation of caspase-3 (PANC-1
and MIA PaCa-2 most sensi-
tive), induced cell cycle arrest
by inhibiting the FOXO tran-
scription factors by shRNA
(inhibited the expression of
cyclin D1 and induced the
expression of cell cycle inhibi-
tors (p21/CIP1 and p27/KIP1)
and Bim), inhibits cell prolifer-
ation by regulating PI3K/AKT
pathway; inhibits AKT kinase
activity

Roy et al.
(2011)
[34]

Resveratrol Hamster (HPD1NR and
HPD2NR) and human (AsPC1
and BxPC3) pancreatic cancer
cell lines

Suppressed cell proliferation in
human and hamster pancreatic
cancer cells by inhibiting the
G1 phase of the cell cycle with
cyclin D1 downregulation and
inactivation of AKT-GSK3β
and ERK1/2 signaling

Kato et al.
(2015)
[119]

Resveratrol Panc-1, Mia paca-2, human
pancreatic cell lines

Inhibits cell proliferation and
induces apoptosis in pancreatic
cancer cells, suppresses the
level of NAF-1 and enhances
the expression of Nrf2 by
inducing the accumulation of
ROS; enhances the sensitivity
of pancreatic cancer cells to
gemcitabine through inhibition
of NAF-1

Cheng
et al.
(2018)
[120]

Resveratrol PANC-1 and AsPC-1 human
pancreatic cell lines

Inhibition of cell proliferation
and induced apoptosis in pan-
creatic cancer cell lines;
increases the fraction of
sub-G0/G1-phase cells

Ding
et al.
(2002)
[121]

Triacetyl
resveratrol

AsPC1 and PANC1 human
pancreatic cell line

Inhibited colony formation and
induced apoptosis through
caspase-3 activation and
through suppression of the
Sonic hedgehog (Shh) pathway,

Fu et al.
(2019)
[122]

(continued)
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2.2 TP53

TP53 gene encodes p53 protein and is found on chromosome 17 [6]. p53 is a tumor-
suppressor gene which is involved in maintaining a check-and-balance on cellular
proliferation by initiating cellular arrest, apoptosis, and cell death. Normally, cellular
stress or DNA damage leads to higher p53 activity, which results in apoptosis of the
impaired cells, thereby preventing the development of neoplasm. Loss-of-function
mutations in p53 lead to uncontrolled cellular proliferation, ultimately leading to
cancer formation [11].

2.3 CDKN2A

CDKN2A is located on chromosome 9. Two tumor-suppressor proteins p14 and p16
are encoded by this gene [6]. Loss-of-function mutation of this gene leads to
unchecked cellular growth and proliferation [11]. Like p53, p16 is also a tumor-
suppressor gene and works at the G1/S checkpoint in cell cycle where it leads to cell
cycle arrest via the pRb-E2F pathway [12].

2.4 SMAD4

SMAD4 gene is found on chromosome 18 and is inactivated in 55% of PC. SMAD4
has a significant role in transforming growth factor-β (TGF-β)-mediated signaling
pathway [6]. TGF-β is responsible for controlling many crucial cellular pathways

Table 11.5 (continued)

Parent
compound/
phytochemical
constituents Animal/human cell line

Anticancer/chemoprevention
mechanism(s) Reference

and through the modulation of
cyclin D1 and Bcl2 expression,
also inhibited epithelial mesen-
chymal transition (EMT) by
upregulating the expression of
E-cadherin and suppressing the
expression of N-cadherin and
transcription factors, snail, slug,
and Zeb1, also inhibited Zeb1
3’UTR luciferase activity
through the upregulation of
microRNA (miR)200 family
members
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Table 11.6 Selective in vivo studies of resveratrol in pancreatic cancer

Parent
compound/
phytochemical
constituents

Animal species/tumor model
inhibited

Molecular mechanism(s)/target
(s) Reference

Resveratrol Syrian hamsters/N-nitrosobis
(2-oxopropyl) amine (BOP)

No effect/tumor unchanged Kuroiwa
et al.
(2006)
[123]

Resveratrol Athymic nude mice/MIA
PaCa-2 cells

Inhibition of cancer cell
growth/proliferation, synergis-
tic apoptosis when combined
with gemcitabine; inhibition of
NF-κB activation in a dose-
dependent manner,
downregulates the NF-κB-reg-
ulated gene products,
suppressed the constitutive
expression of antiapoptotic
(Bcl-2, Bcl-xL), proliferative
(COX-2, cyclin D1), metastatic
(MMP-9), and angiogenic
(VEGF) protein expression in a
dose-dependent manner,
induced the cleavage of PARP

Harikumar
et al.
(2010) [39]

Resveratrol Athymic nude mice/human
MIA PaCa-2 cells

Inhibits proliferation and
anchorage-independent cell
growth by inhibiting LTA4H
(leukotriene A4 hydrolase)
activity leading to inhibition of
tumor formation in xenograft
mouse models for pancreatic
cancer

Oi et al.
(2010) [37]

Resveratrol Balb C nude mice/human
PANC-1

Suppression of PANC1 tumor
growth associated with inhibi-
tion of ERK, PI3K, AKT,
FOXO1, and FOXO3a phos-
phorylation, and induction of
apoptosis in tumor cells

Roy et al.
(2011) [34]

Resveratrol KrasG12D mice/spontaneous
tumors

Resveratrol inhibits the growth
and development of pancreatic
cancer in Kras(G12D) mice. It
inhibits the self-renewal capac-
ity of pancreatic CSCs derived
from human primary tumors
and Kras(G12D) mice; induces
apoptosis by activating
caspase-3/7 and inhibiting the
expression of Bcl-2 and XIAP
in human CSCs. Resveratrol
inhibits pluripotency-

Shankar
et al.
(2011)
[124]

(continued)
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including cellular survival and differentiation and has inhibitory effects on cellular
growth. Inactivation of TGF-β pathway leads to unchecked cellular proliferation and
is one of the key mechanisms of cancer formation [13, 14].

3 Pathways

It is imperative to understand signaling pathways to better recognize the anticancer
therapeutic agents. Below we describe some of the key pathways that are involved in
the PDAC disease process.

3.1 Phosphoinositide 3-Kinase (PI3K)/AKT/Mammalian
Target of Rapamycin (mTOR) Signaling Pathway

PI3K pathway involves a series of different protein kinases that activate in a
sequential manner and are associated with advanced stages of pancreatic tumor.
When PI3K is activated, it triggers AKT, which in turn activates mammalian target
of rapamycin (mTOR). Oncogenic mutations of KRAS induce activation of this
pathway, which results in cellular proliferation and is known to correspond with a
relatively bad outcome. PTEN is a tumor-suppressor gene that regulates this pathway
and loss of PTEN can lead to its unchecked activation [15, 16].

Table 11.6 (continued)

Parent
compound/
phytochemical
constituents

Animal species/tumor model
inhibited

Molecular mechanism(s)/target
(s) Reference

maintaining factors (Nanog,
Sox-2, c-Myc, and Oct-4) and
drug resistance gene ABCG2 in
CSCs. Inhibition of Nanog by
shRNA enhances the inhibitory
effects of resveratrol on self-
renewal capacity of CSCs;
inhibits CSC migration and
invasion and markers of
epithelial-mesenchymal transi-
tion (Zeb-1, slug, and snail)

Resveratrol N-Nitrosobis (2-oxopropyl)
amine (BOP)-treated Syrian
golden hamster model

Inhibits progression of pancre-
atic tumorigenesis (Ki-67
labeling index in ductal dys-
plasia was significantly
decreased)

Kato et al.
(2015)
[119]
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Table 11.7 Selective resveratrol clinical trials

Plant/
phytochemical
component

Clinical trial
type/phase N

Population
study/cancer
type Results Reference

Plant-derived res-
veratrol formula-
tion and
resveratrol-
containing freeze-
dried grape pow-
der (GP)

Phase 1 pilot
clinical trial

8 Colon cancer Resveratrol/GP
had no effect on
the Wnt pathway
in colon cancer
but significantly
( p < 0.03)
inhibited the Wnt
target gene
expression in nor-
mal colonic
mucosa

Nguyen
et al.,
2009
[125]

SRT501 (micron-
ized resveratrol)

Phase I ran-
domized,
double-blind
pilot study

6 Colorectal
cancer and
hepatic
metastases
scheduled to
undergo
hepatectomy

SRT501 increases
the cleavage of
caspase-3 in
malignant hepatic
tissue

Howells
et al.,
2011
[126]

Resveratrol Clinical trial,
noncontrolled

20 Colorectal
cancer

Decreases expres-
sion of Ki-67

Patel
et al.,
2010
[127]

Trans-resveratrol Randomized,
double-blind,
placebo-con-
trolled trial

39 Adult women
with
increased risk
for breast
cancer

Reduces the
methylation of
RASSF-1α

Zhu et al.,
2012
[128]

SRT501 (micron-
ized resveratrol)
with or without
bortezomib

Phase 2 clini-
cal trial

24 Relapsed/
refractory
multiple
myeloma

Unacceptable
safety profile and
minimal efficacy
in patients with
relapsed/refrac-
tory multiple
myeloma

Popat
et al.,
2002
[129]

Resveratrol
(uncoated
immediate-release
tablets)

Phase 1 clini-
cal trial

40
subjects

Healthy
adults

Pharmacokinetic
and metabolite
profile; resveratrol
had low bioavail-
ability; but sulfate
and glucuronide
metabolites were
abundant which
have unknown
efficacy; resvera-
trol did not cause
any serious side
effects

Boocock
et al.,
2007
[130]

(continued)
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3.2 Wnt/β-Catenin Signaling

Wnt binding to its ligand receptor inhibits the breakdown of β-catenin intracellular
protein, which is then transferred into the cell nucleus and interacts with transcription
factors belonging to TCF/LEF (T-cell factor/lymphoid enhancer factor) family. This
complex Wnt pathway affects cancer stem cells (CSCs), thus leading to tumorigen-
esis. Frizzled and LRP5/6 receptors play a major role in the Wnt signaling pathway
and they mediate their effects through two cytoplasmic proteins, dishevelled (DVL)
and axin [17–19].

Table 11.7 (continued)

Plant/
phytochemical
component

Clinical trial
type/phase N

Population
study/cancer
type Results Reference

Trans-resveratrol Phase 1 clini-
cal trial

9 Healthy
adults

Pharmacokinetic
and metabolite
profile. Resvera-
trol metabolites
have high affinity
for protein bind-
ing (up to 50%
protein bound)

Burkon
et al.,
2008
[131]

Trans-resveratrol Phase 1 clini-
cal trial

24 Healthy
adults

Pharmacokinetic
and metabolite
profile. Resvera-
trol was well tol-
erated by young
and elderly
subjects

Nunes
et al.,
2013
[132]

Resveratrol Phase 1 clini-
cal trial

42 Healthy
adults

Resveratrol mod-
ulates enzyme
systems involved
in carcinogen
activation and
detoxification;
resveratrol was
well tolerated

Chow
et al.,
2017
[133]

Resveratrol Phase 1 clini-
cal trial

40 Healthy
adults

Safety profile,
pharmacokinetics/
metabolite profile;
resveratrol caused
a reduction in
IGF-1 and
IGFBP-3 plasma
levels. 2.5 and
5.0 g caused mild-
to-moderate gas-
trointestinal
symptoms

Brown
et al.,
2010
[134]
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3.3 Janus Kinase/Signal Transducer and Transcription

Constitutive activation of JAK/STAT pathway is involved in the pathogenesis of
multiple neoplasms, including PC. JAK is a member of tyrosine kinase family,
which interacts with transcription factors called STAT inside the nucleus, thus
affecting many aspects of tumorigenesis, including cellular growth, survival, and
apoptosis [20, 21].

3.4 Raf/Mitogen-Activated Protein Kinase (MAPK)

MAPK is another pathway that is turned on by mutations in KRAS. Similar to other
pathways, persistent activation of MAPK plays vital roles in pancreatic cancer
development. This cascade consists of many serine/threonine kinases that are acti-
vated by extracellular molecules like growth factors and hormones, including RAS,
ERK (extracellular signal-regulated kinase), MEK, and RAF [22, 23].

3.5 Nuclear Factor Kappa-B (NF-κB) Signaling Cascade

NF-κB is persistently active in PC, mainly as a consequence of the KRAS mutation.
This signaling cascade involves overexpression of interleukin-1α (IL-1α), leading to
intranuclear translocation of NF-κB, which promotes inflammatory pathways
involved in chronic pancreatitis, ultimately leading to the initiation and progression
of pancreatic cancer [24, 25].

3.6 ATM

Ataxia telangiectasia-mutated (ATM) gene is another tumor-suppressor gene, which
codes for the ATM protein that is involved in maintaining a balance between cellular
activation and repair of the damaged cells. Alterations in this gene are also involved
in many types of malignancies, including PC [26].

3.7 Hedgehog

Hedgehog signaling is a major pathway involved in the activation of pancreatic stem
cells (Fig. 11.1). It includes three ligands for transmembrane proteins [Sonic hedge-
hog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh)], two receptors
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(Ptch1 and Ptch2), a signal transducer Smoothened (Smo), and three transcription
factors (Gli1, Gli2, and Gli3) which get upregulated and transferred into the cell
nucleus, thus regulating downstream gene expressions [27, 28]. In the absence of
ligand, Ptch1 suppresses the 7-(pass) transmembrane G-protein-coupled receptor
(GPCR)-like protein Smoothened (SMO). Ligand binding eliminates this inhibition
and allows the SMO to regulate a cytoplasmic complex containing suppressor of
fused (SUFU) that alters the three glioma-associated (Gli) transcriptional regulators,
which modulates target genes including Gli1, cyclin D1, Ptch1, Bcl-2, and
c-Myc [29].

3.8 Notch

The Notch signaling pathway includes four NOTCH transmembrane receptors that
are turned on when a Notch ligand binds to the designating receptor and goes

Fig. 11.1 The hedgehog pathway
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through multiple cleavages by various enzymes, thus mediating its effects by
modulating target genes [30].

4 Role of Phytochemicals in Pancreatic Cancer

Figure 11.2 summarizes the schematic representation of the mechanisms of actions
of different phytochemicals. Table 11.1 demonstrates natural sources and chemical
structures and briefly summarizes targets of phytochemicals mentioned below.

4.1 Resveratrol

Resveratrol is a naturally occurring polyphenol, found in red wine, grape skin,
peanuts, and berries, which possess anti-inflammatory and antioxidant properties
[31]. Multiple studies have demonstrated the beneficial effects of resveratrol on
many biological processes, including PC chemoprevention. This bioactive com-
pound interferes with various stages of tumor initiation and proliferation and has
been found to aim different signaling pathways in pancreatic malignancy such as
hedgehog, STAT3, Src, macrophage inhibitory cytokine-1 (MAC-1), leukotriene A4
hydrolase (LTA4H), and FOXO. Specifically, resveratrol can induce apoptosis in PC
cells by targeting the hedgehog pathway by decreasing the expression of pathway

Fig. 11.2 Schematic representation of the mechanisms of actions of different phytochemicals
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members such as Blc2, CCND1, Gli1, and Ptc1 [32]. Kotha et al. [33] established
that resveratrol inhibits the constitutive activation of STAT3 in PC cells by
suppressing the activity of Src tyrosine kinase. Resveratrol particularly targets PC
cells that carry constitutively active STAT3 oncogene and induces irreversible cell
cycle arrest in these cells [33].

FOXO transcription factors play an important role in resveratrol-mediated PC
growth inhibition. Resveratrol inhibits phosphorylation of FOXOs via inhibition of
PI3K/AKT and MEK/ERK signaling, thus enhancing their translocation to the
nucleus, binding to DNA and transcriptional activities, which induces apoptosis
via activation of caspase-3 leading to growth arrest by inducing p21/CIP1 and
p27/KIP1 and inhibiting cyclin D1, which are the downstream targets of FOXO [34].

The LTA4H is a bifunctional zinc metalloenzyme, which is overexpressed in
pancreatic cancer [35]. It enhances the hydrolysis of the epoxide leukotriene A4
(LTA4) to leukotriene B4 (LTB4), which promotes cancer cell proliferation [36]. Oi
et al. [37] showed that LTA4H is an important target for resveratrol-mediated
anticancer effects. Their report strongly supports that resveratrol directly binds to
LTA4H in vitro and inhibits proliferation and anchorage-independent growth of PC
by suppressing LTB4 production and expression of the LTB4 receptor
1 (BLT1) [37].

Resveratrol showed insignificant toxicity to normal pancreatic cells [38]. Resver-
atrol also sensitizes pancreatic cancer cells to the antineoplastic effect of gemcitabine
via downregulation of constitutive NF-κB activation and NF-κB-regulated gene
products, which are the markers of proliferation, invasion, angiogenesis, and metas-
tasis. Harikumar et al. [39] found that resveratrol significantly inhibits pancreatic
tumor growth in an orthotopic model of human PC cells ( p < 0.001) and that
gemcitabine further enhanced this effect ( p < 0.001). It suppressed the constitutive
activation of NF-κB and expression of gene products responsible for proliferation
(c-myc, cyclin-D1, COX-2), invasion (ICAM-1, MMP-9, CXCR4), angiogenesis
(VEGF), and survival (Bcl-2, Bcl-xL, survivin, XIAP) [39].

In humans, the oral absorption of resveratrol is about 75% and occurs primarily
by transepithelial diffusion. The oral bioavailability of resveratrol is considerably
low (less than 1%) due to extensive metabolism in the intestine and liver resulting in
decreased protective effects [40]. Therefore, efforts have been made to increase the
bioavailability of resveratrol by synthesizing its derivatives. Various
polymethoxylated resveratrol analogues exhibited stronger antiproliferative effects
than resveratrol in tumor cell lines [41].

Thipe et al. [42] reported a novel green nanotechnology method to produce
biocompatible resveratrol-conjugated gold nanoparticles (Res-AuNPs) to improve
bioavailability. The investigators explored the in vitro stability of Res-AuNPs in
pancreatic (PANC-1), breast (MDAMB-231), and prostate (PC-3) cancers. It has
been shown that Res-AuNPs increase the bioavailability of resveratrol in vivo to
optimize potential applications in cancer therapy [42]. Tables 11.5, 11.6, and 11.7
summarize selective in vitro studies, in vivo studies, and clinical trials of resveratrol
in pancreatic cancer, available in the medical field nowadays.
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4.2 Capsaicin

Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is a phenolic compound found in
chili peppers and is responsible for their burning and irritant effects. It has been
demonstrated that capsaicin induces apoptosis in PC cells via the generation of
reactive oxygen species (ROS) and mitochondrial disruption [43]. ROS are gener-
ated in cells mainly by mitochondrial electron transport chain complexes (ETC) and
mediate apoptotic signaling pathway.

Pramanik et al. [44] demonstrated that capsaicin produces ROS (superoxide
radical and hydrogen peroxide) by inhibiting mitochondrial complex I and complex
III activity and through depletion of ATP levels in BxPC-3 and AsPC-1 human
pancreatic cancer cell lines. Interestingly, capsaicin failed to induce apoptosis in
normal pancreatic epithelial (HPDE-6) cells, which implies that capsaicin is selective
towards malignant cells [44].

Cells maintain redox homeostasis through the balance between the generation of
intracellular ROS and ROS-scavenging antioxidants. Under normal physiological
circumstances, mitochondria carry adequate levels of antioxidants that prevent ROS
production and oxidative injury. Reduced glutathione (GSH) is an intracellular
antioxidant necessary to maintain intracellular redox balance. Capsaicin reduces
the intracellular levels of GSH and suppresses superoxide dismutase, catalase, and
glutathione peroxidase causing imbalanced redox homeostasis resulting in increased
oxidative stress [44]. Capsaicin causes mitochondrial damage and induces apoptosis
of pancreatic cells through mitochondrial ROS generation and depletion of intracel-
lular antioxidants. However, normal pancreatic epithelial cells are resistant to these
effects.

