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A B S T R A C T

Despite the advancement in prognosis, diagnosis and treatment, cancer has emerged as the second
leading cause of disease-associated death across the globe. With the remarkable application of synthetic
drugs in cancer therapy and the onset of therapy-associated adverse effects, dietary phytochemicals have
been materialized as potent anti-cancer drugs owing to their antioxidant, apoptosis and autophagy
modulating activities. With dynamic regulation of apoptosis and autophagy in association with cell cycle
regulation, inhibition in cellular proliferation, invasion and migration, dietary phytochemicals have
emerged as potent anti-cancer pharmacophores. Dietary phytochemicals or their synthetic analogous as
individual drug candidates or in combination with FDA approved chemotherapeutic drugs have exhibited
potent anti-cancer efficacy. With the advancement in cancer therapeutics, dietary phytochemicals hold
high prevalence for their use as precision and personalized medicine to replace conventional
chemotherapeutic drugs. Hence, keeping these perspectives in mind, this review focuses on the
diversity of dietary phytochemicals and their molecular mechanism of action in several cancer subtypes
and tumor entities. Understanding the possible molecular key players involved, the use of dietary
phytochemicals will thrive a new horizon in cancer therapy.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Despite the advancement in prognosis, diagnosis and treatment,
cancer has emerged as the second leading cause of disease-
associated death across the globe [1,2]. According to the reports
given by WHO, cancer-associated mortalities have been estimated to
be 8.8 million that instituting about 16.66 % of the total death cases as
of 2015 [1]. With a primary focus on radiotherapy, chemotherapy,
surgery and synergistic drug treatment approaches, cancer treat-
ment has emerged as a high cost regulating approach with several
adverse treatment related adverse modalities [3,4]. Moreover, the
conventional approaches also have adverse consequences of disease
recurrence. With the dire need of abiding by the negative
consequences, phytochemicals have emerged as potent non-toxic,
chemotherapeutic agents in cancer therapeutics [3,4].

Diet plays an important role in cancer prevention as more than
33 % of the cancer-associated mortalities can be avoided by a
change in lifestyle and dietary habits with proper nutritional
supplements [5–8]. Dietary phytochemicals, the non-nutritive
disease-preventing bioactive compounds constituting polyphe-
nols, carotenoids, glucosinolates, organosulphides, nitrogen-con-
taining compounds and terpenoids are abundantly found in daily
dietary supplements have immense potential as chemotherapeutic
agents [5,9,10]. These bioactive dietary phytochemicals exert non-
toxic and target specific chemotherapeutic action with effective
bioactivity and enhanced bioavailability as individual drug
candidates or in synergism with conventional chemotherapeutic
drugs. Mechanistically, these dietary phytochemicals scavenge
reactive oxygen species (ROS) produced in the cellular compart-
ments due to defective cellular metabolism that in turn inhibit
cancer progression [5,6,10,11]. With the regulation of several cell
death pathways such as apoptosis and autophagy in colossal
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With more focus on identification and evaluation of anti-cancer
fficacy of these dietary phytochemicals, their mode of action,
olecular pathways associated with such activity, bioavailability
nd bioactivity, several studies have been made on the anti-cancer
ropensity of dietary phytochemicals in numerous cell lines and
umor entities [7,18–20]. Hence with the explosion in cancer
ncidences globally and the escalating use of dietary phytochem-
cals, this review has focused on the chemical diversity of dietary
hytochemicals and their molecular mode of action in several
ancer subtypes.

. Chemical diversity and classification of dietary
hytochemicals

Dietary phytochemicals are non-nutritive disease preventive
ioactive plant chemicals that can be used directly as food, food
dditives or as food adjuvants [5–8]. It has been investigated that
ver 5000 distinct dietary phytochemicals have been recognized,
solated and screened for their biological activity. The variable
iological activity of these dietary phytochemicals against cancer
re due to the diverse chemical classes, huge molecular
onfirmations and structural complexities [21–25]. Moreover,
he diverse chemical classifications are also responsible for the
nhanced antioxidative and pro-oxidative activity displayed by
hese dietary phytochemicals. The various class of dietary

phytochemicals can be grouped into major divisions of poly-
phenolics, carotenoids, glucosinolates, organosulfur compounds,
nitrogen-containing compounds and terpenoids. An account of
various types of dietary phytochemicals has been described below
(Figs. 1 and 2, Table 1).

2.1. Polyphenols

Polyphenols are the major secondary plant metabolites and
dietary phytochemicals present in the human diets. Based on the
numeral phenol rings and the structural essential elements in the
side chain that bind to these phenol rings, polyphenol can be
majorly grouped into two subdivisions such as flavonoids and non-
flavonoids [5,9,10]. The flavonoids (or bioflavonoids) can be
identified as a group of phenolic compounds with a 15-carbon
skeleton structure. Flavonoids possess strong antioxidant activity
that have a defined role in minimizing the risk of age-related
chronic diseases like cancer [5,6,10,11]. The flavonoid group
comprises of; flavones (fisetin and apigenin), flavonols (quercetin,
kaempferol and gingerol), flavanols (catechin, gallate and epi-
gallocatechin), isoflavonoids (genistein) and anthocyanidin [26–
31]. The non-flavonoids comprise phenolic acids and stilbenes. The
phenolic acids are subdivided into two chief groups such as;
hydroxycinnamic acids and hydroxybenzoic acids. The curcumin is
included under hydroxycinnamic acid derivatives whereas
ig. 1. Chemical structure of chemo-preventive dietary phytochemicals.
aempferol (a), Noscapine (b), Codeine (c), Sulforaphane (d), EGCG (e), Curcumin (f), β-carotene (g), Resveratrol (h), Quercetin (i) and Lycopene (j).
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rosmarinic acid is grouped under hydroxybenzoic acid derivatives. (containing oxygen) that possess strong antioxidant activity [32].