Apoptosis signal-regulating kinase 1 (ASK1), a member of the mitogen-activated
protein kinase kinase kinase family, is activated primarily by ROS. Activated ASK1
activates both MKK4/MKK7-c-Jun NH2-terminal kinase (JNK)- and MKK3/
MKK6-p-38 MAPK-signaling cascade [45]. ASK1 plays a major role in apoptosis,
specifically via oxidative stress. Thioredoxin (Trx) is a cellular redox enzyme that
directly inhibits ASK1. Trx overexpression has been found in several malignancies,
including PC [46]. It has been shown that capsaicin suppresses Trx expression
and causes dissociation of Trx-ASK1 complex leading to activation of ASK1 and
downstream effectors resulting in apoptosis in tumor cells in both in vitro and in vivo
models [47].

4.3 Green Tea

Green tea has been a famous beverage worldwide since ancient times. It is rich in
catechin polyphenols such as epigallocatechin-3-gallate (EGCG), epicatechin (EC),
and epicatechin-3-gallate (ECG), which have robust antioxidant activity and have
been investigated in cancer chemoprevention [48]. Tea polyphenols directly inhibit
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tumor cell growth through apoptotic properties, inhibition of angiogenesis, and
modulation of gene expression of heat-shock proteins. Among all catechins,
EGCG received the most attention as an anticancer agent. Some of them target
such molecules as STAT3, HSP90, and FAK that have been studied in PC.

HPAF-II is a well-differentiated human pancreatic ductal adenocarcinoma cell
line which carries a TP53 mutation with unlimited replicative capability and a high
metastatic potential [49]. Zhang et al. [50] treated HPAF-II cells with a green tea
extract (GTE) and identified that it altered 32 protein expressions, which were
involved in gene regulation, detoxification, metabolism, drug resistance, motility,
and molecular chaperones of cancer cells [50].

Heat-shock proteins are molecular chaperones that are constitutively expressed in
cells and control the normal folding, intracellular disposition, and proteolytic turn-
over of many of the main regulators of cell growth and survival. Hsp90 modulates
the maturation of different oncogenic proteins to maintain proliferation, metastasis,
and survival in pancreatic cancer [51]. Hsp75, the mitochondrial localized homo-
logue tumor necrosis factor receptor-associated protein 1 (Trap1), is the member of
the family of Hsp90 molecular chaperones whose role is to protect mitochondria
from the effects of oxidative stress. Tumor mitochondria have increased expression
of Trap1 compared to normal cells [52]. Hsp27 interacts with the main constituents
of the apoptotic signaling pathway, specifically those involved in caspase activation
[53]. The antiapoptotic effects of Hsp27 are responsible for the development of
resistance to chemotherapy in tumor cells [54].

It has been reported by using a proteomic approach that GTE simultaneously
suppressed the expression of Hsp90, Hsp75, and Hsp27. In addition, Zhang et al.
revealed that GTE suppressed Hsp90 target Akt activation and mutant p53 levels,
and caused PC cell apoptosis and growth suppression [50]. In vitro studies have
shown that EGCG inhibits cell proliferation; induces apoptosis via activation of
caspase-3 and caspase-9; induces proapoptotic Bax, Bak, and Bcl-Xs; and inhibits
antiapoptotic Bcl-2 and Bcl-XL [55]. Lyn-Cook et al. reported that EGCG sup-
presses the K-ras gene expression [56].

The AsPC-1 epithelial cell line is isolated from pancreatic tissue of a 62-year-old
Caucasian female patient with metastatic pancreatic adenocarcinoma. Through
in vivo studies, Shankar et al. [57] have demonstrated that EGCG inhibited the
growth of AsPC-1 xenografts in nude mice treated with ECCG at 60 mg/kg dose for
6 weeks via various mechanisms, such as decrease in neoplastic cell proliferation,
activation of caspase-3 and apoptosis, growth arrest (induction of p21WAF1), and
inhibition of angiogenesis (vWF, VEGF, and CD31) and metastasis (MMP-2, -7, -9,
and -12). The doses of EGCG (60 mg/kg) used are quite pertinent to those in human
studies [57]. Li et al. [58] recently reported that in human pancreatic cancer cell line
Mia Paca-2 EGCG binding to the C-terminal region of Hsp90 impairs Hsp90 super-
chaperone complex causing downregulation of its client oncogenic proteins Akt,
Her2, Cdk4, pERK, and Raf-1 [58].

Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that is
overexpressed in cancers and it has been shown that the inhibition of FAK activity
sensitizes malignant cells to apoptosis [59]. Not long ago, Liu et al. have determined

11 Molecular Pathways Involved in the Pathogenesis of Pancreatic Cancer: Role of. . . 247



that FAK and insulin-like growth factor 1 receptor (IGF-1R) interact to produce
survival signals in PC cells [60]. Vu et al. [61] have proved for the first time that
EGCG efficaciously suppressed phosphorylations of both FAK and IGF-1R in
human PC cell lines BxPC-3 and AsPC-1, associated with inhibition of cell adhesion
and proliferation [61]. Moreover, EGCG causes growth suppression and metastasis
of PC cells and leads to apoptosis by inhibiting the STAT3 signaling pathway. It in
addition enhances the therapeutic properties of gemcitabine [62].

Qanungo et al. have shown that EGCG dose-dependently generates stress signals
by injuring mitochondria and ROS-mediated JNK activation in MIA PaCa-2 PC
cells [63]. Other studies also demonstrated that EGCG interferes with the self-
renewal capability of PC stem cells by the inhibition of pluripotency maintenance
transcription factors (c-Myc, Nanog, and Oct-4) and the constitutes of sonic Hedge-
hog pathway. EGCG is useful in the PC prevention due to its antiproliferative,
antiangiogenic, antimetastatic, and proapoptotic abilities in vitro and in vivo but
further clinical studies are necessary to strengthen these findings in humans.

Not enough information is available regarding bioavailability and metabolism of
catechin polyphenols in humans. A recent pharmacokinetics study of tea polyphe-
nols in humans revealed that only a small percentage of the orally ingested catechins
appears in the blood. The relatively poor bioavailability of tea catechins needs to be
studied more extensively [64].

4.4 Curcumin

Curcumin, a natural polyphenolic compound, is derived from turmeric (Curcuma
longa), which has been generally used as a natural food pigment, and in traditional
health practice as an anti-inflammatory and antioxidant agent [65]. Curcumin targets
various molecular pathways in PC cells such as Notch-1, PI3K/Akt, NF-kB, Sp1,
WT1, COX-II, STAT3, and ATM/Chk1 [66–73]. Results from multiple studies
demonstrated that the anticarcinogenic effects of curcumin are primarily due to its
antiangiogenic properties, suppression of oxidative stress, and induction of apoptosis
(Tables 11.2, 11.3, 11.4, 11.5, and 11.6).

Studies have also reported NF-kB as a prime target of curcumin in different PC
models. The first report was presented by Li et al. [68], who determined that
curcumin downregulated NF-κB and its downstream effectors such as PGE2,
COX-2, and IL-8 in human PC cells in a dose- and time-dependent manner with
marked growth suppression and apoptosis [68].

Jutooru et al. [67] described that curcumin suppresses Panc28 and L3.6pL PC
cells and cancer growth in nude mice bearing L3.6pL cells as xenografts by
decreasing the expression of specificity protein (Sp) and Sp-dependent gene prod-
ucts. The p65 and p50 subunits of NF-κB are Sp-regulated genes and curcumin-
induced suppression of the constitutive and induced NF-κB expression is partially
because of downregulation of Sp transcription factors. The authors demonstrated
that curcumin reduced the expression of p50, p65 proteins, and NF-κB, and also
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decreased Sp1, Sp3, and Sp4 transcription factors, which are known to be constitu-
tively active in PC. The Sp transcription factors and NF-kB regulate several common
genes such as vascular endothelial growth factor, cyclin D1, and survivin. Further-
more, the mitochondrial toxicity of curcumin and the subsequent induction of ROS
in PC cells are the primary mechanisms of Sp downregulation [67].

Results from the study by Kunnumakkara et al. [74] showed that curcumin
potentiates the antitumor effects of gemcitabine in PC by inhibiting NF-kB and
NF-kB-regulated gene products, proliferation, and angiogenesis [74]. The constitu-
tive activation of STAT3 plays a major role in the neoplastic activities, such as
resistance to apoptosis, cell proliferation, angiogenesis, metastasis, and host immune
evasion [75].

Survivin, the member of the inhibitor of apoptosis protein family (IAPs), is
encoded by BIRC5 gene and occupies a key position because of its overexpression
in cancer cells [76]. Glienke et al. determined that the expression of survivin/BIRC5
on the mRNA and protein levels was significantly suppressed, and the phosphory-
lation of STAT3 was inhibited in PC cell lines which led to induction of
apoptosis [66].

Various derivatives of curcumin have been found to interfere with STAT3
signaling in PC. Lin et al. [77] demonstrated that diketone analogues of curcumin,
FLLL31 and FLLL32, effectively suppressed the STAT3 signaling in PC. They were
formulated to prefer interaction with both the Src homology 2 (SH2) domain of
STAT3 and its upstream activator, the JAK2 kinase, which serves important roles in
the STAT3 dimerization and signal transduction. The authors revealed that FLLL31
and FLLL32 derivatives of curcumin can effectively inhibit the constitutive signal-
ing of STAT3 in vitro, inducing apoptosis in PC cell lines. The authors also reported
that FLLL32 inhibits the processes of angiogenesis and tumor growth in vivo [77].

Hutzen et al. demonstrated that GO-Y030, which is a more potent synthetic
analogue of curcumin, inhibits the STAT3 phosphorylation and transcriptional
activity at considerably lower doses [78]. Sahu et al. [73] have shown that curcumin
can inhibit the proliferation of BxPC-3 human PC cell line through the DNA
damage-mediated G2/M cell cycle arrest and the induction of apoptosis via the
activation of ATM/Chk1/Cdc25C, and inhibition of the expression of cyclin
B1/Cdk1. Notably, curcumin had no effect on normal human pancreatic duct
epithelial cells (HPDE-6). The results of this study demonstrate that Chk1 is a
novel molecular target for curcumin in PC cells [73]. Recent data also suggests
that curcumin can profoundly alter cellular epigenetics, including histone
deacetylases (HDACs), histone acetyltransferases (HATs), and DNA
methyltransferases (DNMTs) [79–81]. Tables 11.2, 11.3, and 11.4 further summa-
rize selected preclinical and clinical studies related to curcumin in pancreatic cancer.
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4.5 Isothiocyanates

Isothiocyanates are derived from glucosinolates (abundant in cruciferous vegetables)
by hydrolysis via myrosinase enzyme (found in plants and bowel microflora).
Benzyl isothiocyanate (BITC) has been found to inhibit multiple key signaling
pathways, such as STAT3, NF-kB, AKT, and HDAC leading to PC growth sup-
pression [82–84].

NF-kappaB/p65 is constitutively expressed in PC, where it acts as an important
activator of transcription of multiple survival genes. Batra et al. [82] proposed that
BITC-induced apoptosis is caused by inactivation of NF-kappaB/p65 via in vivo and
in vitro inhibition of HDAC1/HDAC3. Researchers have evaluated the effect of
BITC on normal HPDE-6 cells, NF-kappaB/p65, BxPC-3, and Capan-2 cells and
revealed that exposure to BITC profoundly reduced NF-kappaB DNA-binding
ability and transcriptional activity, as well as the expression and activation of cyclin
D1, in both Capan-2 and BxPC-3 cells. Furthermore, BITC also caused a significant
reduction in the expression of HDAC3 in Capan-2 and HDAC1 and HDAC3 in
BxPC-3 cells [82].

STAT3 transcription factor is aberrantly activated in PC and promotes tumor
survival. Sahu et al. [83] demonstrated that BITC targets STAT3 signaling and
induces apoptosis leading to decreased survival of BxPC-3, Capan-2, AsPC-1, and
MiaPaCa-2 cells. It has been shown that BITC treatment reduces STAT-3 protein
levels (both total and activated), thus resulting in decreased STAT-3 DNA binding
and transcriptional activities [83].

Angiogenesis is primarily activated during hypoxia by neoplasm-derived vascu-
lar endothelial growth factor (VEGF) and hypoxia-inducible factor (HIF-1α).
STAT3 is essential for both the growth signal-induced and basal expression of
HIF-1α and presents a compelling target for inhibition of VEGF expression in
tumor cells [85]. Boreddy et al. [86] demonstrated that BITC substantially decreases
tumor neovascularization through the suppression of STAT-3, STAT-3-induced
HIF-1α, and VEGF expression. MMP-2 also plays a crucial role in tumor metastasis
and angiogenesis. BITC significantly suppresses MMP-2 secretion in both hypoxic
and normoxic BxPC-3 and PanC-1 cells [86].

Dysregulation of PI3K/AKT pathway causes uncontrolled proliferation in tumor
cells. When activated, the serine/threonine kinase AKT mediates an antiapoptotic
signal [87]. AKT regulates STAT3 and NF-kB, and therefore may represent a
promising target for BITC. It has been reported that BITC markedly reduces the
activation of AKT at Ser-308 and Ser-475, as well as inhibits the phosphorylation of
many key molecules of the PI3K/AKT pathway including mTOR, PI3K, and PDK1,
which leads to apoptosis in PC cells [84].

The FOXO family of transcription factors are important regulators of cell death
that function downstream of PI3K signaling pathway and they promote tumor
resistance and cell survival [88]. BITC inhibits FOXO phosphorylation and thus
leads to the accumulation of FOXO proteins in the nucleus, causing upregulation of
the FOXO transactivated pro-apoptotic protein Bim [84]. Furthermore, it has been
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reported that BITC promotes ROS generation. Sahu et al. revealed that ROS
generation can lead to the activation of various members of MAP kinase family,
such as P38, ERK, and JNK, causing apoptosis through G2/M cell cycle arrest
[89]. Nevertheless, further research is needed to better comprehend the mechanism
of BITC action in pancreatic cancer.

4.6 Soy Isoflavone (Genistein)

Genistein, a natural NF-kB inhibitor, has been demonstrated to enhance the effec-
tiveness of chemotherapeutic drugs in pancreatic BxPC-3 cells [90]. Cancer stem
cells (CSC) typically constitute a small fraction of total tumor cells and have the
capacity for self-renewal and multipotency and as a result contribute to tumor
growth, metastasis, resistance to treatment, and recurrence [91]. Also, genistein
has been found to inhibit miR-27a, which is an oncogenic microRNA, and hence
inhibits PC cell growth and induces apoptosis [92]. Therefore, isoflavones are
considered promising agents for the treatment of PC by targeting multiple signaling
pathways, such as the EMT and CSC phenotypes.

4.7 Quercetin

Quercetin is a flavonoid found mainly in fruits and vegetables. Zhou et al. reported
that quercetin decreases the self-renewal properties of PC stem cells in vitro and
in vivo via inhibition of aldehyde dehydrogenase-1 activity and suppression of
epithelial-mesenchymal transition [93]. Tang et al. [62] found that quercetin
enhances the inhibitory effects of EGCG on the self-renewal ability of PC stem
cells through modulation of the Sonic hedgehog pathway. Cao et al. discovered that
quercetin also downregulates the β-catenin in PC stem cells, impeding their capacity
for self-renewal [94]. Furthermore, Appari et al. [95] described the complementary
effects of quercetin, sulforaphane, and EGCG in decreasing the ability for self-
renewal in PC stem cells, compared with individual dietary agents, and showed
that they upregulate miR-let7-a and inhibit K-ras [95].

4.8 Conclusions, Limitations, and Future Perspectives

Pancreatic malignancy is a major cause of cancer death in the United States. The
average 5-year survival rate for PC remains extremely low despite current therapeu-
tic options. There is a dire need for research to develop novel and effective treat-
ments. Phytochemicals are an emerging source for the discovery of new
antineoplastic agents, which have shown many promising antineoplastic effects
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and have demonstrated success in in vitro and preclinical studies. Among the
phytochemicals that show promise in pancreatic cancer are curcumin, resveratrol,
quercetin, soy isoflavone (genistein), isothiocyanate, green tea, and capsaicin. In
vitro research has advanced our comprehension of the molecular pathways that
underlie the anticancer effects of these agents. However, there is a remaining gap
in preclinical studies that compromises the use of phytochemicals in clinical prac-
tice. The inability to reproduce similar effectiveness of these agents in in vivo
models including animal and human studies has been limited by numerous factors
such as solubility, stability, lack of selectivity, and mostly poor bioavailability which
would require higher and more frequent doses in in vivo studies that may lead to side
effects. Moreover, the activity of these agents gets compromised further by the
methods of their extraction and purification processes. Another aspect of using
phytochemicals that has been considered a limitation is the lack of target specificity,
but it has been more and more realized that such lack of specificity and multitargeted/
pleiotropic effects of phytochemicals underline the indispensable quality of these
anticancer agents. Additionally, combinations of the anticancer phytochemicals
should be explored as they may be more effective than single agents alone.

Given the promises that these phytochemicals offer as anticancer agents, we must
conduct more studies including clinical trials to further explore the pharmacokinet-
ics, ideal dosages, adverse effects, drug interactions, and long-term safety of these
agents. We also need to improve study designs to overcome methodological flaws
such as the lack of appropriate control or placebo, small sample sizes, and short
duration of trials. Future endeavors should also focus on improving methods of
extraction/purification of these substances, improving drug delivery and bioavail-
ability, and improving target selectivity. Continued efforts must be made towards the
synthesis of novel analogues of phytochemicals to increase their bioavailability and
efficacy, creation of formulations to selectively and more effectively deliver phyto-
chemicals to their intended target organ/tissue, and lastly formulation of innovative
delivery systems that can improve the pharmacokinetics of anticancer agents. The
emergence of nanotechnology has expanded the horizon of anticancer therapy
including phytochemicals’ use as anticancer agents. The utilization of biocompatible
and biodegradable nanoparticles represents novel delivery strategies to improve
solubility, stability, and bioavailability of phytochemicals in pancreatic cancer.
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Chapter 12
Role of Dietary Supplementation of Natural
Products in the Prevention and Treatment
of Liver Diseases

Sathish Kumar Mungamuri and Yamini Javvadi

Abstract The practice of medicine using either natural agents as they are or
derivatives of natural products for treating the human diseases is commonly referred
to as “natural medicine” or “naturotherapy.” The usage of naturotherapy has been
there for thousands of years for many human diseases. Naturopathy medication, by
definition, must exist in the nature, and is generally used without addition of any
chemicals, without or with marginal processing. Herbs, diet supplements, plant
derivatives, nutrient supplementation, etc. generally fall into the category of natural
medication. Liver, being the most important in detoxification of chemicals and major
regulator of body energy storage and expenditure as well as the central hub of
metabolic activity, is constantly under the pressure of getting damaged. Humans
encounter many liver diseases like alcoholic liver disease, nonalcoholic fatty liver
disease, nonalcoholic steatohepatitis, cirrhosis, hepatitis, and cancer. The prevalence
of liver diseases is increasing each year, demanding the high need for developing
effective therapies. Although, over the years, we have achieved a considerable
advance in liver disease prevention, screening, diagnostic, and treatment methodol-
ogies, the rate of liver diseases is in continuous rise. In addition, because targeted
therapy for liver diseases is not much successful till now, the appreciation related to
traditional herbal medicine is constantly increasing. In this chapter, we discuss
briefly few of the herbal plants, which showed efficacy in in vitro studies. We also
highlight the preclinical evaluation undertaken for each of these plants towards the
goal for healing a variety of liver diseases.
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Abbreviations

ACP Acid phosphatase
ALD Alcoholic liver disease
ALP Alkaline phosphatase
ALT Alanine transaminase
AST/SGOT Serum glutamic-oxaloacetic transaminase
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCV Hepatitis C virus
LC Liver cirrhosis
LP Liquid paraffin
LPS Lipopolysaccharide
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
PPARα Peroxisome proliferator-activated receptor-alpha
SREBP-1 Sterol-regulatory element-binding protein-1

1 Introduction

Liver is the largest gland of the body weighing about 1.4 kg in average adult. The
most impressive fact about liver is its potency to regenerate completely even with a
minimum of 1/4th of the tissue remaining, without interruption of its functions. It has
both secretary and excretory functions such as (1) metabolism of carbohydrates,
proteins, and lipids; (2) storage of vitamins and minerals; (3) processing of drugs and
hormones; (4) synthesis of bile salts; (6) supporting blood clot formation; (7) phago-
cytosis; (8) hematopoietic function; (9) hemolysis; (10) activation of vitamin D; and
(11) excretion of bilirubin. It is not of much surprise that liver is more prone to
diseases, as it performs many multidimensional functions. Intake of high-fat diet,
high alcohol consumption, and exposure to harmful pollutants/carcinogens often
lead to various chronic liver diseases like hepatitis (HBV or HCV related), ALD,
NAFLD, NASH, LC, and HCC in humans. With each passing year, there has been
increasing evidence supporting a very high prevalence of these liver diseases; among
that HCC is the sixth most commonly diagnosed cancer and fourth leading cause of
cancer deaths worldwide and it alone contributes to 782,000 deaths in 2018.
According to the GLOBOCAN reports 841,000 new cases were reported with
HCC in 2018 [1]. In a meta-analysis, the global prevalence of NAFLD is 25.2%
and NASH is between 1.5% and 6.5% [2]. A modeling study conducted in the
United States estimated that the prevalence of NASH will increase up to 63% by
2030, which ultimately leads to increased incidence of NASH-related diseases like
cirrhosis, HCC, and deaths [3]. Although there are great advances in the prevention,
screening, and novel technologies in the diagnosis and treatment, the survival rate

262 S. K. Mungamuri and Y. Javvadi



remains low. The efficiency of current synthetic therapeutic agents like cisplatin,
5-fluorouracil, doxorubicin, orlistat, sibutramine, and rimonabant in treating chronic
liver disease is not satisfactory and these chemicals have undesirable side effects.
Moreover, some diseases like NAFLD and NASH have no FDA-approved therapy
till date [4]. Thus, in order to prevent and treat these liver diseases, effective
medications and treatment strategies need to be developed. In that scenario, plants
and plant derivatives seem like torchbearer to the modern research. There is a
constant increase in the research investment in traditional herbal medicine, which
was previously underappreciated. In this chapter, we briefly discuss various herbal
plants, which showed efficacy in in vitro studies, as well as highlight their preclinical
evaluation for treating various liver diseases (Table 12.1).

1.1 Andrographis paniculata (Burm. f.) Nees
(A. paniculata)

Andrographis paniculata (Acanthaceae), commonly known as the “king of bitters,”
is a renowned hepatoprotective and hepatostimulant agent [5]. Along with its
hepatoprotective activity, this plant is also traditionally used for curing diabetes
[6], malaria [7], and snake bite. Protective effects of this plant are credited to the
presence of major phytoconstituents “andrographolide and arabinogalactan” [8].

Preclinical Studies Preclinical studies by Singha et al. proved that intraperitoneal
administration of andrographolide and arabinogalactan protein of A. paniculata is
responsible for hepatoprotective effects. Reduction in the levels of biochemical
parameters (AST, ALT, ACP, ALP, and LP) in the liver and kidneys is indicative
of its benefit [8]. There are studies reporting that A. paniculata exhibits
hepatoprotective effects against thioacetamide (TAA)-induced hepatic fibrogenesis
and cirrhosis in rats by decreasing collagen production and inflammation response in
the mice [9, 10]. It was reported that, in adult male rats, ethanol extracts of
A. paniculata inhibit intrahepatic cholestasis by regulating the NF-κB signaling
[11]. The treatment with andrographolide protects the liver from H2O2 and LPS/D-
GalN-induced liver damage [12, 13].

1.2 Amaranthus spinosus Linn

Amaranthus spinosus L. (Amaranthaceae) commonly known as “chaulai” is an
annual herb distributed all over the world. The leaves of A. spinosus have high
medicinal value. It is used to ward off swelling around stomach and to cure hepatic
disorders, jaundice, scanty urine, and wounds [14, 15]. A. spinosus is well known for
its antimalarial [16] and antioxidant properties [17]. A. spinosus comprises a number
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of bioactive components like kaempferol, diglycosides, quercetin, amaranthine,
isoamaranthine, betanin, isobetanin, and hydroxycinnamates [18].

Preclinical Studies In an in vivo study by Hussain et al., alcoholic extract of
A. spinosus showed potential hepatoprotective activity [19]. Results of yet another
finding revealed that 50% of ethanolic whole-plant extract of A. spinosus protects the
liver against D-galactosamine/LPS-induced liver injury in rats [20]. All these results
signify the potential application of this herb for treatment against liver problems.

1.3 Cynara cardunculus

Cynara cardunculus L. (Asteraceae), generally known as artichoke, is a perennial
thistle. This plant is vastly distributed in Southern Europe, where it is consumed as
vegetable and is also formulated in herbal tea. The extracts of C. cardunculus have
been widely used since decades in folk medicine to treat hepatitis, diabetes, rheu-
matism, urinary stones, and various hepatobiliary diseases. It also has hypolipidemic
and hypoglycemic effects [21]. Artichokes are classified as functional food [22], and
the edible flower of artichoke is known to have a health protective potential and also
strengthens the liver and gallbladder functions [23]. The major components of
artichoke are naringenin, apigenin glycosides, luteolin-7-glucoside, and high levels
of inulin [21, 22].

Preclinical and Clinical Studies Both in vitro and in vivo studies have reported the
hepatoprotective, anticarcinogenic, and hypocholesterolemic functions of Cynara
cardunculus [24, 25].

1.4 Cichorium intybus

Cichorium intybus (Asteraceae), commonly known as chicory, is a perennial herba-
ceous plant. In Ayurvedic medicine, chicory seeds are used in hepatobiliary disor-
ders and in Persian folk medicine and the seeds and leaves of C. intybus are
considered as hepatoprotective and antidiabetic [26]. The phytochemical esculetin
is a phenolic compound of C. intybus [27].

Preclinical Studies In an in vivo study, it was reported that the extracts of
C. intybus seeds, root, and root callus showed hepatoprotective activity against
acetaminophen and CCl4-induced hepatic damage [28, 29]. Pretreatment of rats
with esculetin also prevented CCl4 and paracetamol-induced hepatic injury
[27]. Cichotyboside is a component isolated from the seeds of C. intybus, and
exhibited hepatoprotective activity similar to silymarin against CCl4-induced toxic-
ity in Wistar rats [30]. Ziamajidi et al. showed that chicory seed extracts will have
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ameliorative affect against oleic acid-induced non-alcoholic fatty liver disease
NAFLD/NASH via modulation of PPARα and SREBP-1 [31].

1.5 Curcuma longa L.

Curcuma longa L. (Zingiberaceae) is commonly known as turmeric, wherein
curcumin is the main active ingredient. It has been used since ages in the Indian
subcontinent to treat various illnesses such as rheumatism, body pains, skin diseases,
intestinal worms, diarrhea, intermittent fevers, hepatic disorders, biliousness, urinary
discharges, dyspepsia, inflammations, constipation, leukoderma, amenorrhea, and
colic. This research is much focused on curcumin, because of its potentiality to treat
many diseases without any side effects. Curcumin has the ability to treat a wide
variety of inflammatory diseases, cancer, diabetes, cardiovascular diseases, arthritis,
Alzheimer’s disease, psoriasis, etc., through modulation of numerous molecular
targets [32]. This provides a rational molecular basis to use Curcumin for treating
hepatic disorders [33].

Preclinical Studies It was reported that curcumin protects from liver injury induced
by ethanol, thioacetamide, iron overdose, cholestasis, and acute subchronic and
chronic CCl4 intoxication. Furthermore, it can reverse CCl4-induced cirrhosis to
some extent [33]. Curcuma longa extracts also reduced the visceral fat and delayed
pathogenesis in HBV-X protein transgenic mice [34]. The administration of
curcumin had also reduced the hyperplastic nodules, liver damage markers, body
weight, and hypoproteinemia in the liver of diethyl-nitrosamine/phenobarbital-chal-
lenged Wistar rats. It also demonstrated anticancer activity against chemical-induced
hepatocarcinogenesis [35].

1.6 Cassia occidentalis

Cassia occidentalis (Fabaceae) is also known as Senna coffee/Negro coffee and it is
a communal wild plant. This plant is considered as an important ingredient of several
polyherbal preparations marketed for liver diseases. This plant has several biological
activities such as blood purification, anti-allergic, anti-inflammatory, antioxidant
[36], antinociceptive, antifungal, antidiabetic, hepatoprotective, hypolipidemic,
and anti-atherosclerogenic activities [37]. C. occidentalis is also traditionally used
to cure hepato-myo-encephalopathy and skin diseases like psoriasis and leprosy
[38]. Bioactive constituents are mainly achrosin, aloeemodin, cassia occidentanol I,
cassia occidentanol II, emodin, anthraquinones, anthrones, apigenin, aurantiobtusin,
campesterol, cassiollin, chryso-obtusin, chrysophanic acid, chrysarobin,
chrysophanol, and chrysoeriol.
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Preclinical Studies Jafri et al. demonstrated the hepatoprotective role of aqueous
ethanolic extract of leaves of C. occidentalis against paracetamol-induced liver
injury. The conclusive remark was in the favor of significant hepatoprotection [39].

1.7 Citrus paradise

The common name of Citrus paradise (Rutaceae) is grapefruit. Grapefruit is prized
for its high content of vitamin C, folic acid, phenolic acid, potassium, calcium, iron,
limonoids, terpenes, monoterpenes, and D-glucaric acid. It is an incredible source of
many phytochemicals and nutrients that contribute to a healthy diet. Naringin is the
flavonoid in greatest concentration in the grapefruit, and in humans it is metabolized
into naringenin [40, 41]. β-Carotene and lycopene are present in red and pink
grapefruit varieties. It has been used in traditional medicine for its antimicrobial,
antifungal, anti-inflammatory, antioxidant, antiviral, anticarcinogenic, and anti-
allergic properties [42, 43].

Preclinical Studies The study conducted by Lee et al. revealed so many interesting
facts about naringenin and its future perspectives. Oral administration of naringenin
notably diminished DMN-induced hepatic damage in rats. It also restored natural
protein levels. Finally they concluded that naringenin had anti-fibrinogenic and
hepatoprotective effects, suggesting that it could be useful in the treatment of hepatic
fibrosis [44]. It was reported that the administration of naringenin to rats with
ethanol-induced liver injury considerably decreased the levels of ALT, AST, and
thiobarbituric acid-reactive substances and significantly increased the levels of
antioxidant enzymes. Further, in their study these biochemical parameters correlated
well with the histological changes [45]. In a similar study, it was proved that
naringenin ameliorated the cadmium-induced oxidative damage in the rat liver
[46]. Taken together these findings suggest that naringenin has a therapeutic poten-
tial to treat liver diseases.

1.8 Crocus sativus L.

Crocus sativus L. belongs to Iridaceae family and it is native to Asia. The dried
stigmas of C. sativus are known as saffron, and have been used as flavoring agent
since ancient times. It has been used to treat various diseases like insomnia, cognitive
defects, cardiovascular diseases, and cancer. The therapeutic efficiency of saffron is
mainly due to its major bioactive derivatives crocin, crocetin, picrocrocin, and
safranal [47, 48]. The research over the past few years revealed that saffron plays
a dominant role in the pathophysiology of some important pathological conditions
like atherosclerosis, metabolic syndrome, liver cancer, neurodegenerative diseases,
asthma, and allergy.
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Preclinical Studies Recently, the results of an in vivo comparative study of anti-
cancer activity between saffron extracts and its bioactive component crocetin dem-
onstrated that crocetin was more potent in inducing cytotoxicity in cancer cells than
saffron extracts. The overall highlight of this research is that crocetin is a potential
anticancer agent that can be used for cancer prevention and treatment [49]. In an
in vivo study, crocin showed hepatoprotective activity against the oxidative stress
and inflammation caused by methotrexate [50]. It was reported that the pretreatment
with Crocus sativus petals guards the liver from the damage caused by acetamino-
phen in animal models [51]. Crocin administration also showed hepatoprotective
activity against the liver damage induced by morphine [52].

1.9 Daucus carota

Daucus carota (Apiaceae) is the scientific name of carrot. Carrot is called as
vitaminized food due to the presence of numerous phytonutrients like phenolics,
polyacetylenes, carotenoids, and ascorbic acid [53]. They are considered as a
functional food with significant health-promoting properties. D. carota is the excel-
lent source of vitamin A to treat night blindness. Besides its antioxidant property, it
also has anticancer [54, 55], antimutagenic, chemopreventive, photoprotective, and
immune-enhancing properties and is also able to activate the platelets [56].

Preclinical Studies The methanolic extracts of Daucus carota seeds had showed
hepatoprotective and antioxidant activity against thioacetamide-induced oxidative
stress in experimental rat models (Singh, [57]). Bishayee et al. demonstrated that
carrot extract offers a significant hepatoprotective activity against CCl4-induced liver
damage in experimental animals [58].

1.10 Eclipta alba

Eclipta alba (Asteraceae) commonly known as bhringaraj is a perennial shrub
mostly found in moist tropical countries. E. alba contains alkaloids, flavonoids,
glycosides, polyacetylenes, and triterpenoids. Wedelolactone and demethyl
wedelolactone are coumestan and are also mainly found in Eclipta alba. In tradi-
tional medicine, it is extensively used for treatments such as to grow hair, for
gastrointestinal disorders, and also as hepatoprotective and neuroprotective agent
[59, 60].

Preclinical Studies The coumestan constituents of E. alba showed potent anti-
hepatotoxic activities in CCL4-, galactosamine-, and phalloidin-induced liver dam-
age in animal models [61]. In a recent study by Naik et al., E. alba showed protective
activities against hyperlipidemia induced by high-fat diet in animal models [62].
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1.11 Ficus carica

Ficus carica (Moraceae), commonly known as fig, is a small tree grown in many
countries. It has many nutritive and medicinal properties and it was widely used in
ancient systems of medicine as an antibacterial, antifungal, antioxidant, and antiviral
agent. Every part of this plant has a unique medicinal value. Fig fruit and roots are
used to cure indigestion, anorexia, cardiovascular problems, and cancers. In addi-
tion, fig leaf is also used against the anemia [63]. F. carica leaves are reported to
have high phenolic substance, organic acid content, and antioxidant potential than
fig pulp and crusts [64]. F. carica is useful in treating liver and spleen disorders, and
gout and leaves are especially used for treating jaundice. Furanocoumarins, psoralen,
and daidzein are the phytoconstituents of F. carica leaves [65].

Preclinical Studies Gond and Khadabadi had reported that the petroleum ether
extracts of fig leaves provided promising results in the treatment of rifampicin-
induced hepatic damage in rat models [66]. Recently, in an in vivo study,
F. carica has been shown to play a modulatory protective role in the liver and
kidney against γ-irradiation. These authors have recommended that F. carica should
be included in everyday diet [67].

1.12 Fumaria indica

Fumaria indica (Fumariaceae) is commonly called as parpata. It is a small annual
herb that widely grows in plain sand lower hills. It has been used as a liver-protective
agent. However the limited evidence suggests that more research should be carried
out. The active components of Fumaria indica are protopine and fumariline
[68]. F. indica is used as a blood purifier in skin diseases, styptic and febrifuge,
and is also used in the disorder of liver in folk medicine. However, overdose of
F. indica may cause diarrhea [69].

Preclinical Studies Rathi et al. in their study showed that butanol extracts of
F. indica lead to hepatoprotection [70]. The effect of methanolic extract of Fumaria
indica was evaluated in albino rats and the results demonstrated the anti-hepatotoxic
activity of monomethyl fumarate [71].

1.13 Ginkgo biloba L.

Ginkgo biloba L. (Ginkgoaceae) is also known as maidenhair tree. The leaves of
G. biloba occupied a unique status in Chinese traditional medicine. Ginkgo is widely
used to cure Alzheimer’s and dementia, and this plant has cardioprotective,
anti-asthmatic, antioxidant, antidiabetic, hepatoprotective, photoprotective, and
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anti-inflammatory activities [72–74]. Flavonol glycosides (quercetin, kaempferol,
and isorhamnetin), shikimic acid, bilobanone, and ginkgolides are the
phytoconstituents of G. biloba. Ginseng is a widely used drug derived from Ginkgo
biloba. There are numerous studies showing the hepatoprotective activity of
G. biloba [75]. However, in certain cases, it has been shown to cause skin allergic
reactions [76].

Preclinical Studies Naik and Panda had reported that the oral administration of
Ginkgo biloba phytosomes (GBP) showed remarkable hepatoprotection proportion-
ate to silymarin [73]. In another finding, GBP exhibited hepatoprotective effects
against CCl4-induced oxidative damage [77].

1.14 Glycyrrhiza glabra

Glycyrrhiza glabra (Fabaceae) is commonly known as licorice. Glycyrrhiza species
are the most important herbaceous plants in traditional Chinese medicine. G. glabra
has diverse pharmacological activities [78]. Hippocrates prescribed G. glabra for the
treatment of chest diseases, including dry cough and asthma. Glycyrrhizin is the
major bioactive constituent and is mainly found in theG. glabra root. Glycyrrhizin is
anti-inflammatory and antiviral by nature. It has been used for the treatment of
chronic hepatitis and tumors and for the protection of liver functions. Glycyrrhizin
had a protective effect against immunosuppression and an effect of reducing the
incidence of sodium and water retention [79]. There are no obvious side effects
reported.

Preclinical studies Intraperitoneal administration of glycyrrhizin and epidermal
growth factor (EGF) has been shown to stimulate both liver regeneration and
recovery of liver functions in rats after the surgical removal of 70% of the total
liver [80]. Glycyrrhizin also protects the liver from LPS [81] and CCl4-induced liver
damage [82]. In an in vivo study, glycyrrhizin has been found to suppress the release
of HCV particle, when it is used alone or combined with interferon [83]. In a similar
study, glycyrrhizin inhibited the liver inflammation in concanavalin-A (Con A)-
induced hepatitis mice model, which closely imitated the pathology of human
autoimmune hepatitis [84]. In a clinical study, it was reported that lamivudine
combined with glycyrrhizin is effective in controlling HBV replication in cancer
patients [85]. Overall, it is noteworthy that glycyrrhizin has the therapeutic potential
to prevent liver injury and hepatitis.

1.15 Phyllanthus emblica

Phyllanthus emblica (Phyllanthaceae) is commonly called as amla (Indian goose-
berry). Amla is an Indian indigenous system of medicine and has eminent position in
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traditional medicine all over the world. Every part of this plant has significant
medicinal value. The fruits have been widely used to treat liver disorders, diabetes,
cancer, diarrhea, jaundice, inflammation, blood pressure, sore throat, dry mouth,
indigestion, abdominal pain, and cough [86]. Tannins, flavonoids, vitamins, amino
acids, and carbohydrates are the most important constituents of P. emblica. Among
those, hydrolyzable tannins (e.g., gallic acid, ellagic acid, corilagin, chebulagic acid,
and geraniin) are predominant active constituents of P. emblica [87].