Fig. 2. Dietary sources of chemo-preventive dietary phytochemicals.
Dietary polyphenols, carotenoids, terpenoids, glucosinolates, organosulphides and nitrogen containing compounds exhibit potent chemo-preventive activity against several
cancers. Dietary polyphenols such as curcumin, resveratrol, quercetin, kaempferol, EGCG and carotenoids like β-carotene and lycopene exhibit potent chemo-prevention. In
addition to this, glucosinolates and organosulphides such as sulforaphane also demonstrate potent anti-cancer efficacy. Nitrogen containing compounds like codeine and
noscapine also display potent anti-cancer efficacy in several cancer cells.

Table 1
Overview of chemical diversity of dietary phytochemicals.

Phytochemicals Types and Example

Group Sub-Group

Polyphenols Flavonoids Flavanols : Catechin, Gallate & Epigallocatechin
Flavonol : Quercetin, Gingerol & Kaempferol
Flavones : Apigenin & Fisetin
Isoflavonoids : Genistein
Anthocyanidin

Non-flavonoids Phenolic acids: Hydroxybenzoic acid (Rosmarinic acid) &
Hydroxycinnamic acids (Curcumin)
Stilbenes : Resveratrol, Lignan

Carotenoids β-Carotene, Lycopene, Crocetin
Glucosinolates Isothiocyanates, Indole and Sulforaphane
Organosulphides Allium compounds
Nitrogen compounds Alkaloids Caffeine, Codeine, Noscopine & Quinidine

Capsaicinoids Dihydrocapsaicin, Homocapsaicin, Capsaicin, Nonivamide
Terpenoids d-Limonene, d-Carvone, Perillyl alcohol, Andrographolide, Excisanin A, Gnidimacrin, Oridonin, Cucurbitacin B
Resveratrol and lignan are majorly classified under stilbenes.

2.2. Carotenoids

Carotenoids, the natural fat-soluble pigments are classified as
carotenes (pure hydrocarbons with no oxygen) and xanthophylls
3

The major phytochemicals that come under xanthophylls are
identified to be crocetin and lutein. Similarly, the carotenes
constitute lycopene, β-cryptoxanthin, α, β and g-carotene. Among
α, β and g carotene, β-carotene plays an important role in human
health. β-carotene is a red-orange pigment generally found in
plants and fruits [32].
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.3. Glucosinolates

Glucosinolates (GLS), are a class of plant thioglucosides (organic
ompounds containing sulfur and nitrogen and are derived from
lucose and amino acid) [33]. Isothiocyanates, indole and
ulforaphane belong to this group. In the human digestive system,
lucosinolates are hydrolyzed to isothiocyanates by the action of
he enzyme myrosinase [34]. The enzymatic degradation helps the
elease of chemopreventive agents into the host system. The major
ietary phyto-constituents indole in the acidic environment of the
tomach is condensed and changed to a digestion derivative named
i-indolylmethane (DIM) that exhibit strong anti-cancer property
34]. Sulforaphane is generally derived from cruciferous vegetables
isplay effective anti-cancer potency in various cancer cell lines
oth in vivo and in vitro [34].

2.4. Organosulfur compounds (organosulphides)

Alliin, a sulfur-containing dietary phytochemical compound has
a major derivative of the amino acid cysteine [35]. It has been
reported to be the first natural carbon-sulfur-centered stereo-
metric compound found in garlic species. Alliin is majorly found to
have a potential role in immune response in the host organism
[36]. Three additional sulfoxides (methiin, propiin and isoalliin)
are also present in the tissues of onion [37].

2.5. Nitrogen-containing compounds

Among the plant-based secondary metabolites, the nitrogen-
containing phytochemicals (alkaloids) have emerged as very
prominent class of disease preventive antioxidants [38,39]. The

able 2
echanism of chemoprevention by dietary phytochemicals in different cancer subtypes.

Sl. No Cancer Subtype Cell line Compound
name

Functional Involvement Reference

1. Breast and ovarian
cancer

MCF-7 Fisetin Mitochondrial apoptosis and autophagic cell death which is
independent of apoptosis

[55]

2. MDA-MB-231 Apigenin Induction of autophagy via enhanced LC3 lipidation [56]
3. MCF-7 Genistein Bax/Bcl-2 modulation for subsequent onset of apoptosis [57]
4. A2780 Genistein Modulation the AKT signaling pathway for induction of autophagic cell

death. Sustained onset of autophagy through modulation of PKC and
ERK

[58]

5. MDA-MB-231 and MCF-7 Kaempferol Inhibition of cellular proliferation via G2/M phase cycle arrest.
Induction DNA fragmentation, caspase 3, 7 and 9, Bax, PARP, and p53 for
onset of apoptotic cell death.