Preclinical Studies In a recent study, it was reported that the water extract of
P. emblica fruits shows a protective effect on high-fat diet-induced NAFLD in SD
rats [88]. Further, it significantly decreased fat accumulation and ROS production in
HepG2 cells and also inhibited hepatic fibrosis in HSC-T6 cells [88]. There are a
number of studies reporting that gallic acid protects the liver from injuries induced
by various hepatotoxic agents, including paracetamol, sodium fluoride, cyclophos-
phamide, and carbon tetrachloride in vivo [89–92]. Hsu and Yen proved that intake
of gallic acid reduces dyslipidemia and hepatosteatosis in high-fat diet-induced rats
[93]. In a similar study, Chao et al. found that gallic acid ameliorates the NAFLD
pathogenesis [94]. Like gallic acid, ellagic acid also showed hepatoprotective
activity against paracetamol-, CCl4-, alcohol-, D-galactosamine-, and
concanavalin-induced hepatocarcinogenesis as well as showed antiviral properties
against HBV and HCV, in murine models [95]. Corilagin was also identified to be
highly effective in retarding the growth of xenografted Hep3B hepatocellular carci-
noma cells [96].

1.16 Picrorhiza kurroa

Picrorhiza kurroa (Plantaginaceae) is one of the oldest medicinal plants commonly
known as kutki. The root extracts of P. kurroa possess strong hepatoprotective
activity [97]. P. kurroa includes chemical components such as picroside I, picroside
II, and iridoid glycosides D-mannitol, cucurbitacins, kutkiol, kutki sterol, and
apocynin, which are powerful anti-inflammatory agents and platelet aggregation
reducers. The mixture of kutkoside and picroside I is known as picroliv. Picroliv is
a highly active component of root extracts and it is primarily involved in the
regeneration of liver parenchyma cells, protein, and nucleic acid synthesis and
stimulates immune response during acute and chronic toxicity [98]. Since decades
P. kurroa has been used in the treatment of anemia, asthma, obesity, malaria,
stomach ache, fever, immune disorders, skin diseases, bronchial asthma, as well as
viral hepatitis. It is a powerful anti-inflammatory, a cathartic, and a cholagogue
agent. Picroliv and vimlin are the commercially available herbal products of
P. kurroa. No harmful side effects have been reported yet.

Preclinical Studies Picroliv exhibits a strong hepatoprotective activity against
aflatoxin B1 (AFB1)-induced hepatotoxicity [99]. In an in vivo study picroliv
ameliorated the effect of cadmium-induced hepatotoxicity [100].
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1.17 Scutellaria baicalensis Georgi

Scutellaria baicalensis Georgi (Lamiaceae) is often referred to as golden herb/skull
cap and Huang-Qin (Chinese) and it is native to East Asian countries with over
2000 years of history. The wide array of pharmacological activities of Scutellaria
baicalensis Georgimade the plant to be named in two ancient books, namely (1) The
Classic of Herbal Medicine (written between 200 and 250 AD) and (2) Compendium
of Materia Medica (published in the year 1593). Scutellaria baicalensis Georgi is
used in the treatment of cold, lung and liver problems [101], diarrhea, dysentery,
hypertension, hemorrhaging, insomnia, and respiratory infections. It shows antiviral,
anticarcinogenic, free radical scavenging, antioxidant, immunostimulatory, and
antiproliferative effects on vascular smooth muscle cells and hepatic stellate cells
[102, 103]. Baicalein, wogonin, and wogonoside are the known flavonoids of
S. baicalensis. Baicalein is widely explored for its medicinal properties and it is
the important component of Xiao Chai Hu Tang (Chinese) or Sho-saiko-to (SST,
Japanese) herbal formulations prescribed for human liver diseases [104, 105].

Preclinical Studies In an in vitro study, baicalin was proved to be able to protect
hepatocytes from oxidative stress [106]. A growing number of studies had confirmed
that baicalin offers hepatoprotective activity against liver injury [107–110].

1.18 Silybum marianum

The common name of Silybum marianum (Asteraceae) is milk thistle. The fruit of
S. marianum contains silymarin, which is responsible for its hepatoprotective activ-
ity. Silymarin is a complex mixture of silychristin, silybin, and silymarin
[111]. Silymarin is well recognized for its four main functions: (1) free radical
scavenging activity, (2) membrane permeability regulation, (3) stimulation of
DNA polymerase I, and (4) regeneration of liver cells and protein synthesis
[112]. The extracts of this plant are used as liver tonics in traditional medicine to
prevent hepatotoxicity and to solubilize the gallstones. This plant is also used for
treating alcoholic liver disease, acute and chronic viral hepatitis, diabetes, hay fever,
inflammation, and constipation. Legalon is a commercially available product of
S. marianum being used in liver ailments. Mild laxative effects are reported in
patients with silymarin sensitivity (Table 12.1).

Preclinical Studies Salam et al. reported that the administration of silymarin in
combination with MSP showed protective activity against the CCl4-induced hepa-
tocellular necrosis [113]. A similar study conducted by Kim et al. provided evidence
that the mixture of aloe vera and Silybum marianum, and Ginkgo biloba and Silybum
marianum, had hepatoprotective effects against chronic and acute lesions induced by
the organochlorine (OC) compound and N-nitrosodiethyl-amine (NDEA), respec-
tively [114]. Silymarin reduces the liver injury caused by acetaminophen, CCl4,
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Table 12.1 List of herbal plants showing promise towards treatment of various liver diseases

S. no.
Name of the
plant

Part
used

Chemical constituent/
active component

Animal
model Hepatotoxic agent

1 Amaranthus
spinosus
(Amaranthaceae)

Whole
plant

Amaranthine,
isoamaranthine
kaempferol,
diglycosides, querce-
tin, betanin,
isobetanin,
hydroxycinnamates

Rats LPS/D-GalN

2 Andrographis
paniculata
(Acanthaceae)

Whole
plant

Andrographolide and
arabinogalactan

Rats Thioacetamide
(TAA), hydrogen
peroxide, and
LPS/D-GalN

3 Cynara
cardunculus
(Asteraceae)

4 Cichorium
intybus
(Asteraceae)

Seeds
and root

Esculetin,
cichotyboside

Rats Acetaminophen and
CCl4. Oleic acid-
induced NAFLD

5 Curcuma longa
(Zingiberaceae)

Root Curcumin Rats
and
mice

Thioacetamide,
iron, and CCl4

6 Cassia
occidentalis
(Fabaceae)

Leaves Achrosin, aloeemodin,
cassia occidentanol I,
cassia occidentanol II,
emodin, anthraqui-
nones, anthrones,
apigenin,
aurantiobtusin,
campesterol,
cassiollin, chryso-
obtusin, chrysophanic
acid, chrysarobin,
chrysophanol,
chrysoeriol

Rats Acetaminophen

7 Citrus paradise
(Rutaceae)

Fruit
peel

Naringin Rats DMN and cadmium

8 Crocus sativus
(Iridaceae)

Dried
stigmas
of flower

Crocin, crocetin,
picrocrocin, and
safranal

Rats Methotrexate, acet-
aminophen, and
morphine

9 Daucus carota
(Apiaceae)

Seeds
and
roots

Phenolics,
polyacetylenes, carot-
enoids, and ascorbic
acid

Rats Thioacetamide and
CCl4

10 Eclipta alba
(Asteraceae)

Whole
plant

Coumestan
(wedelolactone and
demethyl
wedelolactone)

Rats Carbon tetrachlo-
ride, galactosamine,
and phalloidin

(continued)
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Table 12.1 (continued)

S. no.
Name of the
plant

Part
used

Chemical constituent/
active component

Animal
model Hepatotoxic agent

11 Ficus carica
(Moraceae)

Roots,
leaves,
and fruit

Furanocoumarins,
psoralen, and daidzein

Rats Rifampicin and
gamma radiation

12 Fumaria indica
(Fumariaceae)

Whole
plant

Protopine and
fumariline

Rats Carbon tetrachlo-
ride, paracetamol,
and rifampicin

13 Ginkgo biloba L
(Ginkgoaceae)

Seeds
and
leaves

Shikimic acid,
bilobanone, and
ginkgolides

Rats CCl4

14 Glycyrrhiza
glabra
(Fabaceae)

Roots Glycyrrhizin Rats
and
mice

LPS, CCl4, and
concanavalin-A

15 Phyllanthus
emblica
(Phyllanthaceae)

Fruit Gallic acid, ellagic
acid, corilagin,
chebulagic acid, and
geraniin

Rats Paracetamol,
sodium fluoride,
cyclophosphamide,
carbon tetrachlo-
ride, and
concanavalin

16 Picrorhiza
kurroa
(Plantaginaceae)

Root Picroside I, picroside
II, and iridoid glyco-
side d-mannitol,
cucurbitacins, kutkiol,
kutki sterol, and
apocynin

Rats Aflatoxin B1 and
cadmium

17 Scutellaria
baicalensis
Georgi
(Lamiaceae)

Aerial
parts

Baicalein, wogonin,
and wogonoside

Rats Iron, CCl4, and
LPS/D-GalN

18 Silybum
marianum
(Asteraceae)

Whole
plant

Silymarin
(silychristin, silybin,
and silymarin)

Rats CCl4, organochlo-
rine N-
nitrosodiethyl-
amine (NDEA)
acetaminophen,
iron, and
phenylhydrazine

19 Salvia
miltiorrhiza
Bunge
(Lamiaceae)

Root Tanshinones Rats Iron, CCl4, and
LPS/D-GalN

20 Vitis vinifera
(Vitaceae)

Fruit and
seed

Catechins,
epicatechins,
anthocyanidins,
proanthocyanidins,
and resveratrol

Rats Methotrexate,
DMN, and CCl4

21 Zanthoxylum
armatum
(Rutaceae)

Bark Alpha- and beta-
amyrins, fargesin,
dictamine, berberine,
xanthoplanine,
armatamid, asarinin,
and lupeol

Rats CCl4

(continued)
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radiation, iron overload, phenylhydrazine, alcohol, cold ischemia, and Amanita
phalloides in animals (Chen, [115]). Silybin also exhibits significant anti-
inflammatory effect in cirrhotic rat liver [116].

1.19 Salvia miltiorrhiza Bunge

Salvia miltiorrhiza Bunge (Lamiaceae) is also known as red sage/Chinese sage/
Danshen. More than 70 active components have been isolated and structurally
identified from S. miltiorrhiza [117], and are broadly categorized into two groups:
(1) hydrophilic compounds such as salvianolic acids and (2) lipophilic chemicals,
including diterpenoid and tanshinones. Tanshinones are unique components to
S. miltiorrhiza, and are not yet found in other Chinese herbs. Among the
tanshinones, tanshinone I, tanshinone IIA, and cryptotanshinone are the foremost
bioactive constituents with various pharmacological effects including antibacterial,
antioxidant, antitumor, antiplatelet, and hepatoprotection [118] activities.
S. miltiorrhiza can increase blood flow into the liver to reduce the potential damage
by clearing the harmful substance in the liver. The extracts of S. miltiorrhiza
(tanshinones) are traditionally used in the treatment of cardiovascular and cerebro-
vascular diseases, cirrhosis [119, 120], and cancer [121, 122]. Its product, Fu fang
Dan shen Di wan, is the first Chinese herbal medicine approved by the FDA for
clinical tests in the United States.

Preclinical Studies It was reported that the active ingredients of S. miltiorrhiza
showed hepatoprotective effect against CCl4-induced liver injury in rats [123]. In an
interesting study, treatment of chronic iron-overloaded mice with S. miltiorrhiza
improved the hepatic morphology, and decreased the iron deposition [124]. Oral
administration of cryptotanshinone from S. miltiorrhiza showed hepatoprotective
effects against D-galactosamine (GalN)/lipopolysaccharide (LPS)-induced fulmi-
nant hepatic failure [125].

Table 12.1 (continued)

S. no.
Name of the
plant

Part
used

Chemical constituent/
active component

Animal
model Hepatotoxic agent

22 Zingiber
officinale
(Zingiberaceae)

Rhizome Gingerol, paradols,
zingerone, zingiberol,
and shogaol

Rats DMN and
piroxicam

The table shows the list of various herbs (along with the family they belong to) and the part of the
plant and the active chemical ingredient. Various agents used in animal models for inducing
hepatotoxicity and the protection given by each of the herb are also highlighted
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1.20 Vitis vinifera

Vitis vinifera is commonly called as grape vine. This plant is well known for its
antioxidant, anticarcinogenic, immunomodulatory, anti-diabetes, anti-atherogenic,
neuroprotective, anti-obesity, antiaging, and anti-infection properties. In addition, it
has chemopreventive activity against cardiovascular disease and some cancers.
Grape juice and grape seeds are rich sources of flavonoids such as catechins,
epicatechins, anthocyanidins, proanthocyanidins, and resveratrol [126]. Resveratrol
is a polyphenolic phytochemical and there are numerous studies signifying the
hepatoprotective properties of resveratrol. Resveratrol can prevent hepatic damage
caused by free radicals and inflammatory cytokines [127].

Preclinical Studies It was reported that the treatment with procyanidin in a liver
cancer xenograft model exerted antiangiogenic activity in a dose-dependent manner
[128]. The grape seed extracts from winery waste showed anticarcinogenic activity
against HCC by promoting apoptosis in cancer cells [129]. Resveratrol showed
hepatoprotective activity against methotrexate-induced hepatic injury [130],
DMN-induced injury [131], and CCl4-challenged liver tissue [132]. Resveratrol
had been shown to activate the pro-apoptotic pathway in vivo [133]. These studies
suggest that resveratrol can be used for treating liver injury, fibrosis, cirrhosis, and
hepatocarcinogenesis.

1.21 Zanthoxylum armatum

Zanthoxylum armatum DC. (Rutaceae) is commonly called as Timur (or) Nepal
pepper. Z. armatum is a sub-deciduous shrub and is being extensively used in the
Indian System of Medicine over many years [134]. The phytochemical constituent’s
α- and β-amyrins, fargesin, dictamine, berberine, xanthoplanine, armatamid,
asarinin, and lupeol have high pharmaceutical importance [135]. Z. armatum has
anthelmintic, stomachic, and carminative properties [134]. The fruits and seed
extracts are employed as an aromatic tonic in fever and dyspepsia, and for expelling
roundworms [135]. No adverse effects have been reported yet for this natural
product.

Preclinical Studies It was reported that the administration of ethanolic bark
extracts of Z. armatum for 7 days shows hepatoprotective activity against CCl4-
induced liver injury in Wistar rats. Z. armatum extracts enhanced the level of
antioxidants; reduced the level of AST, ALT, ALP, and serum enzymes; and led
to the recovery of damaged cells [136].
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1.22 Zingiber officinale

Zingiber officinale (Zingiberaceae), widely known as ginger, is a perennial plant and
the rhizome is extensively used as a spice all over the world. It is very potent in
treating arthritis, sore throat, indigestion, dementia, muscular aches, and fever [137–
139]. Ginger is characterized as functional food to its nutritional and phytochemical
composition. Gingerol, paradols, zingerone, zingiberol, and shogaol are the main
phytochemicals of Zingiber officinale [140].

Preclinical Studies In an in vivo study, ginger essential oil (GEO) exhibited
hepatoprotective activity through its antioxidant potential against alcoholic fatty
liver disease [141]. Lai et al. reported that GEO exhibited protective effect against
NAFLD induced by high-fat diet in mice [142]. Recent studies also highlighted that
ginger also shows hepatoprotective activity against diethyl-nitrosamine- and
piroxicam-induced liver hepatotoxicity [143, 144].

2 Conclusions

It is a known fact that liver is the vital organ of the body and it performs a minimum
of 500 functions. So, it is more liable to diseases. To cure these diseases, many
chemically synthesized drugs are invented. But their usage causes uncountable side
effects than improving the pathogenesis condition. To overcome all these detriments,
there is a continuous demand for alternative therapy. One of the holistic approaches
to treat liver diseases is the use of “natural medicine.” Natural therapy for liver
diseases is increasing worldwide, mainly because of their safety and efficacy, but
also because of their relative expediency. Having said that, there is a great lack of
comprehensiveness and huge controversies, regarding the safety and the mecha-
nisms of action of these natural medicines. Having said that, it should not be taken by
any means that the natural therapy does not have side effects. The most common side
effects of using natural compounds include injury to liver, intestinal pneumonia, and
acute respiratory failure, of which the licensed naturopathic doctors are aware.
Although the natural medication is beneficial therapeutically, utmost care needs to
be taken while treating the side effects. To prevent the complications arising due to
the natural medicine, it is strongly advised that these medicines should be prescribed
only by the licensed and certified physicians.

In this communication, we presented a few of such plants. Some of these plants
and plant derivatives show good and satisfactory results in basic experimental and
preclinical studies. However, more studies are required to evaluate the effects of
these compounds before clinical use. So, we should take a step forward to develop
these phytoconstituents into medicines. As prevention is always better than cure, we
should include these plants and their products in diet. The two reasons, (1) often
people thinking that natural medicines have no side effects and (2) lack of regula-
tions to oversee the utilization of natural medicine, are the major concerns that often
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lead to long-term and excess consumption of natural drugs that often bring undesir-
able reactions. Finally, both the doctor and the patient should be aware of the risks
involved in taking the natural medicine and be careful while going for the natural
therapy for liver diseases.
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Chapter 13
Emerging Roles of Phytochemicals
in Hepatocellular Carcinoma

Hammad Zafar, Mamoon Ur Rashid, Deepika Sarvepalli,
Muzammil Muhammad Khan, Bayarmaa Mandzhieva, Akriti Gupta Jain,
Rima Shobar, Anum Jalil, and Sarfraz Ahmad

Abstract Hepatocellular cancer is the most common liver cancer and is the second
most common cause of cancer mortality worldwide. Cirrhosis, secondary to viral
hepatitis, remains the most common underlying cause worldwide. Surgical resection
or liver transplantation is the mainstay of treatment. Various other treatment options
include chemoembolization, radiofrequency ablation, and tyrosine kinase inhibitors
including sorafenib. More than 30 genetic mutations have been described in peer-
reviewed literature affecting multiple signaling pathways. Multiple in vitro and
in vivo studies have been reported in the peer-reviewed literature demonstrating
the benefit of phytochemicals in the treatment and prevention of hepatocellular
cancer. In this chapter, we summarize the role of different phytochemicals including
ginger, garlic, turmeric, cinnamon, saffron, coffee, and cruciferous vegetables that
have been implicated in playing significant roles in the preventions and management
of hepatocellular cancer. We also summarize the theorized pathways affected by
these agents. This can lay a groundwork for further studies and randomized clinical
trials to address the unmet needs of the topic.
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Phytochemicals · Ginger · Turmeric · Cinnamon · Garlic · Saffron · Coffee · Clinical
outcomes
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Abbreviations

AC Antrodia cinnamomea
ARID AT-rich interactive domain
AX1N1 Ataxin-1
BCL B-cell lymphoma
BMI Body mass index
CCND Cyclin D2
Cdk Cyclin-dependent kinase
CI Confidence interval
COX Cyclo-oxygenase
CT Computerized tomography
CTNNB1 Catenin B1
DAD Diallyl disulfide
DAS Diallyl sulfide
DAT Diallyl trisulfide
DR5 Death receptor 5
EACG Ethanolic extracts of AC
EGCG Epigallocatechin-3-gallate
EGF Epidermal growth factor
FAS Apoptosis-stimulating fragment
5-FU 5-Fluorouracil
FGF Fibroblast growth factor
GP Ginger polysaccharides
HAT Histone acetyltransferase
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCCDB Human hepatocellular cancer database
HCV Hepatitis C virus
HGF Hepatocyte growth factor
IARC International Agency for Research on Cancer
IGF Insulin-like growth factor
JAK/STAT Janus kinase/signal transducer and activator of transcription
MAPK Mitogen-activated protein kinase
2-MCA 2-Methoxycinnamaldehyde
mTOR Mammalian target of rapamycin
NAD Nicotinamide adenine dinucleotide
NAD(P)H Nicotinamide adenine dinucleotide phosphate
NF-kb Nuclear factor kappa B
NRF2 Nuclear factor erythroid 2-related factor 2
PDGF Platelet-derived growth factor
PTEN Phosphatase and tensin homolog
RAF Serine/threonine protein kinase
RAS Retrovirus-associated DNA sequence
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SAC S-allyl cysteine
SAMC S-allylmercaptocysteine
STAT3 Signal transducer and activator of transcription 3
T2DM Type 2 diabetes mellitus
TERT Telomerase reverse transcriptase
TIMP Tissue inhibitor of matrix metalloproteinase
TGF-β Transforming growth factor-β
TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
VEGF Vascular endothelial growth factor
WCRF World Cancer Research Fund
WNT Wingless/integrated

1 Introduction

Hepatocellular cancer constitutes up to 90% of primary liver cancer, which is the
sixth most common cancer overall. In men, liver cancer is the fifth most common and
in women it is the ninth most common malignancy [1]. Hepatocellular carcinoma
(HCC) ranks second most common cause of cancer mortality worldwide. Malig-
nancy is often preceded by cirrhosis, which is the main indication for screening and
surveillance [2].