[59]

6. MDA-MB-361 and MCF-7 Epigallocatechin ROS dependent onset of autophagy and apoptosis. Subsequent removal
of dysfunctional mitochondria through mitophagy that mediate cell
death

[47]

7. MCF-7 Resveratrol Autophagy independent of Beclin1 and Vps34 signalling pathway Li et al.,
200 9

8. MCF-7 Codeine Induction of apoptosis [60]
9. Cervical and prostate

cancer
HeLa Fisetin Modulation of ERK1/2 and caspase-8 and caspase-3 [61]

10. PC-3 and DU-145 Fisetin Autophagic cell death though modulation of mTOR-AKT signaling
pathway

[55]

11. LNCaP Genestein Inhibition of invasion, migration and EMT [58]
12. PC-3 and DU145 Genestein Inhibition of AKT/mTOR/p70S6K leading to autophagic cell death [62]
13. PC-3 β-carotene Enhanced expression of cytochrome C and induction of caspase proteins [63]
14. Colon and gastric cancer HCT-116 Apigenin Autophagic cell death via inhibition of the PI3K/Akt/mTOR signalling

pathway
[64]

15. HT-29 and HCT-116 Kaempferol Induction of TRAIL mediated apoptosis [65]
16. MKN-28, SGC-7901 and

BGC-823 cells
Curcumin Induction of both autophagic and apoptotic cell death [45]

17. HCT-116 Curcumin Induction of autophagy associated senescence through enhanced LC3
lipidation

[66]

18. SGC-7901 and MGC-803 Caffeine Induction of caspase-3 and -9 mediated apoptosis [67]
19. Liver and pancreatic

cancer
MIA PaCa-2 Genistein Inhibition of the Bcl-2 expression for onset of apoptosis [68]

20. Hep3B Andrographolide Induction of apoptosis through modulation of MAPK, pJNK, ERK1/2
signalling

[69]

21. HepG2 Oridonin ROS mediated apoptosis for induction of apoptotic cell death through
p53 and p38 expression, enhanced expression of caspase 3 and caspase-
9

[70]

22. HepG2 Cucurbitacin B Regulation of the Bcl-2 expression, regulation of the cyclin D1 and cdc2
expression

[71]

23. Glioma, melanoma and
sarcoma

U87-MG and U373-MG Curcumin Induction of G2/M phase cycle arrest and AKT/mTOR/p70S6K mediated
autophagy

[14]

24. A375 and C8161 Curcumin Autophagic cell death through regulation of AKT/mTOR/p70S6K
signaling

[72]

25. Head and neck
carcinoma

Cal33 and FaDu Gallic acid Induction of apoptosis through upregulation of Bax, caspase-3 and
downregulation of Bcl-2, NRF2, NQO1 and GCLC. Autophagic flux
inhibition, enhanced LC3 lipidation.

[73,74]

26. Lung cancer A549 Curcumin Regulation of AMPK, MAPK and ERK1/2 signalling [45]
27. A549 and H1299 Allicin Inhibition of the cellular proliferation, invasion and metastasis via [75]
modulation of PI3K/AKT signaling
28. Leukaemia K562 Curcumin Induction of autophagy via enhanced expression of Beclin1 and

downregulation of Bcl-2, inhibition of AKT/mTOR/p70S6K
[76]

29. CML Resveratrol Induction of autophagy through AMPK-mTOR signaling pathway [14]
30. CML Quercetin Induction of PKC mediated apoptosis [77]
31. HL-60 Codeine DNA damage and nuclear fragmentation, caspase 3 activation for

induction of apoptosis
[78]
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chief dietary phytochemicals such as caffeine, codeine, noscapine
and quinidine are placed in the major group of alkaloids [39].
Another group of nitrogen-containing phytochemicals; capsaici-
noids are medically used as analgesics [40]. The major phyto-
constituents of capsaicinoids include dihydrocapsaicin, homocap-
saicin, capsaicin and nonivamide [40].

2.6. Terpenoids

All living organisms synthesize several terpenes for indispens-
able physiological functions. The classification of these natural
phyto-products are based on the numeral of isoprenoid units
present. The major classes of terpenoids consist of compounds
belonging to monoterpenes, sesquiterpenes, diterpenes, sester-
terpenes, triterpenes, and tetraterpenes. The dietary important
terpenoids that have proven their potential as strong drug
candidates include monotrepens (d-Limonene, d-carvone and
perillyl alcohol) [41].

3. Diet, dietary phytochemicals and cancer

Diet plays a significant role in prevention of the cancer [42].
Though the interlink between diet and prevention of cancer has
not yet been explicitly explained, there have been many pieces of
evidence that suggest the importance of diet on limiting cancer
risk. Studies have reported that cancers associated with the
digestive tract were reduced almost half after daily consumption of
dietary phytochemicals.