East Asia and Africa are the main hubs of HCC; but its incidence and mortality
are on the rise in the Western world also. Overall, viral hepatitis remains the most
common cause of HCC. Worldwide implementation of hepatitis vaccination and
invention of very effective treatment for hepatitis C are shifting the epidemiology
away from disease prevailed by viral hepatitis. Nonalcoholic steatohepatitis is
emerging as a significant underlying disease-causing HCC. Biannual surveillance
using imaging (e.g., ultrasound/CT), with/without serum α-fetoprotein, has been
associated with early diagnosis and relatively improved overall survival
(OS) outcomes [3].

Solitary tumor is treated with resection. Poor surgical candidates can qualify for
liver transplantation if they meet the Milan Criteria (i.e., single tumor less �5 cm or
up to three tumors �3 cm). Chemoembolization is the most frequently used thera-
peutic strategy in patients with multifocal disease without vascular invasion and/or
distant metastasis. Radiofrequency ablation and trans-arterial chemoembolization
are often used as bridging therapy while waiting for liver transplantation. Addition-
ally, patients who are not eligible for liver-directed therapy and have good perfor-
mance status, systemic therapy with tyrosine kinase inhibitors (i.e., sorafenib,
lenvatinib, and regorafenib) is the standard of treatment with improvement in
survival outcomes [4].

Multiple genetic mutations are involved in the development of hepatocellular
cancer. More than 30 mutations have been described in peer-reviewed literature; but
three most common signaling pathways affected are PTEN, Wnt/B-catenin pathway,
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and P53 tumor-suppressor gene. Additionally, multiple immunotherapeutic treat-
ment options are also under investigation with potential effects on these pathways
which may potentially change/improve the management of HCC. Also, extensive
ex vivo and in vivo studies have demonstrated significant role(s) of phytochemicals
in the prevention and treatment of hepatocellular cancer. Phytochemicals play their
role(s) by modulating these signaling pathways to favor clinical outcomes. This
chapter primarily reviews the antineoplastic role(s) of different phytochemicals in
the prevention and management of hepatocellular cancer.

2 Pathobiology of Hepatocellular Cancer

Multiple factors are responsible for causing the acute and chronic liver inflammation
including viral hepatitis (hepatitis B and C), alcohol, nonalcoholic steatohepatitis,
and aflatoxin. HCC is mostly preceded by chronic liver inflammation and fibrosis
that results in a disrupted liver architecture, which is the characteristic feature of
cirrhosis. Cirrhosis precedes HCC in the majority of cases. Cirrhotic liver has small
areas of abnormal, premature cells, and these dysplastic foci (<1 mm) arising in the
setting of cirrhosis are considered as precancerous lesions or dysplastic nodules.
These dysplastic nodules are further divided into low or high grade on the basis of
morphological appearance and cellular atypia. Both types of nodules can be evolved
into HCC; but the high-grade nodules have much higher risk [5]. HCC carcinogen-
esis involves changes in the proliferation markers of cells, tumor-suppressor genes,
oncogenes and their receptors, genes involved in such processes as angiogenesis,
apoptosis-related factors, and immune response [6].

3 Oncogenes and Their Receptors

Proto-oncogenes inscribe a large variety of proteins, which play a role in such
processes as cellular proliferation and differentiation, growth factors and their
receptors, transcription factors, and part of signal transduction pathways. Abnormal-
ities in a large variety of oncogenes have been observed in HCC. Epidermal growth
factor (EGF) and epidermal growth factor receptor (EGFR) are involved in cell
proliferation and differentiation, which are being linked with the late-stage disease,
marker of metastasis, and recurrence of HCC (Fig. 13.1).

Hepatoma-derived growth factor (HDGF) is involved in the induction of cell
growth, and is considered as a marker of rate of multiplication in tumor (a poor
prognostic marker). Transforming growth factor-β1 (TGF-β1) is a strong inhibitor of
growth in most epithelial cells and is involved in such processes as cellular prolif-
eration, differentiation, and migration. Notably, the TGF-β1 levels are significantly
high in cirrhosis and patients with HCC [7].
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4 Epigenetic Pathway Alterations

Persistent viral infection, chronic inflammation, and even normal aging process can
result in changes in the epigenetic pathways. These pathways are characterized by
three main processes: DNA hypo-methylation, DNA hyper-methylation, and histone
modification, which result in such processes as gene inactivation, gene instability,
and changes in chromatin conformation, respectively. DNA methylation can also

Fig. 13.1 Schematic representation of the major signaling pathways involved in HCC. One of the
most important pathways as shown in this figure is receptor tyrosine kinase (RTK) pathway.
Various receptors are involved in this pathway including EGF, FGF, HGF, c-MET, PDGF,
VEGF, and stem cell growth factor receptor c-KIT. These receptors in turn lead to activation of
various downstream signals [15]. VEGF receptor in various studies has been shown to be associated
with worse prognosis, recurrence, vascular invasion, and high tumor grade and is now being
targeted therapeutically. EGFR is activated by binding of the ligand EGF, which plays complex
and imperative role(s) in tumor proliferation and angiogenesis. This is accomplished by the
activation of RAF/MEK/ERK and PI3K/AKT/mTOR pathways as shown in this figure. The
RAF/MEK/ERK pathway activation leads to tumor development, progression, and metastasis. In
HCC, the two main mechanisms that lead to the initiation of this pathway are either oncogenic
mutation in RAS gene leading to constitutive CRAF stimulation or a disarray in the overexpression
of growth factors and their receptors leading to the same. The PI3K/AKT/mTOR achieves cancer
progression and survival. IGF and EGF activate PI3K, which in turn produces PIP3b that leads to
the initiation of AKT. This regulates various transcription factors and cytoplasmic proteins com-
prising BAD and mTOR, which in turn regulate translation and cell cycle. The Wnt/β-catenin
pathway is another important pathway which is usually aberrantly activated in HCC by a mutation
in β-catenin. Some of the pathways not shown in this figure that might also play role(s) in HCC
include but are not limited to RAS and JAK/STAT pathways, Hedgehog signaling pathway, and
ubiquitin-proteasome pathway. TGF-β signaling in HCC is important in the activation and trans-
differentiation of silent hepatic stellate cells to myofibroblasts [16]. Activation of TGF-β receptor
leads to phosphorylation of receptor associated with SMADs (R-SMADs) [15, 17, 18]
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occur at different stages of liver disease and is the most frequent epigenetic
alteration [8].

5 Tumor-Suppressor Genes

Tumor-suppressor genes are negative regulators of cell growth. Carcinogenesis can
result from the loss or inactivation of these genes. Methylation of tumor-suppressor
genes has been reported in peer-reviewed literature. P53 is the main tumor-
suppressor gene responsible for blocking the progression of cell cycle in response
to DNA damage. It also mediates such processes as DNA repair and cell death.
Mutations in this gene result in genetic instability and the loss of control of cell
growth. Overexpression of P53 is shown to play a significant role in cell differen-
tiation and multiplication in cancers including HCC. Overexpression of p53 is also
shown to be correlated with a relatively poor prognosis [8–10].

6 Cell Cycle Regulators

Cellular multiplication has multiple checkpoints like between G1 and S phases and
another between G2 and M phases. Disruption of these checkpoints can lead to
uncontrolled cellular replication and cancer. Overexpression of cyclin proteins has
been shown to correlate with the relapse of HCC. Overexpression of cyclin D1 is
particularly shown to play a role in progression of HCC. It is also shown to be
associated with aggressive form of cancer. In vitro study has demonstrated increased
levels and activities of multiple cyclin proteins and cyclin-dependent kinases in
proportion with the development of HCC [11, 12]. P27 protein is also involved in
cell cycle progression and is a member of cyclin/cyclin-dependent kinase inhibitors.
Reduced expression is associated with decreased survival and relatively poor
prognosis [13].

7 Angiogenesis

Pathological angiogenesis in hepatocellular cancer has significant role(s) in tumor
growth, invasion, and metastasis. Differential expressions of vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF), basic fibroblast
growth factor (bFGF), angiopoietin-1 and -2, and matrix metalloproteinases
(MMPs) and its inhibitors [e.g., tissue inhibitor of matrix metalloproteinase
(TIMP)] are related to HCC carcinogenesis and prognosis [6, 14].
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8 Signaling Pathways

Multiple signaling pathways are involved in the pathobiology of hepatocellular
carcinoma [Fig. 13.1]. Three most common mutations involved are TERT (telome-
rase reverse transcriptase), CTNNB1 (catenin B1), and TP53. At least 30 other
genetic mutations are also identified in the pathogenesis of HCC and some of the
most common mutations are summarized in Table 13.1.

9 Role of Phytochemicals in the Prevention
of Hepatocellular Carcinoma

Foods rich in fruits, vegetables, and herbs have the potential to decrease the risk of
different cancers. This reduction has been attributed to phytochemicals present in
them. Phytochemicals are beneficial for health and they impart this benefit by
modifying various cellular processes including inflammation, catabolism, growth,
and cell death. Multiple studies are ongoing to explain the mechanism of action of
different phytochemicals as their therapeutic benefit in different human diseases is
increasing. Below we summarize some of the major phytochemicals that are impli-
cated in the prevention and management of HCC.

9.1 Ginger

Globally, ginger is a very commonly used dietary supplement in almost every
household. Active ingredients in ginger, i.e., ginger oleoresin, 6-shogaol, zingerone,
and 6-gingerol, have been extensively studied for their chemo-protective, antioxi-
dant, and anticancer properties [19], (Table 13.2).

Table 13.1 A summary of the signaling pathways involved with key gene mutations in the
pathogenesis of hepatocellular carcinoma

Signaling pathway Genetic mutation
Frequency of mutation in hepatocellular
carcinoma

Wnt CTNNB1
AX1N1

11–41%
5–19%

P53 TP53 13–48%

Chromatin
remodeling

ARID1A
ARID2

4–17%
5–7%

Cell cycle CDKN2A
CCND1, FGF3, FGF4,
FGF19

8%
5–7%

Growth factors PTEN 53%
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Table 13.2 Summary of some of the key ginger products and their biochemical functions in
hepatocellular carcinoma

Active ingredient(s) Trial results Mechanism(s) of action

Ginger essential oil
(zingiberene, e-citral, z-citral,
camphene, ocimene)

Decreases the severity of
diethylnitrosamine-induced
cytotoxicity suggesting a
potent antioxidant activity [20]

Cytoprotective and anticancer
potential against HepG2 cells
[20]

6-Shogaol • Enhances the apoptotic
activity of TRAIL-induced
apoptosis of cancer cells
[19, 21]

• Anti-metastasis effect [19]

• 6-Shogaol can induce reac-
tive oxygen species (ROS)
production, upregulate p53
gene expression, and alter
membrane potential of
mitochondria

• Causes cell cycle arrest in
G2/M phase [19, 21]

• Anti-metastasis effect
through regulation of matrix
metalloproteinase-9 and tis-
sue inhibitor of matrix
metalloproteinase-1 [19]

Ginger polysaccharides
(GP) [d-galactose, 1-rham-
nose, d-mannose, d-arabinose,
and d-glucose]

Promote cell death by increas-
ing apoptosis [22]

•GP causes cell cycle arrest in
G0–G1 phase and promotes
apoptosis

• Increased expression of
FAS, FASL, Bax, caspase-3,
and p-21 and decreased
expression of Bcl-2 [22]

Zerumbone • Inhibits proliferation and
survival of cancer cells in a
dose-dependent manner

• Inhibits metastasis of HCC in
immunocompromised mice
[23]

• Cell cycle arrest at G2/M
phase inducing apoptosis

• Inhibition of PI3K/AKT/
mTOR and STAT3 signal-
ing pathways. It inhibits
shunting of glucose-6-phos-
phate through hexose
monophosphate shunt,
thereby forcing cancer cells
to undergo apoptosis [23]

Zingerone and its derivative
(ZD2)

Inhibit metastasis of hepato-
cellular cancer [24]

Inhibits TGF-β, which results
in increased expression of
epithelial marker E-cadherin
and decreased expression of
mesenchymal marker
N-cadherin, hence preventing
epithelial-mesenchymal tran-
sition which is a key step in
metastasis [24]
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Ginger also works synergistically with many other medicines. Many medicinal
fungal species like Antrodia cinnamomea (AC) have been used in some Asian
countries for the treatment of multiple medical conditions, including cancer. In
vitro analysis of Hul-7 and HepG2 cells has shown that co-cultivation of ginger
with Antrodia EACG (ethanolic extracts of AC co-cultivated with ginger) is signif-
icantly more effective then ethanolic extracts of AC alone in targeting these cell lines.
EACG modified cyclin protein expression and many signaling pathways including
mitogen-activated protein kinase (MAPK) in favor of cancer cell apoptosis. It also
works by promoting cell cycle arrest at G2/M phase in Huh-7 and HepG2 cells [25].

9.2 Turmeric

Bioactive chemical in turmeric is curcumin, which has been reported to have
antineoplastic activity against multiple cancers, including hepatocellular cancer. It
has anti-inflammatory properties, promotes apoptosis, reduces angiogenesis and
tumor invasion, and reverses chemotherapy resistance [26]. In a study done in rats,
curcumin improved the survival and decreased serum aspartate aminotransferase
activity and fetoprotein concentrations. It also induced autophagy and reduced
oxidative stress in liver. In vitro, curcumin decreased the concentration of
SQSTM1 in HepG2 cells, which is a marker for viability [27].

Curcumin affects multiple signaling proteins including cytokine signaling recep-
tors, growth factors, protein kinases, and adhesion molecules. It also causes time-
dependent activation of pro-apoptotic proteins, i.e., caspase-9 and caspase 3, and
reduction in anti-apoptotic protein Bcl-2, hence promoting cell death in hepatocel-
lular cancer cells. It has also been shown to work synergistically with doxorubicin
and cisplatin. Increased level of cisplatin has been observed with simultaneous
administration with curcumin. Curcumin-loaded nanostructured lipid carrier
(Cur-NLC) is found to be superior in inducing apoptosis of HepG2 cells and
inhibiting proliferation when compared to the native curcumin. Cur-NLC notably
increases the expression of death receptor 5 (DR5), caspase-3, and caspase-8, which
translates into increased apoptosis [28].

The Human Hepatocellular Cancer Database (HCCDB) has shown that HCC with
poor prognosis and primitive features is more likely to improve from nuclear factor
(NF)-kB inhibition. Curcumin has been shown to increase cell death in cancer stem
cells, which correlates with the degree of NF-kB inhibition. Hence, it can be a
potential treatment option for hepatocellular cancer with improved progenitor fea-
tures. In contrast, some cancer stem cells in hepatocellular cancer can show para-
doxical response to curcumin by increased proliferation [29].

Curcumin has also a good chemo-sensitizing effect and can be used as an adjunct
with chemotherapy to overcome potential chemoresistance. Lin28B is associated
with and is a potential marker for HCC resistance to paclitaxel chemotherapy in
Hep3B and HepG2 cell lines. Curcumin is shown to decrease Lin28B expression in
hepatocellular cancer and exhibit paclitaxel-sensitizing effect [26]. In rats, curcumin
is shown to protect hepatocytes against diethylnitrosamine-induced
hepatocarcinogenesis [19].
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A decade of preclinical research on cell cultures and in animals has shown that
curcumin from saffron can increase sensitization of tumor to different chemotherapy
agents including 5-fluorouracil (5-FU), oxaliplatin, vincristine, paclitaxel, doxoru-
bicin, melphalan, cisplatin, gemcitabine, butyrate, vinorelbine, etoposide, and
bortezomib. It also sensitizes many tumors to gamma radiation therapy. Mechanism
involves downregulation of various growth regulatory pathways including multidrug
resistance proteins, growth factor receptors, anti-apoptotic proteins, Akt, COX2,
NF-kB, and STAT3. On the other hand, it protects normal organs like kidney, oral
mucosa, heart, and liver from chemo- and radiotherapy-induced toxicity. This effect
is thought to be mediated through the activation of NRF2 (nuclear factor erythroid
2-related factor 2) and increased expression of antioxidant enzymes (for example,
glutathione peroxidase, modulatory subunit of γ-glutamyl-cysteine ligase,
hemeoxygenase-1, and NAD(P)H:quinone oxidoreductase 1), increasing glutathi-
one, inhibiting the activity of p300 histone acetyltransferase (HAT), and directly
quenching free radicals [30].

9.3 Garlic

Garlic (Allium sativum) is commonly used as a flavoring agent in cooking and as
medicinal food for its anticancer, antibacterial, and immunomodulatory properties. It
is most commonly used as herbal remedy [31]. Multiple organosulfur compounds
are present in garlic, which include diallyl trisulfide (DAT), diallyl disulfide (DAD),
allicin, and diallyl sulfide (DAS), which are lipid soluble. S-allyl cysteine (SAC) and
S-allylmercaptocysteine (SAMC) are water soluble [32]. Aged garlic is a good
source of SAMC, which has strong hepatoprotective properties. A recent study has
shown that SAMC affects the interface between MAPK pathway and TGF-β and
induces apoptosis of HepG2 cells [33]. In another study, SAMC promoted apoptosis
of hepatic cancer cells without influencing the normal liver cells via direct interac-
tion withWnt-pathway co-receptor LRP6 on the cell membrane [34]. Allicin induces
cell death by apoptosis in hepatocyte cancer cells HepG2 (p53 (wild type)) cells.

Another trial demonstrated caspase-dependent and -independent apoptosis in
Hep3B cells by allicin through the overproduction of reactive oxygen species
(ROS) [35, 36]. Multiple studies have demonstrated antitumor properties of SAC
against different human malignancies including hepatocellular cancer. It inhibits the
proliferation of hepatocellular cells, induces apoptosis, causes cell cycle arrest of
HCC cells in S phase, and inhibits migration and invasion of HCC cells [32]. Diallyl
trisulfides were shown to have significant antitumor activity against orthotopic
transplantation model through the induction of apoptosis and the inhibition of
proliferation of liver cancer cells [37].

As noted earlier, garlic also has chemopreventive properties which include
scavenging ROS and electrophiles, decreasing inflammation, enhancing DNA
repair, inhibiting proliferation, inhibiting angiogenesis, and enhancing
immunity [31].

296 H. Zafar et al.



9.4 Cinnamon

Cinnamon is obtained from the bark of Cinnamomum verum and is traditionally used
all across the world for its flavor. It has been used for multiple medical conditions
including cancer. Its antineoplastic activity is attributed to two bioactive compounds:
(1) 2-methoxycinnamaldehyde (2-MCA) and (2) cuminaldehyde. 2-MCA is shown
to have antiproliferative effect on human HCC SK-Hep-1 cells in both the in vitro
and in vivo studies. Tumor-suppressive effect is due to apoptosis downregulation of
proliferative controls of cell, inhibition of DNA-binding activity of NF-kB, and
decreased level of COX-2 and prostaglandin E2 [38]. Cuminaldehyde has been
reported to induce apoptosis and inhibit growth of HCC by depleting mitochondrial
membrane potential and activation of caspase-9 and caspase-3 [19].