Consumption of polyphenol-rich fruits has been found to
decrease the risk of cancer. Quercetin induces both apoptosis and
autophagy in several tumor and cancer cell lines [43]. Anti-
carcinogenic effects of resveratrol have efficiently reduced the
skin and gastrointestinal tract tumor [7,8,11,44]. The chemo-
preventive effect of curcumin isolated from turmeric is effective
for the treatment of breast, lung and colon cancer, and brain
tumor [45]. Epigallocatechin gallate (EGCG), the phyto-constitu-
ent present in green tea is favorable in treating prostate, bladder,
cervical and brain cancers [42,46–48]. Similarly, Kaempferol is
associated with reduction of pancreatic and lung cancer [49].
Gingerol, another active phyto-constituents isolated from fresh
ginger is effective against tumors in colon, breast, ovary and
pancreas origin [50].

Anthocyanidin, play an important role in reducing inflamma-
tion, thus limits tumor growth. Perillyl alcohol and d-limonene
have displayed chemo-preventive activity against skin, liver,
mammary and lung cancers. Owing to the effective antioxidant
activity exhibited by β-carotene, it exhibits anti-cancer activity in
several cancer cells and tumor cell lines [32]. The immunomodu-
latory function of β-carotene exhibits possible inhibition of
carcinogenetic progress. In combination with vitamins E and C,
β-carotene exhibits enhanced anti-cancer efficacy in several cancer
cells. Lycopene exhibited potent anti-cancer effects against skin,
breast, prostate, esophagus, stomach and colon cancers [32,51–53].
Glucosinolate derived from cruciferous vegetables has displayed
chemo-preventive effect on liver, colon, mammary gland, lung,
colorectal and pancreas cancer [54]. Di-indolylmethane have
demonstrated exceptional anti-cancer effect against hormone-
responsive breast, ovarian and prostate cancers (Table 2).

Indoles and sulforaphane have been found to be more effective
against breast cancer. Moreover, they have been influential in the

4. Chemo-preventive action of dietary phytochemicals

Carcinogenesis is documented as a complex, multistep process
initiated with exposure to a carcinogenic agent [42]. In the cancer
initiation stage, a normal cell gets transformed into a cancer cell.
The cancer-initiating cell begins abnormal multiplication and gives
rise to a heterozygous tumor cell population. In the tumor
promotion stage, actively proliferating pre-neoplastic cells accu-
mulate that lead to tumor progression which involves the growth
of a tumor with potential invasion and metastatic potential.
Chemoprevention is defined as the application of chemotherapeu-
tic agents to inhibit, converse or hinder tumorigenesis/ carcino-
genesis. Numerous dietary phytochemicals have been reported to
act as chemo-preventive agents by interfering with a specific
regulatory stage during the process of carcinogenic [79]. Overpro-
duction of oxidants cause an oxidative imbalance that contributes
towards oxidative damage of DNA, proteins and lipids to aid cancer
pathophysiology [80]. In this context, to prevent oxidative stress
dietary phytochemicals with potential antioxidant properties hold
high importance as chemo-preventive agents [81].

Several phytochemicals seem to possess anti-inflammatory
properties. The colossal interlink between cancer and inflamma-
tion is evident as several inflammatory conditions that influence
the onset of cancer initiation [6,11,82,83]. Previous investigations
have demonstrated that biological activity of these dietary
phytochemicals are due to their potent free radicals scavenging
and enhanced antioxidant activity that subsequently regulate the
expression of oncogenes and tumor suppressor genes [5,6,10,11].
In addition to this, dietary phytochemicals regulate the cancer cell
proliferation and differentiation, the arrest of cell cycle at different
phases and onset of cell death pathways such as apoptosis and
autophagy [11,84,85]. According to Lee Wattenberg’s conventional
classification, the chemo-preventive agents are segmented into
blocking and suppressing agents [86].

4.1. Blocking agents

As blocking agents, dietary phytochemicals prevent carcino-
gens to reach the target sites and subsequently inhibit the DNA
damage [87]. These dietary phytochemicals neutralize the
carcinogens by moderating the enzymatic systems responsible
for them. These phyto-products either reduce their carcinogenic
potential or increase their excretion [88,89]. Allyl sulfides present
in garlic act as blocking agents by altering the host’s defense
system against molecules that are responsible for DNA-damage.
Similarly, tea polyphenols inhibit the binding of carcinogenic
substances to genetic material preventing genetic mutations
[90,91]. Quercetin, another prominent polyphenol increases the
excretion of oxidative metabolites. Carotenoids react with the free
radicals in a lipid-soluble environment to prevent oxidative stress.
β-carotene supposed to inhibit cancer cell growth by enhancing
cellular antioxidant propensity as well as improving immune
response [92].