9.5 Saffron

Saffron is a spice acquired from the flower of Crocus sativus [39]. Biologically
active ingredients include carotene, crocin, anthocyanin, and lycopene. Saffron
treatment has been shown to inhibit the growth of QGY-7703 cancer cells by
decreasing telomerase activity, increasing Bax/Bcl-2 ratio, and enhancing expres-
sion of P21, hence promoting apoptosis. The number of senescent cells increases
markedly [40]. Saffron carotenoids inhibit STAT3 (signal transducer and activator of
transcription 3), a protein involved in survival, growth, new blood vessel formation,
invasion, and metastasis in Hep3B and HepG2 hepatocellular cells. Carotenoids also
inhibited STAT3-regulated anti-apoptotic (Bcl-2, survivin), invasive (CXCR4),
angiogenic (VEGF), and proliferative (cyclin) proteins [41]. Crocin has
pro-apoptotic and antiproliferative properties which are shown in the induced
HCC models. Crocin inhibits NF-kB and imparts anti-inflammatory and antineo-
plastic activity. In vitro studies have demonstrated that crocin arrests the cell cycle at
S and G2/M phases and induces cell death in HepG2 cells. Further analysis con-
firmed the role of NF-kB as a potential regulator of this action. Hence, crocin
prevents early dysplasia in liver cells [42]. Crocin is shown to decrease the expres-
sion of catalytic subunit of telomerase enzyme in HepG2 cells, hence imparting
antiproliferative activity [43].

9.6 Coffee

Coffee is a very common beverage all over the world and billions of cups are
consumed daily. Bioactive molecules in coffee include caffeine, diterpenes, and
chlorogenic acid. Coffee has been studied in multiple studies for several medical
conditions for its anti-fibrotic, antineoplastic, anti-inflammatory, and antioxidant
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properties [19]. Reports by the International Agency for Research on Cancer (IARC)
[44] and the World Cancer Research Fund (WCRF) have shown coffee to be helpful
in preventing against HCC [45]. A meta-analysis on the benefit of coffee has
reported that the relative risk of HCC for one additional cup of coffee every day
was 0.75 [95% confidence interval (CI) 0.65–0.83] [46]. In another meta-analysis
involving more than two million participants, 35% risk reduction in HCC was seen
by increasing the coffee consumption by two cups per day. This reduction in risk was
not dependent on the etiology of HCC: HBV/HCV, T2DM, high BMI, and high
alcohol intake [45].

As per data from few studies in which both caffeinated and decaffeinated coffee
were evaluated, risk reduction for decaffeinated coffee was 14% for two additional
cups per day. As this protective effect is not dependent on the etiology of HCC,
coffee is believed to affect a common pathway in the development of HCC. As noted
earlier, 90% of HCC develops on the background of cirrhosis and many studies have
shown a protective effect of coffee against cirrhosis—this can be a major factor
responsible for the antineoplastic effect of coffee. Caffeine is also believed to have
antitumor effect, which can explain the lesser benefit obtained from the decaffein-
ated drinks. Caffeine has also been demonstrated to reduce the proliferation of HCC
cancer cells [45].

There are some regional differences between the protective effects of coffee on
HCC. Preventive effect of coffee consumption on hepatocellular cancer is somewhat
smaller in Japan as compared to Europe. This is believed to be due to the differences
in the original composition of coffee such as kahweol, chlorogenic acid, and cafestol
[47]. One study showed that the quantity of kahweol and cafestol in instant coffee is
much lower than in the French press or boiled coffee. Instant coffee or drip filtered is
the main drink in Japan [48]. However, in another prospective cohort study with 7.5-
year follow-up, instant and ground coffee were found to be similar in the protective
effects against hepatocellular cancer (hazard ratio 0.51 vs. 0.47) [49]. The preventive
effect was found to be dose dependent. A prospective cohort study with 16-year
follow-up showed adjusted hazard ratio for liver cancer of 0.65 for less than one cup
of coffee per day, 0.63 for one cup per day, and 0.40 for two or more cups per day
compared with the nondrinkers [50].

Coffee (�3 cups per day) is also found to have a preventive role against
recurrence of HCC after orthotopic liver transplant for HCC. The hazard ratio was
0.29 (CI 0.12–0.17). Postoperative coffee intake was also found to result in an
improved overall survival. This effect is shown to be mediated by antagonistic effect
of caffeine on adenosine A2AR-mediated growth enhancing the effects on HCC
cells [51]. Data from green and black tea is however conflicting with some studies
reporting no benefit [50]. A principal catechin of green tea, epigallocatechin-3-
gallate (EGCG), is shown to have antioxidant and antineoplastic activity. Many
in vitro experiments and some in vivo analyses in animals have shown that EGCG
induces cell death and inhibits progression of HCC by acting on different molecular
pathways. More studies are obviously desirable in this domain to have more
conclusive outcomes [52].
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10 Cruciferous Vegetables

Multiple studies have reported that daily use of cruciferous vegetables is helpful in
preventing cancer. Glucosinolates are important bioactive chemicals present in
cruciferous vegetables and their metabolites, i.e., isothiocyanates, are found to
have chemoprotective properties. Other chemicals have shown to inhibit NF-kB
and have beneficial anticancer properties [53]. Other bioactive molecules in crucif-
erous vegetables like iberin and alyssin are shown to increase intracellular reactive
oxygen species (ROS) and depolymerization of tubulin in cell cultures of
HepG2 [54].

11 Conclusions and Future Perspectives

Hepatocellular carcinoma is the most common primary liver cancer and is the most
common cause of cancer-related morbidity and mortality in chronic liver disease.
Despite significant advances in translational oncologic research, mortality remains
very high. Allopathic medicine does not have many options for patients who do not
qualify for the surgical interventions. Phytochemicals have emerging role(s) in the
prevention and treatment of multiple malignancies including hepatocellular carci-
noma. Evidence is mainly based on preclinical (in vitro) studies conducted on cells.
Few in vivo studies are also available which are mainly observational. Promising
results are seen with ginger, garlic, coffee, cruciferous vegetables, and saffron.
Biologically active ingredients in these phytochemicals seem to play important
role(s) in the prevention and management of hepatocellular carcinoma. Some agents
are also shown to augment the role of chemo- and radiotherapy, which is the
cornerstone for the treatment for metastatic disease. Very few, if any, adverse effects
of phytochemicals are reported and these spices are commonly used in almost every
household globally. Good-quality randomized controlled trials are needed to further
evaluate their role(s) and quantify the benefits. Also, it is unknown yet if the
combination of these phytochemicals would have synergistic or augmentative ben-
efits. Furthermore, nanotechnology can enhance bioavailability of these active
ingredients into bloodstream which can theoretically enhance the antineoplastic
activity. Multiple other food items also contain many phytochemicals and their
role(s) in hepatocellular cancer needs further research and implementation.
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Chapter 14
Phytochemicals: Current Understandings
of the Modern Therapeutic Approaches
for Hepatocellular Carcinoma

Austin Cook and Shadab A. Siddiqi

Abstract The growing occurrence of hepatocellular carcinoma (HCC) worldwide
poses major concerns because of high mortality rate and poor prognosis. A lack of
explicit diagnostics makes early detection of HCC implausible accentuating the
demand of novel therapeutic approaches. In this chapter we discuss briefly major
risk factors that contribute to the development of HCC and progress made in the
identification of new molecular biomarkers and their significance in the detection of
HCC. Here, our main focus is on recent advances made in the development of
phytochemicals as novel prophylactics and therapeutic agents. First, we discuss a
number of phytochemicals that are used to prevent or treat a variety of cancers.
Subsequently, our emphasis is shifted on phytochemicals that are specifically sig-
nificant in the treatment or prevention of HCC. A number of phytochemicals are
emerging as plausible therapeutic agents for the treatment of HCC and are discussed
in this chapter.

Keywords Hepatocellular carcinoma (HCC) · Phytochemicals · Hepatic steatosis ·
Nonalcoholic fatty liver disease (NAFLD) · Cancer stem cells (CSCs) · Hepatitis B
virus (HBV) · Hepatitis C virus (HCV)
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1 Background

Hepatocellular carcinoma (HCC) is recognized as one of the largest contributors to
cancer mortalities with the incidence rate increasing globally. In the USA alone, over
42,000 new cases arose in 2019 and nearly 32,000 deaths occurred as a result of this
disease [1]. Not to mention, the prognosis is poor with an average 5-year survival
rate of less than 10% [2]. Some causes of hepatic cancer are known, which include
hepatitis C virus (HCV), hepatitis B virus (HBV), and alcohol-induced cirrhosis.
Other links to hepatic cancer have been speculated in recent years. Such links
include genetics, obesity, type 2 diabetes, alcohol-related liver disease (ALD),
nonalcoholic steatohepatitis, and nonalcoholic fatty liver disease (NAFLD) [3–
7]. The amplified attention to genetic studies in the recent years revealed numerous
genetic correlations in hepatic cancer [8]. HCC development and metastasis can also
be due to dysregulation of factors related to epigenetics, such as DNA methylation,
modifications of histones, noncoding miRNAs, and other related modulations
[8, 9]. Diagnostic methods are currently insufficient to achieve early detection of
the disease, and patients remain largely asymptomatic until the later stages of
development. Current therapeutic strategies involve surgical resection, transplanta-
tion, radiofrequency ablation, chemotherapy, etc. and have yet to prove efficient in
treating these patients. Moreover, the extensive variability of subtypes of cell
populations in HCC further complexes successful treatment [10]. Cancer stem
cells (CSCs) have recently been deemed a main contributor to the development,
progression, and recurrence of cancer, since it is thought that this characteristic
provides the cell with proliferative and invasive traits [9, 11, 12]. Due to these
predicaments, we bring our focus to phytochemicals as potential candidates in the
optimal treatment of hepatic cancer. Specialties of phytochemicals include lack of
side effects and their unique targeting of hepatic CSCs, which happens to be a trait
that most current treatments lack.

1.1 Causes and Pathogenesis of HCC

Two classifications exist for hepatic cancer: primary and metastatic. HCC and
hepatic angiosarcoma are two primary hepatic cancers with HCC accounting for
nearly all cases. As depicted in Fig. 14.1, various risk factors of HCC have been
identified, including HBV, HCV, obesity, type 2 diabetes, alcohol-related liver
disease (ALD), nonalcoholic steatohepatitis (NASH), and NAFLD [3–7, 9, 13,
14]. Obesity and diabetes are known to be connected to NASH, consequently
leading to HCC [3, 4, 7, 9]. Incidence due to viral and alcohol-related causes is
declining, while new cases due to NASH and NAFLD are taking their place [4, 5,
13]. Of course, the genome-wide association studies have revealed the large role of
genetics in relation to several diseases, including HCC. For instance,
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single-nucleotide polymorphisms (SNPs) have been found in GTSM1, GSTT1,
MDM2, XRCC3, HLA, CTL-4, GLB1, TGF-β1, and many more [10].

Furthermore, hepatitis is an infection of the liver, and there are three types:
hepatitis A virus (HAV), HBV, and HCV. We will focus on HBV and HCV, as
they are the two main contributors to HCC. Although viral causes of HCC are
decreasing, compared to metabolic causes, they are currently the largest contributors.
Upon chronic infection, individuals are susceptible to liver cirrhosis, which could
lead to liver cancer [10]. Natural killer cells and CD8+ T cells specific to HBV and
HCV were recently described as possible drivers of liver damage. More postulations
included macrophages and neutrophils releasing DNA-damaging ROS and nitrogen
compounds during inflammation, as well as epigenetic changes, mitochondrial
disfunction, senescence, and alterations of chromosomes [9, 10]. A few studies
focused on the roles of PPARα/γ in relation to HCC. Intriguingly, they mentioned
that several studies have found connections between PPARα/γ and the onset of not
only HCC, but also NAFLD, HBV, and HCV. Therefore, there might be a relation
between the regulation of PPARα/γ during NAFLD, HBV infection, and HCV
infection and the development of HCC. miRNA regulation has been postulated as
the relation [10, 15, 16]. The inflammatory cytokine IL-8 was concluded as a
contributor to inflammation leading to HCC by promoting cancer growth, progres-
sion, and metastasis [6, 11]. IL-8 plays a role in upregulating neurotensin, CXCL1,
and MAPK pathway to accomplish tumorigenic characteristics [11].

Over 250 million people have chronic HBV infection with an associated death
rate of nearly 900,000 per year [17]. Some reports claim HBV as Eastern Asia’s and
sub-Saharan Africa’s major cause of HCC, accounting for 70% of cases [9]. Because
of its high incidence and mortality, HBV is clearly dangerous and accounts for its
importance in the prevention of HCC. Sexual contact and contact with blood of an
infected individual are the methods of transmission for HBV. Contact with blood can
occur in several ways, such as sharing needles, coming into contact with sores, or
exposure to an infected mother during birth. HBV can be acute or chronic.

Fig. 14.1 Major risk factors that contribute to the development of hepatocellular carcinoma (HCC)
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Interestingly, most adult cases of acute HBV do not become chronic. For toddlers
and infants, the risk of developing chronic HBV from an acute infection is much
higher. Chronic infections, typically defined as lifelong infections, are notably
important, since they pose the risk of hepatic cancer onset. Chronic infection and
inflammation result in liver cirrhosis [18]. Subsequently, the chronic infections
typically cause HCC, due to the development of liver cirrhosis [6, 10, 17, 19,
20]. Notably, however, HBV can initiate HCC without the development of cirrhosis.
This is thought to be due to HBV’s ability to transfer its genome into its host’s
genome. Disruption to chromosomes was observed to affect several genes including
those related to the immune system, cell cycle, and DNA processing [6, 10]. Notably,
integration into host DNA is conserved through replication and division. Therefore,
upregulation of hepatocyte proliferation caused by the virus consequently promotes
the rapid increase of damage [10].

The prevalence of HCV was estimated to be nearly 140 million globally, with an
associated death rate of greater than 350,000 [19]. HCV is stated to be responsible
for 50–70% of HCC cases in North American and European countries [9]. Trans-
mission of this viral infection is known to occur from contact with blood of infected
individuals. However, unlike with HBV sexual contact and mother-to-child trans-
mission are less likely to result in infection. Similar to HBV, HCV may begin as
acute and have the potential to develop into a chronic infection. The majority of
individuals with acute infection are susceptible to chronic infection, although
slightly less likely than those with HBV infection [17, 20–24]. As previously
discussed, chronic infection and inflammation pose as risk factors for HCC, due to
the development of cirrhosis. Interestingly, only a small amount of liver cirrhosis
cases due to HCV develop into HCC, complicating the elucidation of the responsible
mechanisms. A few ideas are thought to indirectly lead to HCC development:
promotion of hepatocyte proliferation and fatty liver, genetic mutations and disrup-
tions causing inflammation and oxidative stress, stimulation of reactive oxygen
species and mitochondrial damage, and finally immune responses triggered from
the host [6, 7, 10, 18].

NAFLD and AFLD (alcoholic fatty liver disease) are the main diseases related to
hepatic steatosis. The most prevalent form, NAFLD, is found in nearly 30% of all
people, and is also the most prevalent cause of pediatric hepatic steatosis [3]. The
connection between NAFLD and hepatocellular carcinoma lies behind its progres-
sion into NASH. Nearly half of all NASH-related deaths are observed due to HCC
[5, 25, 26]. NASH occasionally develops into liver cirrhosis, which we previously
determined to be a main risk factor for HCC. Oxidative stress and inflammation from
excess lipid deposition cause the progression into NASH and liver cirrhosis, and also
previously determined mechanisms responsible for HCC [3]. Here, inflammation is
thought to be caused by TNFα and IL-6 via their activation of IKK, JNK, and
STAT3 [5, 27–32]. NAFLD is known to correlate with diabetes and obesity, which
were also previously mentioned as risk factors for HCC, as well [3]. As commonly
known, obesity has become extremely prevalent worldwide. Over 90% of obese
individuals present with NAFLD and 25% with NASH, 50% on average for T2DM.
These same individuals have four and a half times higher risk of hepatic cancer
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[5]. Leptin, known to be increased in obesity, was observed as a contributor to
carcinogenesis and NAFLD advancement. This hormone can stimulate JAK2/
STAT3 and PI3K/Akt pathways. The inverse effects of adiponectin were simulta-
neously observed to be downregulated, since adiponectin is decreased in obesity
[27–32]. Several studies evaluated the relationship of diabetes to NAFLD and HCC.
Diabetes was concluded to increase the risk of HCC and to be found more often
among HCC patients compared to those without HCC [5]. Obesity is a main
promoter of AFLD, as well. Alcoholic steatohepatitis, as a result of alcohol abuse,
potentially accounts for around 20% of HCC cases in North America and Europe
[9]. Found in nearly all alcoholic patients, AFLD can likely result in liver cirrhosis
[3, 33–37]. As commonly known, obesity has become extremely prevalent world-
wide. Hepatic steatosis is caused by metabolic, viral, and drug-induced routes.
Metabolic determinants can be separated by inborn errors and acquired metabolic
disfunction. Galactosemia, hereditary fructose intolerance, tyrosinemia, glycogen
storage disease, Refsum syndrome, Shwachman syndrome, and Wilson disease are
among the many inborn errors. Acquired metabolic disorders include IBD, Kwash-
iorkor, and starvation. On average, 60% of HCV-infected individuals develop
hepatic steatosis, and is thought to be due to the insulin resistance and steatogenic
nature of HCV. HBV, on the other hand, likely leads to hepatic steatosis indirectly,
as a result of metabolic disruptions caused by HBV. Drug-induced hepatic steatosis
(DIHS) has been associated with several medications used for neurological disor-
ders, cardiovascular disorders, and infections, as well as chemotherapy medications
[3, 27–37].