Kaempferol inhibits cellular proliferation through the induction
of G2/M phase cycle arrest [59]. Moreover, it also regulates the
expression of E-cadherin, N-cadherin, Slug and Snail for inhibition
of EMT [59]. Genistein displays inhibition of cellular proliferation
by arresting the cell cycle at the G2/M phase [93]. Moreover,
inhibition of telomerase activity and angiogenic capacity support
genistein-mediated chemo-prevention [58]. Moreover, apigenin-
protection of the skin against UV radiation damage. Sulforaphane
has displayed very significant inhibitory effect on prostate
tumorigenesis. Phenethyl isothiocyanate (PEITC) has been inten-
sively studied for its chemo-preventive action against breast, lung,
cervical, prostate and several myeloma cell lines. Effectively, PEITC
has displayed very potent inhibitory activity against melanoma.
5

mediated inhibition of cellular proliferation is evident with G2/M
phase cell cycle arrest [56]. Glucosinolates inhibit the enzyme
activation to modify the steroid hormone metabolism and protect
cells against oxidative damage, thus preventing tumor initiation
[33]. They also expedite the cleansing of carcinogens by inducing
Phase I and Phase II enzymes. Another antioxidant perillyl alcohol,
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rotect cells from becoming cancerous, slow cancer cell growth
nd strengthen immune function to fight against cancer [33].
Allicin, another organic allyl sulfur compound exhibits inhibi-

ion of MMP-2 and MMP-9 expression for inhibition of cell
roliferation [43]. It also regulates the STAT3 signalling pathway
or inhibition of cell proliferation, migration and EMT [94].
oscapine inhibits the cellular proliferation via binding to the
ubulin microfilaments. In combination with docetaxel, noscapine
inds to the tubulin for inhibition of cancer cell progression [95].
oscapine-loaded nanocarriers in combination with doxorubicin
nhanced the anti-cancer efficacy in several cancer cells [96].
ulforaphane exhibits anti-cancer efficacy in several cancer cells
hrough regulation of cell cycle progression, induction of apoptosis
nd autophagy, inhibition of angiogenesis and enhanced chemo-
herapeutic efficacy in combination with known anti-cancer drugs
63]. In colon and ovarian cancer cells, sulforaphane regulates the
xpression of HIF-1α and VEGF for inhibition of angiogenesis [97].
nidimacrin inhibits tumor progression through upregulation of
21WAF1/CIP1 signalling pathway [98]. In addition to this,
nidimacrin arrests the cell cycle at G2-phase and downregulates
he expression of cdc2 [99].

Lycopene activates the phase II detoxification enzymes to
educe oxidative damage associated with cancer initiation
100,101]. Lycopene upregulates the cytochrome P450 expression
o prevent carcinogenesis [102,103]. In several cancer cells,
ycopene arrests the cell cycle at G0/G1 and S-phase [102,103].
oreover, lycopene-mediated regulation of expression of MMP-2
nd MMP-9 in several cancer cell lines inhibits the cancer growth
nd proliferation [51–53]. Lycopene exhibits anti-cancer efficacy
hrough enhanced antioxidant, lipid peroxidation and ROS
cavenging efficacy [32].

.2. Suppressing agents

On the other hand, a certain class of dietary phytochemicals
bstructs the malignant transformation of cancer-initiating cells
y acting unswervingly on tumor cells and also by modifying their
icroenvironment through deploying hostile physiologic environ-
ents that are unfavorable for tumor growth and progression

104]. This group of phytochemicals inhibit tumor growth by
nduction of cell death pathways such as apoptosis [105]. In
poptosis deficient cancer cells, these phytochemicals deploy an
lternative form of cell death known as autophagy [105]. Moreover,
hese dietary phytochemicals inhibit tumor angiogenesis [106–
08]. Phenethyl isothiocyanate, curcumin and resveratrol have
hown strong apoptosis and autophagy-inducing potential in
everal cancer cell lines [109]. These phytochemicals are known to
egulate the pro-apoptotic and anti-apoptotic proteins that are
esponsible for the onset of apoptosis [110]. Moreover, they also
egulate autophagy and autophagy-associated genes to regulate
utophagic cell death [110].
Quercetin induces autophagy through induction of MAPK/PI3K/

KC/ERK signalling pathway [111,112]. Sulforaphane induces chemo-
reventive action through the regulation of the NRF2 signaling
athway in several cancer cell lines [113,114]. Moreover, sulforaph-
ne also regulates several epigenetic regulatory mechanisms for
ancer prevention. Mechanistically, sulforaphane reverses the
pigenetic alteration via DNA methyltransferases and histone
eacetyltransferases and several non-coding RNAs [113]. Sulforaph-
ne also alters the apoptotic signal through upregulation of Bax and

Beclin-1 expression that subsequently promotes caspase 3 and 9
dependent apoptosis [56]. In addition to this, apigenin induces
apoptosis through downregulation of Bcl-2 and upregulation of
caspase 3 expressions. Kaempferol mediated inhibition of PI3K/AKT/
mTOR signaling, enhanced expression of Beclin-1, ATG-5, ATG-7,
ATG-12 genes and enhanced LC3 lipidation for induction of
autophagic cell death [117].

5. Chemotherapeutic efficacy of dietary phytochemicals in
different cancer subtypes

5.1. Breast and ovarian cancer

In MCF-7 breast cancer cells, fisetin induces intrinsic apoptosis
and autophagic cell death which is independent of apoptosis [55]. In
MDA-MB-231 cells, apigenin induces autophagy via enhanced LC3
lipidation [56,64,118,119]. In MCF-7 cells, genistein enhances the
Bax/Bcl-2 expression for subsequent onset of apoptosis [57]. In
A2780 cells, genistein upregulates the AKT signaling pathway for
induction of autophagic cell death. Moreover, genistein sustains the
onset of autophagy through upregulation of PKC and ERK signaling
[58]. In MDA-MB-231 and MCF-7 cells, kaempferol inhibits cellular
proliferationvia G2/Mphase cell cycle arrest.Furthermore, it induces
DNA fragmentation for the induction of apoptotic cell death [59].
Mechanistically, kaempferol regulates the expression of caspase 3, 7
and 9, Bax, PARP and p53 to induce apoptosis [59]. In addition to this,
SOD and CAT regulation by kaempferol regulates the onset of
apoptosis [59]. In MCF-7 and MDA-MB-361, EGCG induces ROS
dependent onset of autophagy and apoptosis [47,48]. The mitochon-
drial dysfunction upon treatment of EGCG and their subsequent
removal through mitophagy aid EGCG mediated autophagic cell
death [47,48]. In the breast cancer-bearing xenograft mice model,
EGCG inhibits lung metastasis by inducing apoptosis through DNA
damage [47,120,121]. In MCF-7 cells, resveratrol induces autophagy
independent of Beclin-1 and Vps34 signalling pathway [122–124]. In
ovarian cancer cell lines, resveratrol induces autophagy through
inhibition of PI3K/AKT/mTOR signalling pathway. In ovarian cancer
cells, sulforaphane regulates the expression of HIF-1α and VEGF
expression for inhibition of angiogenesis [97]. In MCF-7 cells,
codeine induces apoptosis in a dose-dependent manner [60] (Fig. 3,
Table 2).

5.2. Cervical and prostate cancer

Fisetin, a naturally occurring flavonoid induces apoptosis in the
human cervical cancer cell line (HeLa) through upregulation of
ERK1/2 and caspase 8 and caspase 3 [61]. In HeLa cells, quercetin
induces autophagy and apoptosis for subsequent inhibition of
cancer cell survival and proliferation [125,126]. In PC-3 and DU-145
cells, fisetin induces autophagic cell death through inhibition of
mTOR-AKT signaling pathway [55]. In LNCaP cells, genestein
treatment inhibits invasion, migration and EMT [58]. A similar
regulation of inhibition of AKT/mTOR/p70S6K mechanistic in-
volvement of signaling pathways is also responsible for the
induction of autophagic cell death in PC-3 and DU-145 cells [62]. In
PC-3 cells, β-carotene exhibits apoptosis through enhanced
expression of cytochrome C and induction of caspase proteins.
Sulforaphane has displayed very significant inhibitory effects on
prostate tumorigenesis [63]. In human prostate cancer cells,
paclitaxel in combination with noscapine exhibits enhanced anti-
ownregulation of Bcl-2 expression [115]. Allicin activates the
aspase cascades for induction of apoptosis. In addition to this, allicin
pregulates the Bax and downregulates the Bcl-2 expression for
nduction of apoptosis [94]. Noscapine induces ROS for subsequent
ctivation of apoptosis [116]. In several tumor cells, prolonged
xposure to apigenin inhibits autophagy through inhibition of
6

cancer activity [127,128] (Fig. 3).

5.3. Colon and gastric cancer

Apigenin induces autophagic cell death in human colon cancer
(HCT-116) cells via inhibition of the PI3K/AKT/mTOR signalling



S. Patra, R. Nayak, S. Patro et al. Biotechnology Reports 30 (2021) e00633
pathway [56,64,118,119]. In HT-29 and HCT-116 cells, kaempferol
induces TRAIL-mediated apoptosis [65]. In HT-29 and SSC-4 cells,
EGCG elicits the onset of apoptosis for suppression of cell cellular
proliferation and induction of cell death [47]. In MKN-28, SGC-
7901 and BGC-823 cells, curcumin induces both autophagic and
apoptotic cell death for cancer inhibition [45]. In HCT-116 cells,
curcumin induces autophagy-associated senescence through

In human colon cancer cells, noscapine induces apoptosis via
enhanced PTEN/PI3K/mTOR signaling [130] (Fig. 3, Table 2).

5.4. Liver and pancreatic cancer

In HepG2 cells, kaempferol induces apoptosis via regulation of
ROS [59]. In MIA PaCa-2 cells, genistein downregulates the Bcl-2

Fig. 3. Molecular mechanisms of chemoprevention by dietary phytochemicals.
Polyphenols like curcumin, resveratrol and noscapine regulate autophagic cell death via inhibition of mTORC1 signalling. Similarly, curcumin, resveratrol, noscapine, allicin,
and excisanin activate the PI3K signalling for elongation of extending phagophore. Kaempferol, curcumin and resveratrol enhance the LC3 lipidation in the extending
autophagosomes. Resveratrol enhances the expression of ATG-5 and ATG-12. Similarly, kaempferol and resveratrol also regulate the ATG-16 formation from ATG-5 and ATG-
12. Curcumin, resveratrol and kaempferol enhance the Bax/Bcl-2 expression to regulate apoptosis. In addition to this, kaempferol, oridonin and curcumin upregulate the
caspase cascades responsible for the onset of apoptosis. Oridonin regulates the expression of caspase 3 and caspase 9 while cucurbitacin B and allicin regulate the Bcl-2
expression for induction of apoptotic cell death. Sulforaphane also alters the apoptotic signal through upregulation of Bax and downregulation of Bcl-2. β-carotene enhances
the release of cytochrome C to mediate mitochondrial apoptosis. Resveratrol enhances the expression of caspase 8 during the onset of extrinsic apoptosis while kaempferol
elicits the death receptors that are responsible for extrinsic apoptosis.
enhanced LC3 lipidation [66]. In HT-29 cells, resveratrol induces
ROS-dependent apoptosis [129]. In colon cancer cells, sulforaph-
ane downregulates the expression of HIF-1α and VEGF expression
for inhibition of angiogenesis [97]. In SGC-7901 and MGC-803 cells,
caffeine induces caspase 3 and 9 mediated apoptosis [67]. In AGS
cells, codeine induces apoptosis in a dose-dependent manner [60].
7