1.2 Heterogeneity and the Role of Cancer Stem Cells
in Development of HCC

Heterogeneity exists between separate hepatic tumors, as well as within each tumor.
They are referred to as intertumoral heterogeneity and intratumoral heterogeneity,
respectively. Hundreds of genes responsible for encoding drug catabolism, inflam-
matory responses, and cell proliferation are found, through RNAseq screening, to be
transcriptionally dysregulated. Cancer-associated genes, kinases, and cell cycle
pathways comprise most of the variably expressed genes in HCC, as well as
telomerase reverse transcriptase (TERT) and chromatin modifiers. These contribute
to the difficulties of diagnosis, treatment, and recurrence of tumors. However,
studying heterogeneity of tumors can also provide insight into the development of
successful interventional strategies. Of particular importance, cancer stem cells are
thought to be key promoters of heterogeneity among HCC cells [8, 9, 11, 12, 38–
40]. Cancer stem cells (CSCs) are being recognized as a core component behind the
mechanisms of cancer development and recurrence [11, 12, 39, 40]. This subpopu-
lation of cells owe to the self-renewal, differentiating, and tumorigenic properties
that promote malignancy. CSCs are heavily responsible for the difficulties of
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treatment and recurrence, as a result of their unique properties and the variety of
CSCs coexisting within hepatic cancers. Several signaling pathways, epigenetic
modulators, miRNAs, and metabolic enzymes collectively contribute to the mainte-
nance and characteristics of hCSCs. Among the many mechanisms, some are shared
by cells expressing certain markers, and others are unique to groups of cells.
Notably, cellular markers are not specific only to CSCs. They are expressed
among other cells of the body, and this should be taken into account when identi-
fying CSCs. Furthermore, HCC cells expressing markers, such as CD133, CD44,
CXCR4, OCT4, and NANOG, show increased initiation of cloning. CD133 HCC
cells are even shown to persist when hypoxic and nutrient deprived by utilizing
autophagy. Furthermore, it was shown that H-Ras and SV40LT promote the devel-
opment of hepatic CSCs from three different lineages: differentiated adult hepato-
cytes, hepatic progenitor cells (HPCs), and lineage-committed hepatoblasts. HPCs
are the most susceptible to alteration, although the overall understanding of forma-
tion has not been completely elucidated. CD47 hCSCs are one group that have
portrayed traits of tumorigenesis, metastasis, and self-renewal. This group of cells is
associated with upregulation of cathepsin S, protease-activated receptor 2, IL-8, and
IL-6, which stimulate NF-kB, MAPK, and LIN28. CSCs are also capable of
promoting each other through IL-6 mechanisms. Tumor-associated macrophages
of CD14 cells can secrete IL-6, as well as TGF-β1, that induces STAT3-mediated
cancer progression of CD44 hCSCs. TGF-β1 also causes hepatic cancer cells to
undergo epithelial-mesenchymal transition. EMT is a core element of cancer pro-
gression and malignancy. One group demonstrated upregulating of Ras/Raf/MAPK
and PI3K/Akt/mTOR pathways to be associated with hCSC-expressing markers
CITED1, DLK1, CD133, LGR5, SOX9, SOX4, and AFP. Another group observed
Akt- and miRNA-216a-mediated PTEN pathways, in conjunction with TGF-β, to be
dysregulated in hCSCs with CD133, CD90, and EpCAM. CD133 hCSCs are
enhanced from miRNA-130b inhibiting tumor protein 53-induced nuclear protein
1. These cells specifically complicate treatment strategies by employing Akt/PKB,
Bcl-2, and MAPK/PI3K pathways. STAT3 and NANOG have large roles in CD24
hCSCs, along with Twist2. Twist2 is a transcription factor that exerts control over
EMT by binding to a promoter region and providing self-renewal traits through
STAT3/NANOG. Nanog is a transcription factor related to pluripotency with the
ability to stimulate IGF. hCSCs’ characteristics are also regulated by zinc finger
protein-X linked. This transcription factor, known to have a large presence in
embryonic and hematopoietic stem cells, exhibits control in hCSCs by binding to
NANOG and SOX2 promoters. CD133, CD49, and CD45 HCC cells demonstrated
CSC traits following knockout of Mat1a. This gene encodes methionine
adenosyltransferase, which is necessary for the synthesis of S-adenosylmethionine;
SAM is important in the body’s management of liver injury and HCC. Histone
deacetylase 3 and DNA methyltransferase 1 are two epigenetic modulators in the
tumorgenicity, pluripotency, and self-renewal traits of hCSCs. MicroRNAs 148a,
142-3p, 216a, and 217 are found to be related to the CSC nature of some HCC cells.
miRNA 148a interacts with BMP receptor ACVR1, whereas the latter two act
through PTEN and SMAD7, initiating EMT [11, 41–50].
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1.3 Current Diagnostic Approaches for HCC

Patients diagnosed with hepatic cancer typically do not present with symptoms until
the end stages of the disease, at which point medical treatment is finally sought. In
conjunction with its chronic onset, this hinderance in patient presentation compli-
cates the early diagnosis of hepatic cancer. Upon presentation, if suspicion of hepatic
dysfunction is raised during physical examination and patient history, then blood
tests are suggested. Blood samples are examined for liver function and serum tumor
markers, such as alpha-fetoprotein (AFP). Due to the difficulty of sufficiently
diagnosing hepatic cancer, imaging exams are also recommended to confirm suspi-
cions. Imaging exams used in the detection of hepatic cancer include CT, MRI,
MRA, and ultrasound. The first three involve a technique referred to as triple phase,
in which three success images are captured following injection of dye. More invasive
approaches are sometimes necessary, such as biopsies. Biopsy is accomplished by a
few methods: fine aspiration, core needle, or laparoscopy. The invasiveness of each
procedure increases, respectively, although all of them are minimally invasive [51].

Further studies are warranted to determine more successful detection of early-
onset hepatic cancer. Knowledge of cellular/chemical markers is emerging, as well
as more clear understandings about the progression of diseases that are risk factors
for hepatic cancer. Their implications could significantly improve interventional and
preventive guideline [52]. For instance, if hepatic steatosis can be identified and
treated at earlier stages, then its progression to HCC is potentially preventable
[3]. However, hurdles present themselves, such as fibrosis [53]. The progression of
fibrosis is not uniform, making it difficult to unravel and use in prognosis. HBV
progression and potential development into HCC can possibly be determined from
the expression of HBeAg/HBV-DNA levels [10]. Primary tumor cytokine mRNA
levels were tested for prognostic capabilities. IL-8 expression was found to be
heavily correlated with HCC development [6]. Accordingly, identification and
examination of early-stage hepatic cancer tissue would be more achievable.

Molecular profiles of hepatocytes are potential predictors of survival and tumor
recurrence. Observed through genome-wide and proteome-wide studies, they were
found to be unique to various grades of hepatocyte maturation. Knowledge of
specific molecular profiles also assists in diagnoses and provides insight towards
therapeutic strategies. Many molecular markers of CSCs identified so far include
CD90, EpCAM, CD133, CD24, CD13, CD34, SOX9, ABCG2, and DLK-1 [9, 11,
39, 41–50]. ABCG2 expression was observed in side-population cells, while the rest
were all found to be expressed as CSC surface markers. EpCAM, CD24, and CD90
expressions were also found to be associated with sphere formation. However, the
most frequently utilized molecular markers for identifying populations of hepatic
CSCs are CD133, CD90, EpCAM, CD24, CD44, calcium channel α2δ 1 isoform
5, CD47, OV6, and CD13 [9, 11, 12]. Specific molecular markers for virally induced
HCC have been elucidated, as well. HBV-encoded X antigen (HBx) is upregulated
in HCC caused by HBV. This protein component stimulates activation of oncogenic
and proliferative genes in the promotion of tumor and stem cell characteristics. This
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is supported by the observation that HCC progenitor cells (HPCs) are more tumor-
igenic when EpCAM and HBx are expressed, as compared to expression of EpCAM
alone [11]. A separate group demonstrated a similar relationship between aflatoxin
B1 and HBx; they are more tumorigenic together, as opposed to the single expres-
sion of either one [11, 40]. In a report from 2018, numerous epigenetic modulators
were described in association to HCC. Such components included DNA
methyltransferases, microRNAs, histone deacetylases, and more [8].

1.4 Current Treatment Modalities for HCC

Depending on the stage of the disease at the time of diagnosis and the overall health
of the individual diagnosed, various treatment strategies are available. Specifically,
patients are diagnosed on the basis of a few stages: 0, A, B, C, and D. A team of
oncology and transplant surgeons, radiologists, and pathologists will assist in the
advisement of treatments pending their agreed-upon diagnosis. In any case, if the
patient’s status is severe enough or unfit for standard treatments, then clinical trials
are discussed as options. As appropriate for the patient and their stage of disease,
strategies range from periodical surveillance to ablation therapy for stages 0, A, and
B. Patients with lesions observed with only small lesions are suggested for surveil-
lance, in which they are reevaluated every 3 months. As the severity increases,
patients are recommended for surgeries including partial hepatectomy or total
hepatectomy coupled with transplantation. The determined surgery is based on the
ratio of effected tissue to healthy tissue. When a substantial amount of healthy tissue
is intact, partial hepatectomy is performed. The effected tissue, as well as some
healthy tissue in the surrounding environment, is excised. In some cases, tissue
regeneration occurs, and the liver replaces the removed portion. In the event a total
hepatectomy is necessary, only some individuals will qualify. Even those who
qualify will only receive transplantation if a healthy liver donation is available.
Many patients require alternative treatment in these cases, and as the second option
results in poorer outcomes. Not to mention, surgical excision is usually not entirely
successful with a recurrence rate of 70% [6]. Radiofrequency ablation, microwave
therapy, percutaneous ethanol injection, and cryoablation are methods employed for
tumor ablation. Radiofrequency is the application of high-energy radio waves to a
tumor. The radio waves are transmitted to the tip of a needle that is inserted through
the abdomen, in order to kill cancer cells. Microwave therapy utilizes the high-
temperature nature of microwaves to kill cancer cells. This strategy has the added
benefit of making the cancer cells more susceptible to further chemotherapy. Percu-
taneous ethanol injection is characterized by multiple ethanol injections into a tumor.
Cryoablation, sometimes assisted by ultrasound, is a method of killing cancer cells
by freezing them. Clinical trials for patients in stages 0, A, and B include electro-
poration therapy. An electrode implanted in a tumor aims to kill cancer cells by
administering direct electrical impulses. Patients in stages C and D require advanced
treatments, ranging from embolization therapy to radiation therapy. An embolism is
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defined as a blockage of an artery. As you might infer, embolization therapy is
characterized by the blockage of arteries connecting to a tumor, in order to deprive
the tumor of oxygen and nutrients. For tumors of the liver, this is accomplished
through the hepatic artery, allowing the hepatic portal vein to continue supplying
healthy liver tissue. Two embolization therapies are currently used: transarterial
embolization (TAE) and transarterial chemoembolization (TACE). TAE is the
administration of an agent into the hepatic artery that will cease blood supply. The
agent is transmitted through a catheter typically inserted through the inner thigh and
pushed superiorly until it reaches the hepatic artery. TACE is a similar method, but a
chemotherapeutic drug is also administered. Embolizing the artery not only prevents
blood supply, but also hinders the drug from escaping the tumor environment.
Tyrosine kinase inhibitors are an available drug used in the therapy referred to as
targeted therapy. Here, the goal is to block growth, division, and angiogenic factors
of specific cancer cells while sparing healthy cells from harm. Currently used
tyrosine kinase inhibitors include sorafenib, lenvatinib, and regorafenib. Sorafenib
and regorafenib have been the drugs of choice, although their benefit only slightly
exceeds that of other choices, an average increase in survival of about 3 months.
Nivolumab is a drug in immunotherapy. The goal of immunotherapy is to enhance
the body’s immune responses to cancer. Drugs like nivolumab achieve this by acting
as an immune checkpoint inhibitor, in which PD-1 (T-cell surface protein) is
exploited. The normal physiological responsibility of PD-1 involves recognition
and attachment to PDL-1 on cancer cells. Doing so prevents the T cells from killing
the cancer cells. PD-1 inhibitors block this action by binding to PDL-1. Finally, there
are two types of radiation therapy. This type of therapy kills cancer cells and inhibits
progression by applying radiation, such as high-energy X-rays. First, external
radiation involves targeted radiation using three various methods from outside the
body. Conformal radiation therapy is achieved through a computer-generated 3-D
conformation of a tumor and radiation administered in that conformation. Stereo-
tactic body radiation therapy is performed by applying radiation through a radiation
machine, directly towards the overlying region of the tumor. This is performed
numerous times with one treatment per day. Proton beam radiation therapy is another
method affording less damage to surrounding healthy cells. As the name implies,
protons are beamed at tumors to destroy cancer cells. Internal radiation is accom-
plished with the use of needles, catheters, wires, and seeds. The goal is to internally
deposit a radioactive agent in the tumor environment [54].

These currently utilized approaches have not proven to be efficient in treating
patients [8, 11, 12, 23, 24, 39–42, 52, 53, 55]. This is mostly due in part to the
heterogeneity of HCC cell lines and insufficient early diagnosis of the disease [8, 11,
12, 23, 24, 39–42, 52, 53, 55]. However, they are the best options available, thus
suggesting the necessity for alternative strategies. For this reason, phytochemicals
are receiving increasing attention as therapeutic agents against cancer. Their unique
ability to target cancer stem cells partially accounts for their success in reducing
recurrence and further tumor formation. A combination of medicinal agents might be
the optimal route towards complete treatment.
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1.5 Phytochemicals as Therapeutic Agents for Cancer

Phytochemicals are active compounds naturally derived from plants. Their medici-
nal properties are used around the world and have been for a long time. It was not
until the past century or so that these active compounds started gaining increased
attention. By identifying the specific components of plants that were found to have
therapeutic qualities, phytochemicals emerged as a new group of candidates for
cancer treatment. Our interest is focused on phytochemical effects in relation to
hepatic cancer. Intriguingly though, these therapeutic compounds are successful in
treating many types of cancer, including pancreatic, cervical, renal, lung, skin,
ovarian, breast, and colon cancer. Conditions involving the skin, lungs, inflamma-
tion, infection, gastrointestinal dysfunction, urogenital dysfunction, obesity, and
diabetes are all known to be treated with the use of phytochemicals and associated
plants. Even cough, insomnia, asthma, and headaches have been treated with these
compounds. Polyphenols are a prominent group of phytochemicals that display use
of several mechanisms. Flavonoids, the most common subgroup of polyphenols,
inhibit autoimmunity, control metabolic processes, disrupt gene expression, and
interfere with signaling pathways. Each of these is an example of mechanisms
most commonly employed by anticancer phytochemicals. When considering the
use of phytochemicals in the treatment of hepatic cancer, particular attention should
be given to the ones with unique mechanisms. For instance, some phytochemicals
coordinate the expression of DNA in exclusive patterns. Alternatively, some can
target CSCs, while others do not express this trait. Fortunately, their wide range of
actions can be used together. Therefore, they should be considered in combination to
achieve complete effectiveness.

1.6 Mode of Action and Therapeutic Targets
of Phytochemicals

Here, we perform an overview of the most commonly utilized and thoroughly
examined phytochemicals along with associated plants. Following with discussion
of various mechanisms, we provide a clear, inclusive picture of phytochemicals’
potential in hepatic cancer treatment. Several phytochemicals have been observed as
especially effective against hepatic cancer, and they will be reviewed with emphasis.
As phytochemicals are being studied for unique benefits against hepatic cancer, we
find that many of them share mechanisms of action and effectiveness against
additional types of cancer. For this reason, we will begin by describing the many
phytochemicals and plants associated with effectiveness against the spectrum of
cancers (Fig. 14.2).
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1.7 Phytochemicals: General Overview

Compounds in Coptis chinensis accomplish anticancer behavior through apoptosis.
Specifically, berberine alkaloids cause downregulation of nucleophosmin/B23 and
telomerases, leading to the induction of apoptosis in HL-60 human leukemia cells.
Curcumin is responsible for the active properties of Curcuma longa, which act
through apoptosis. Comparatively, curcumin achieves this by preventing mRNA
and protein expression of COX-2 in colon cancer cells. After performing cell
viability and cytotoxicity tests on human breast cancer cells, curcumin was found
to induce apoptosis, as well as upregulate activity of caspase 3/9. Also observed was
the stimulation of signaling pathways, PTEN/Akt, in order to downregulate miR-21.
Apoptotic activity of Garcinia oblongifolia is due to the metabolites oblongifolin
A-G and oblongizanthones A-C, as well as other components. Specifically,
oblongifolins F and G, xanthone, nigrolineaxanthone T, and garcicowin B showed
the most effectiveness in inducing apoptosis in HeLa cervical cancer cells. Garcinol,
found in Garcinia indica, exhibits anticancer effects in colon cancer cells. Another
study demonstrated that this effectiveness was accomplished by substantially
inhibiting cell invasion activities. In preventing leukemia in human HL-60 cells,

Fig. 14.2 Phytochemicals that are being used in the prevention or treatment of various types of
cancers
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extracts of G. indica were observed to activate caspase-3/CPP32, as well as induce
catabolism of poly-ADP-ribose polymerase (PARP). It is apparent that many phy-
tochemicals are credited with their anticancer capabilities, due to induction of
apoptosis [56–58].

As we further discuss the mechanisms generating the therapeutic actions of
phytochemicals, we will see that many of them employ methods in addition to
apoptosis. Such methods include interference with cell cycle arrest, growth, and
proliferation. Loranthus parasiticus is proved to be effective in inducing anticancer
activity in ovarian cancer cells, such as SKOV3, CAOV3, and OVCAR-3. The
flavonoids extracted from L. parasiticus exhibited pro-apoptotic behavior, as well as
inhibition of cell proliferation and arrest of the cell cycle in G0–G1 phase against
AML cells. When applied to sarcoma in mice, extract caused inhibition of cell
proliferation. This is accomplished by decreasing cyclin D1, Bcl-2, and Ki-67 and
increasing Bax protein, consequently inhibiting the progression of the cancer cell
line and apoptosis [56–58].

Morus alba has antiproliferative, apoptotic, cell cycle arrest, and DNA processing
interference effects. Many phytochemicals are found inM. alba, including kuwanol,
hydroxymoricin, moranoline, morusin, calystegin, albafuran, and albanol. In the
leaves, quercetin, rutin, apigenin, and 1-deoxynojirimycin can be found. These
active components are the contributors to the effectiveness in pulmonary carcinoma,
colon carcinoma, breast adenocarcinoma, and hepatic cancer. One specific com-
pound, albanol A, was observed to induce apoptosis and topoisomerase II,
downregulate pro-caspase-3/8/9, and upregulate Bax/Bcl-2. Phenolic compounds
are also specific contributors. Through regulation of p27Kip1, increased activity of
caspases, and prevention of topoisomerase IIa, the phenolic compounds portray
effects of preventing proliferation, arresting cell cycle at G2/M phase, and inducing
apoptosis. M. alba also contains lectin, which was observed to inhibit proliferation,
arrest cell cycle, and induce apoptosis via caspase-3 in MCF-7 and HCT-15 cell
lines. Interestingly, extracts of M. alba were also shown to downregulate the
expression of NF-kB, and two new anticancer compounds have been extracted,
soroceal B and sanggenol Q. Platycodon grandiflorus consists of saponins, flavo-
noids, anthocyanins, phenolics, and polysaccharides that are responsible for its
activity, which includes immune, anti-inflammatory, hepatoprotective, and
antitumor capabilities. Cell death in HT-80 cells is induced by decreasing the
enhancement of MmP-9 and MmP-2 matric metallopeptidases from PKC.
Platycodin D is an active component that induces apoptosis and hinders cell viability
and cell proliferation when applied to MCF-7 cells. This activity is accomplished
through the regulation of particular cellular components. Specifically, caspase-8/9
and Bid are stimulated, Bax and Bcl-2 are increased, and PARP is cleaved.
Platycodin D applied to human leukemia cells decreased transcription and post-
translation of human telomerase reverse transcriptase (hTERT), in order to prevent
telomerase activity. Upregulation of Egr-1 increases reactive oxygen species, which
causes dysfunction in mitochondrial membrane potential, leading to stimulation of
caspase-3 and cleavage of PARP, finally inducing apoptosis. Through similar
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mechanisms extract is also successful against ovarian cancer cells, such as SKOV3
[56–58].

Metabolites such as β-carotene, flavonoids, organic acids, thiamine, minerals, and
oils, as well as cyanogenic glycosides and phenolic compounds, are present in
Prunus armeniaca. One particular glycoside, amygdalin, is effective against prostate
cancer. Extract from P. armeniaca proves to be effective against colon, breast, and
hepatic cancer cells, especially hepatic [56–58].

The many active components in Rabdosia rubescens include monoterpenes,
sesquiterpene, diterpene, and terpenoids. Among this composition, oridonin is the
notably effective component. It was observed to express pro-apoptotic and growth
inhibitory behavior in hepatocellular carcinoma, as well as skin, gastric, breast,
pancreatic, colorectal, and gallbladder cancers. When applied to HepG2 cells,
oridonin caused growth inhibition, cell cycle arrest at G2, and induction of apopto-
sis. These mechanisms are also characterized through regulation of cellular compo-
nents. Cell cycle arrest and apoptosis are achieved by increasing the expression of
STRAP, Hsp70.1, Stil1, TCTP, and PPase while simultaneously decreasing hnRNP-
E1. Growth inhibition is caused by tyrosine kinase and telomerase through the
increase of HP1 beta and GlyRS. By decreasing Bcl-2:Bax, NF-kB, caspase-8,
phosphor-mTOR, IKKβ, and IKKα while upregulating PPARγ, PARP, and Fas
cleaving, oridonin causes growth inhibition from cell cycle arrest and induction of
apoptosis. Also, oridonin can inhibit cell invasion and migration by regulating the
integrin β1/FAK pathway and matrix metallopeptidases [56–58].