expression for the onset of apoptosis. In combination with 5-FU,
genistein exerts apoptosis in human pancreatic cells [68].
Andrographolide inhibits the growth of Hep3B cells by induction
of apoptosis through the upregulation of MAPK, pJNK, ERK1/2
signalling pathways [69]. Excisanin A also decreased the cellular
viability of Hep3B cells via induction of apoptosis through



d
R
H
e
a
t
[
f

5

p
[
g
s
p
a
a
i
a
s
p
i
G
i

5

t
t
a
r
e
d
l
s
e
e
b
t

5

s
e
p
c
t
P

5

e
t
f
l
l
e
l
s
q
c

S. Patra, R. Nayak, S. Patro et al. Biotechnology Reports 30 (2021) e00633
ownregulation of AKT signaling [131]. Oridonin promotes the
OS-mediated apoptosis for the induction of apoptotic cell death in
epG2 cells [70]. Moreover, it also regulates p53 and p38
xpression [132]. Oridonin regulates the expression of caspase 3
nd caspase 9 for induction of apoptosis. Cucurbitacin B regulates
he Bcl-2 expression in HepG2 cells for induction of apoptosis
133]. Moreover, it also regulates the cyclin D1 and cdc2 expression
or the suppression of cellular proliferation [71] (Fig. 3, Table 2).

.5. Glioma, melanoma and sarcoma

Curcumin induces G2/M phase cycle arrest and AKT/mTOR/
70S6K mediated autophagy in U87-MG and U373-MG cells
14,134,135]. In A375 and C8161 cells, curcumin induces autopha-
ic cell death through the regulation of AKT/mTOR/p70S6K
ignaling [72,136]. In MG63 cells, quercetin in synergism with
harmacological and genetic inhibitors of autophagy induces
poptosis for inhibition of cell proliferation [125,126]. Noscapine
lso exhibits anti-cancer efficacy against glioblastoma by inhibit-
ng the microtubules [137]. Caffeine induces selective cytotoxicity
nd DNA damage in human sarcoma cell lines [138]. Moreover,
ynergistic treatment of caffeine and conventional chemothera-
eutic drugs exhibits enhanced chemo-sensitization through
nduction of apoptosis. In human osteosarcoma, caffeine induces
0/G1 phase cell cycle arrest and caspase 3/7 activation for the
nduction of apoptosis [139] (Fig. 3, Table 2).

.6. Head and neck carcinoma

In oral cancer cells, curcumin induces autophagic cell death
hrough bulk cellular vacuolation and enhanced conversion of LC3I
o LC3II [45]. Similarly, in Cal33 oral cancer cells, gallic acid induces
poptosis through upregulation of Bax, caspase 3 and down-
egulation of Bcl-2 [74]. Moreover, it inhibits autophagy through
nhanced expression of p62 to induce autophagy associated cell
eath. Gallic acid in combination with gamma irradiation inhibits
ipophagy to promote lipophagy associated cell death [73]. A
ynergistic combination of sulforaphane and paclitaxel in Barrett
sophageal adenocarcinoma, an enhanced antiproliferation is
vident through the onset of apoptosis [140]. Moreover, it inhibits
ronchial dysplasia and cellular proliferation which is evident
hrough reduced Ki-67 expression (Fig. 3, Table 2).

.7. Lung cancer

In A549 cells, curcumin regulates the AMPK, MAPK and ERK1/2
ignaling pathway associated with cellular transformation, differ-
ntiation and proliferation [45]. In smoking-associated lung cancer
atients, sulforaphane induces apoptosis through enhancement of
aspases expression [63]. In A549 and H1299 cells, allicin inhibits
he cellular proliferation, invasion and metastasis via regulation of
I3K/AKT signaling [75] (Fig. 3, Table 2).

.8. Leukaemia

In K562 cells, curcumin induces autophagy via enhanced
xpression of Beclin-1 and downregulation of Bcl-2 [76]. Moreover,
he inhibition of AKT/mTOR/p70S6K signaling is also responsible
or the onset of autophagy [76]. Similarly, in myeloma and
eukemia cells, resveratrol induces the Fas and its associated

induction of apoptosis [145]. In HL-60 and HSC-2 cells, codeine
activates the caspase 3 mediated apoptosis [78] (Fig. 3, Table 2).