Therapeutic properties of Scutellaria baicalensis can be attributed to flavone
extracts, particularly baicalein, and prove useful against brain cancer, prostate
cancer, and HNSCC (head-and-neck squamous cell carcinoma). Through regulation
of p27, Bcl, and c-myc, extract can hinder cell growth in lymphoma and myeloma.
Baicalin is especially pro-apoptotic, upregulates caspases-3 and -9, prevents cell
proliferation, and downregulates angiogenic genes. Scutellaria barbata has an
interesting anticancer effect of decreasing the synthesis of ATP, in order to inhibit
cancer cell growth. This is caused from the buildup of superoxide and peroxide in
mitochondria and inhibiting glycolysis. The phytochemical components comprising
S. barbata, such as apigenin, luteolin, scutellarein, scutebarbatine A, and other
alkaloid, flavone, steroid, and polysaccharide metabolites, are responsible for the
anticancer mechanisms. Finally, they are particularly effective against colon cancer,
lung cancer, hepatic cancer, and skin cancer [56–58].

Tussilago farfara was shown to be effective against human colon cancer cells
through pro-apoptotic and cytotoxic behavior. Antimutagenic activity and favorable
activity against genotoxicity were also observed. Anticancer effects in human
hepatocellular carcinoma cells were portrayed by T. farfara as inhibiting mTOR
signaling pathway regulator-like protein, MKK7-TIPRL, and MKK7/JNK activa-
tion, causing apoptosis through TRAIL (TNF-related apoptosis-inducing ligand).
The active contents of T. farfara are comprised of quercetin glycosides, phenolic
compounds, flavonoids, and trace elements, such as Zn, Mg, and Se and are
attributable to the anticancer effects [56–58].
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Carvacrol and trans-caryophyllene, along with metabolites such as phenol, fla-
vonoids, and tannin, are components of Wedelia chinensis effective against mela-
noma cells and lung cancer. Catalase, superoxide dismutase, and glutathione
peroxidase are antioxidant enzymes found upregulated along with glutathione
caused by these components [56–58].

1.8 Phytochemicals Specific to HCC

Considerable advances have recently been made in the development of phytochem-
icals as prophylactics or therapeutic agents specifically for HCC as shown in
Fig. 14.3. Fagonia indica is another plant with compounds capable of inducing
apoptosis in HCC cells, as well as breast cancer and colon cancer cells. Observation
of pan-caspase inhibitor Z-VAD-fmk activity, caspase cleavage, and DNA ladder
assays supported this mechanism. The phytochemicals contained by F. indica
accomplishing these effects are amino acids, proteins, saponins, terpenoid, alkaloids,
and flavonoids. Recently, cell lysis of breast cancer cells by a steroidal saponin
glycoside was achieved through necrosis [56, 59–61].

Methyl anthraquinone is a main active component in Hedyotis diffusa and
activates the caspase-4/Ca2+/calpain pathway, as well as S-phase arrest of the cell

Fig. 14.3 Phytochemicals that are used as prophylactic or therapeutic agents for the prevention or
treatment of hepatocellular carcinoma (HCC)
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cycle in breast cancer cells. These attribute to the apoptotic and inhibitory capabil-
ities of this compound. Another demonstration showed the prevention of prolifera-
tion and induction of apoptosis when applied to Hela cells [56, 59, 60, 62].

Paris polyphylla is effective against hepatic cancer, colon cancer, and esophageal
cancer through the activity of metabolite extracts. Such metabolites include
polyphyllin D, formosanin C, β-ecdysterone, dioscin, daucosterol heptasaccharide,
oligosaccharides, octasaccharide, protogracillin, trigofoenoside A, yunnanosides
G-J, padelaoside B, pinnatasterone, and other saponins. Extracts proved to be
effective in preventing cell proliferation and inducing apoptosis by upregulating
connexin 26 and Bad genes while downregulating Bcl-2 [56, 59, 60, 63].

Triptolide, characterized by a five-membered unsaturated lactone ring, is the
notable component of Tripterygium wilfordii. Effective against hepatic cancer breast
cancer cells, neuroblastoma, melanoma, bladder cancer, and gastric cancer, triptolide
utilizes various signaling pathways to induce apoptosis. Inhibition of proliferation,
induction of apoptosis, and antiangiogenic properties of triptolide were observed.
Antiangiogenic properties were observed as decreased Tie2 and VEGFR-2.
T. wilfordii also contains the anticancer component, celastrol, which interferes
with IkB kinase and NF-kB activation by TAK1 [56, 59, 60, 64].

Astragalus membranaceus contains flavonoid, polysaccharide, saponin, and
amino acid phytochemicals that contribute to its anticancer effects. Such effects
include inhibiting growth and angiogenesis, as well as inducing apoptosis
[56, 65]. Among these compounds, their polysaccharides (AMP) have the most
noticeable effects against hepatic cancer. AMP from A. membranaceus seem to
exhibit anticancer activity via upregulation of host immune responses. At various
doses, AMP inhibited tumor growth at rates ranging from ~50% to ~70%, as a
measure of tumor weight. An increase of cytokines IL-2, IL-12, and TNF-α was
observed following doses of AMP, which are known as immune responses for
attacking tumors. Interestingly, IL-10 was found to be lower. The phagocytic
activity of macrophages was also found to be much higher in AMP-treated HCC.
Macrophages are key components of the immune system, and their phagocytic
activity is important for inhibiting cancer progression [56, 66, 67]. Kiani et al.
described AMP effects on Treg cells of HCC. They prevent the progression of
CD4/CD25 Treg cells and do so through immune functions, as well. Specifically,
they stabilize cytokine expression and decrease mRNA expression of FOXp3
[56, 67]. CASE, Astragalus and Salvia Compound, showed major activity against
HCC. CASE acts through TGF-β/SMAD signaling and DEN. Fibrosis and PAI-1
mRNA transcription were prevented by CASE inhibition of DEN [56, 67]. Alto-
gether, these traits attribute to the anticancer effects found in A. membranaceus.

Coptidis rhizoma portrays anticancer properties with pro-apoptotic, tumor pro-
liferation inhibiting, and angiogenic traits, as well as prevention of migration and
invasion. MicroRNA arrays, qRT-PCR, and cluster analysis of miRNA expression
in CRAE (C. rhizome aqueous extract, includes berberine) treated HCC revealed
upregulated activity of miRNA 23a, thought to mediate various signaling pathways.
A 48-h treatment of CRAE showed to cause major cell death in HCC while
exhibiting the increase of miR-23a. Upregulation of miR-21 was also found and
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thought to be a large contributor. However, qRT-PCR only revealed the expression
of miR-23a gene targets, NEK6 and SLC [56, 68, 69]. In analyzing the preventive
capabilities of CRAE in migration, Rho/ROCK signaling pathway is considered.
This pathway promotes HCC cell migration. When administered with a Rho-ROCK
inhibitor, doses of CRAE enhanced the blocking of this pathway, supporting its
claim as a migration inhibitor. This is further proven via its suppression of ROCK-1
and Rho GTPase. Finally, small doses of CRAE, below its IC50 value, disrupt the
cytoskeleton of HCC cells by interfering with polymerization of F-actin [56, 69].

Litchi chinensis is known for its anti-inflammatory, anticancer, and antioxidant
nature. The phytochemicals accounting for the activity of L. chinensis include
flavonoids, sterols, triterpenes, polyphenols, and more. Polyphenol extract inhibited
hepatic cancer progression through apoptosis. Pumilaside A, funingensin A,
kaempferol-7-O-neohesperidosid, and litchioside D are a few more compounds
with anticancer activity, here, observed to be highly cytotoxic in HepG2 cells.
Moreover, several oxygen radical scavengers are found among these. Specifically,
litchi polysaccharide fraction, LFP3, portrayed a significantly strong effect on
superoxide and hydroxyl radicals. Epicatechin and procyanidin from L. chinensis
showed similar effects. Cinnamtannin B1, PFLP, and PDLP tested against HepG2
cells caused cell cycle arrest and apoptosis to reduce growth and proliferation.
Interestingly, anti-obesity effects are found with litchi extracts. This is seen as the
decreased expression of adipogenesis genes and lipase activity. Since obesity is a
main risk factor of NAFLD and HCC, phytochemicals from L. chinensis exhibit
preventive benefits, too [56, 70, 71].

Paeonia lactiflora contains paeoniflorin, albiflorin, benzoylpaeoniflorin,
oxypaeoniflorin, and paeonin, referred to as total glucosides of peony (TGP). One
group already tested TGP against human hepatoma cells and proved its ability to
prevent proliferation in these cells. It is widely understood that combination treat-
ments are typically more effective than treating with agents individually. Subse-
quently, the group previously mentioned performed a treatment of P. lactiflora/A.
membranaceus combination extract (PAE) on HCC cells, demonstrating inhibition
of proliferation, migration, and invasion, as well as utilization of apoptosis. Their
findings were obtained following treatments of 48-h durations. Immunocytochem-
istry and western blotting showed that PAE is capable of inducing apoptosis by
means of Bcl-2, Bax, and caspase-3. Finally, migration and invasion of HCC are
inhibited by PAE, as demonstrated by wound healing assays and transwell invasion
assays [56, 65]. Another group focused on the preventive benefits of PAE by testing
it against liver fibrosis, a known risk factor leading to hepatic cancer. Alanine
transaminase (ALT) and aspartate transaminase (AST), two liver enzymes elevated
during liver damage, were decreased by PAE. Hydroxyproline, hyaluronic acid
(HA), and type III pre-collagen (PC III) are known indicators of liver fibrosis and
fibrogenesis. Both levels were found to be decreased after PAE treatment. Prolifer-
ation of hepatic cancer cells is stimulated through the alterations from platelet-
derived growth factor subunit BB (PDGF-BB). This glycoprotein regulates the
uptake of [3H]-thymidine, which is markedly decreased when exposed to certain
concentrations of PAE [56, 72].
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Perilla frutescens has significant effectiveness against hepatic cancer through
preventing proliferation and inducing apoptosis by upregulating genes involved in
the process. Isoegomaketone is a specific component acquired from extraction of this
plant. By cleaving caspases-3/8/9, cell growth is inhibited. Isoegomaketone is also
capable of inducing apoptosis by triggering cleavage of PARP and Bid protein,
translocating Bax protein, and causing release of cytochrome c from mitochondria.
Perilla frutescens exhibits abilities to treat HCC from the antiproliferative and
proapoptotic traits discovered when analyzing its extract. Active phytochemicals
present in P. frutescens extract (PLE) include luteolin, caffeic acid, triterpene acid,
and rosmarinic acid. MTT assays, used in the evaluation of metabolic activity,
apoptosis assays, and cDNA microarrays, were applied in the investigation of
antiproliferative and apoptotic activity of PLE on HCC cells. Upon determining an
IC50 value for growth inhibition, they analyzed the effects of this dose in apoptosis
assays. Results showed an increase in apoptotic cells after periodic measurements.
cDNA microarray analysis demonstrates the increased expression of genes over time
after exposure to PLE with an increase of some genes being time dependent.
Importantly, the genes increased are those related to apoptosis, including caspase-
8, NFkBIA, TNFSF9, Jun, Jun-8, Fos-B, and Bax. Bcl-2, an important apoptotic
factor, was observed to decrease [56, 73]. Wang et al. proposed that the
antiproliferative properties of isoegomaketone were achieved through additional
methods. Results following isolation of IK and administration to HCC cells revealed
an interference with the PI3K/Akt signaling pathway. Evidence of lowered
phosphorylated-Akt levels and unperturbed levels of Akt supported this claim
[56, 74].

Pleurotus pulmonarius is a potent antioxidant that prevents growth and prolifer-
ation of hepatic cancer. This edible mushroom also causes downregulation of PI3K/
Akt pathways in HCC cells. Its extracts, containing polysaccharides, triterpenoids,
polyphenols, nucleotides, sterols, and steroids, are responsible for the
antiproliferation and anti-invasion traits. Additionally, they reduce drug resistance
of hepatic cancer cells. PP is a specific polysaccharide/protein complex contained in
extracts. Western blot analysis shows HCC cells exposed to PP results in lowered
p-Akt and iNOS, with a higher amount of cleaved caspase-3. Ki-67, elevated during
proliferation, is downregulated in HCC cells exposed to the extract [56, 75]. One
group provided similar findings, except that they described a VEGF-mediated PI3K/
Akt disruption. Their western blots showed lowered p-Akt and VEGF. Since VEGF
can activate PI3K/Akt, their combined decrease in HCC when exposed to PP
suggests a relationship. Addition of recombinant human VEGF to the same HCC
causes reactivation of proliferative characteristics [56, 76].

Milk thistle and members of the Phyllanthus family together exhibit strong
hepatoprotective benefits [56, 77, 78]. Although both are effective against
steatohepatitis, milk thistle alone is recognized as one of the leading plants for
treating NASH and ALD. Blood glucose and cholesterol levels can be stabilized
phytochemicals in milk thistle, thereby reducing the risk of obesity and diabetes-
related hepatic cancer. Silymarin is the main compound of milk thistle. The active
component of silymarin, silibinin, enhances treatment of ALD and acute/chronic
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hepatitis. Silibinin and isosilibinin A and B, silicristin, and silidianin specifically
make up silymarin. Flavonoids, taxifolin, and quercetol can be found, too [56, 79–
81]. Regulation of reactive oxygen species, cytochrome P459, and high-mobility
group box 1 (HMGB1) are a few ways through which the Phyllanthus family
exhibits anticancer effects. Fraternus, urinaria, polyphyllus, and Glycyrrhizin glabra
are each members of this family. Phyllanthus fraternus controls ROS and cyto-
chrome P459 via phyllanthin. Phyllanthus urinaria assists in preventing lipid accu-
mulation to treat steatohepatitis [56, 82–84]. Glycyrrhizin glabra mainly portrays
preventive effects through treating viral hepatitis. Its active compounds are called
glycyrrhizin, a triterpene, and glycyrrhetinic acid. Together, these two phytochem-
icals induce apoptosis and necrosis, alter cell membrane permeability, and decrease
HMGB1, an inflammatory component [56, 77, 85–91].

Quercetin and resveratrol are both detected in red wine, grapes, and berries.
Quercetin is also found in apples, onions, and licorice root, and several cellular
molecules and processes. By exhibiting control over cyclin D1, a cell cycle compo-
nent, quercetin can impede proliferation of hepatic cancer cells. Studies have also
observed this phytochemical to stimulate p53 and p21 tumor suppressors, apoptosis,
and tumor necrosis while downregulating tyrosine kinase and angiogenesis
[56, 77]. Resveratrol, on the other hand, takes advantage of COX-2, p53, and
some other cell cycle regulators. The combined manipulation of COX-2 and cell
cycle regulators accounts for the antiangiogenic, antiproliferative, anti-metastasis,
and pro-apoptotic traits of this phytochemical [77].

Other noteworthy phytochemicals recognized for targeting hepatic cancer are
coumarin, berberine, and nigella. Coumarin, identified in numerous plants, is unique
in preventing the onset of hepatic cancer by delaying the progression of hepatitis B
and C. Its preventive qualities are owed to coumarin’s strong influence over immune
responses. Immune system responses include upregulation of T cells, NK cells, and
cytokines while decreasing immune-suppressing factors, such as TGF-β. Coumarin
also stabilizes Th1:Th2, boosts cytotoxic white blood cells, and decreases cyto-
chrome P450 activity. More so, HBV- and HCV-infected patients who do not
respond to interferon treatments are found to benefit from coumarin [56, 92]. Berber-
ine is an alkaloid widely present as a phytochemical. Barberry is known to contain
berberine and vitamin C. Previously mentioned, diabetes, dyslipidemia, hepatitis,
and cirrhosis are main causes of hepatic cancer. Berberine is especially effective at
treating each of those disorders. Although it was recognized as toxic in the past,
studies since then have revealed ideal tolerance in human subjects. Blood glucose
levels in type 2 diabetic patients and damage from liver disorders are restored with
the application of berberine [56, 93]. Nigella sativa has been used for its medicinal
qualities for over 3000 years being reported in the Bible and by people of ancient
Greece. Hundreds of studies exist at this point, heavily supporting its credibility as a
therapeutic agent for hepatic cancer. Besides its benefits against hepatic cancer,
nigella oil is known for treating renal disorders, hypertension, diabetes, and inflam-
matory disorders. The oil contains thymoquinone, nigellone, melanthin, nigellinine,
tannin, linoleic acid, and many other fatty acids. Vitamins, minerals, and some
proteins are also active components [56].
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The importance of cancer stem cells in the onset, progression, and treatment of
cancer warrants discussion on the phytochemicals that can target this subpopulation.
The revelation of CSCs’ role in cancer is relatively new to the research world. For
this reason, only a few phytochemicals have been reported for their targeting
capabilities. Rottlerin, retinoic acid, paclitaxel, and camptothecin are some active
compounds effective against CSCs of various cancers [94]. Epigallocatechin-3-
gallate (EGCG) and curcumin are two polyphenol phytochemicals widely reported
as beneficial treatments for hepatic disorders. They are also the two phytochemicals
best studied for targeting hepatic CSCs. Many people around the world use green tea
for health benefits and have been using it for a long time. Green tea happens to
contain EGCG in its extract, owing to the potency of green tea compared to other
teas. This phytochemical regulates reactive oxygen species and iron buildup in the
liver to reduce oxidative stress. EGCG is proapoptotic, anti-inflammatory,
antiproliferative, and antioxidative. It accomplishes these features by interfering
with signaling pathways and other cellular processes. For instance, proliferation of
cancer cells is inhibited by EGCG through downregulation of DNA methylation via
DNA methyltransferase. It enhances this effect with the stimulation of tumor-
suppressor genes [56, 92]. Turmeric is the plant best known for curcumin. This
curcuminoid polyphenol is an anti-inflammatory and antioxidant. It has long been
used for treating liver disorders, especially those with bile secretion dysfunction.
Interestingly, curcumin exhibits a hepatoprotective effect of neutralizing the liver
toxicity caused by other medications. Anticancer effects are achieved through
apoptosis and cell cycle arrest. This compound can regulate NF-kB signaling and
cell cycle genes to reduce invasion and angiogenesis [56, 93]. Furthermore,
Wnt/β-catenin and Notch signaling pathways are two important factors of tumori-
genesis via CSCs. EGCG and curcumin are special for their interference with these
pathways. EGCG is thought to target hCSCs by downregulating their Wnt/β-catenin
pathways. Curcumin utilizes inhibition of both pathways in targeting hCSCs [95–
102]. Together with future studies, these phytochemicals, and many more, can prove
to be successful tools in the prevention and treatment of hepatic cancer.

2 Conclusions

Hepatocellular carcinoma with poor prognosis and high mortality rate demands the
development of novel therapeutic approaches to improve health span and life span of
HCC patients. The use of phytochemicals provides promising effects to limit the
progression of hepatitis infection or liver cirrhosis to HCC. Despite the promising
effects that we now understand about phytochemicals, there are negative effects that
should be acknowledged and controlled. These are mainly from the plants containing
phytochemicals. Accordingly, with proper knowledge of the active components in
anticancer plants, isolation and purification could potentially alleviate most effects.
Generally, the medicinal use of phytochemicals and related plants is safe, especially
compared to current treatment strategies. Some are even great additions to current
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treatments. Combination treatment of various phytochemicals and standard therapies
might be the ideal suggestion. Of course, this raises the concern of drug-drug
interactions. Fortunately, these do not display unwanted interactions. As attributed
to the heterogeneity of hepatic cancer and the mechanisms unique to various
phytochemicals, a combination of these compounds is necessary to provide a well-
rounded treatment strategy. There are some minor barriers, however. Curcumin
expresses resistance when administered. Because administration is currently an
oral route, absorption issues arise as the hinderance. Many methods were studied
in recent years, so there has been an increase in success rate. Further research is
warranted, though. Treatment with this phytochemical, and several others, has great
potential if their therapeutic traits can be properly exploited.
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