6. Preclinical efficacy of dietary phytochemicals

In breast cancer (MCF-7) bearing mice xenograft model,
curcumin exhibited anti-tumor efficacy in combination with
paclitaxel and chemo-sensitize the tumor cells towards apoptosis
[146]. In another breast cancer (MDA-MB-245) bearing mice
xenograft model, curcumin and paclitaxel inhibited the NF-kβ and
MMP signalling for inhibition of tumor metastasis [135]. Resvera-
trol regulated the breast cancer stem cells via regulating the Wnt/
β-catenin in breast cancer-bearing mice xenograft model [42]. In
nude mice bearing MDA-MB-231 cells exhibit reduced angiogene-
sis and enhanced apoptosis post-treatment with resveratrol
[42,135]. In addition to this, resveratrol mediated PI3K/AKT/mTOR
signalling inhibition induced autophagic cell death. EGCG induced
DNA damage as the precursor of apoptosis in nude mice model
bearing breast tumor [121]. In addition to this, it also reduced the
invasiveness of breast tumor thereby suppressing the lung
metastasis. Fisetin inhibited the in vivo breast tumor growth via
induction of apoptosis in a caspase-dependent manner [61].
Sulforaphane suppressed the tumor growth of triple-negative
breast cancer cells, via inhibition of the Cripto/Alk4 protein
complex formation [147].

In prostate cancer-bearing mice model, curcumin inhibited the
tumor growth and elicited induction of apoptosis via NF-kβ, MAPK
and EGFR regulation. In TRAMP rat model, resveratrol reduced the
growth of prostate cancer tumor via downregulation of ERK1/2
signalling and induction of apoptosis [135]. In PC-3 bearing mice
xenograft model, lycopene reduced the angiogenesis via inhibition
of VEGF and EGF expression [148]. In PC-3 cells bearing prostate
cancer mice model, sulforaphane retarded the tumor growth via
induction of apoptosis in a caspase-dependent manner [149]. In
xenograft mice model bearing colorectal cancer, curcumin
treatment sensitizes the tumor cells towards chemotherapy via
inhibition of NF-kβ signalling. Curcumin in synergism with
oxaliplatin or 5-fluorouracil inhibited tumor growth in human
gastric cancer-bearing mice model [135]. Lycopene inhibited the
growth of colorectal cancer via decreasing the PCNA, COX-2, MMP-
9, ERK1/2 and induction of apoptosis via upregulation of caspase 3
and p21 [148]. In a xenograft tumor model in mice, noscapine
induced apoptosis to restrain tumor growth via downregulation of
Bcl-2 and upregulation of Bax, cytochrome C, caspase 3 and
caspase 9 [150].

Curcumin in synergism with metformin decreased hepatocel-
lular carcinoma tumor growth in xenograft mice model [151]. In
SK-Hep-1 hepatoma cells bearing mice model, lycopene inhibited
the tumor growth and metastasis via decreased expression of
MMP-2 and MMP-9 [148]. In the human glioma cell bearing mice
model, curcumin mediated inhibition of angiogenesis was by
decreased MMP-9 expression [152]. In the A375 cell bearing
melanoma mice model, curcumin inhibited the PI3K/AKT/mTOR
signalling to induced autophagic cell death [153]. In DMBA induced
skin tumor-bearing CD-1 mice model, resveratrol inhibited the
tumor growth via downregulation of TGF-β and TNF-α and other
inflammation-related key molecular proteins [154]. Apigenin
induced apoptosis for reduction of chondrosarcoma tumor in
mice model. Resveratrol reduced the tumor growth, angiogenesis
and metastasis in Lewis Lung Carcinoma bearing C57BI/6 mice
igands as well as Bcl-2 and Bax signaling for the onset of both
xtrinsic and intrinsic apoptosis [141,142]. In chronic myeloid
eukemia, resveratrol induces autophagy through the AMPK-mTOR
ignaling pathway [14,111,134]. In chronic lymphocytic leukemia,
uercetin induces PKC-mediated apoptosis [77,143,144]. In HL-60
ells, codeine induces DNA damage and nuclear fragmentation for
8

model [155]. Apigenin inhibited the tumor growth, metastasis and
angiogenesis in the NSCLS xenograft mice model [42]. In the
murine xenograft lung cancer model, noscapine in synergism with
cisplatin reduced the tumor growth via induction of apoptosis with
evident upregulation of caspase 3, caspase 8, PARP, p53, p21 and
Bax [156].
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7. Challenges in therapeutic intervention and clinical
translation

The limited bioavailability, poor stability and permeability,
reduced pharmacokinetics (reduced plasma, blood and tissue
concentration) and pharmacodynamics, metabolism and absorp-
tion has been the major challenges for clinical translation of dietary
phytochemicals. Then extensive digestion of curcumin is a major
obstacle for maintaining higher plasma and tissue concentration
[157]. In a phase II clinical trial (NCT00094445), even after 8 weeks
of application of curcumin, the plasma concentration was found to
be very low. Curcumin at 2.5�5 mg/mL concentration induced
chromosomal alteration and DNA damage [158]. Curcumin at
doses of 0.9–3.6 g/day for 14 days exhibited nausea and diarrhea
[159]. Oleoresin has shown toxic and carcinogenic effect in in vivo
rat model [157]. SRT501 in combination with bortezomib approved
for multiple myeloma has noticed adverse renal toxicity, nausea,
diarrhea, vomiting, fatigue and anemia [160,161]. In Male Sprague-
Dawley rats, low bioavailability of kaemferol (nearly 2%) has
reduced its use as chemopreventive in several cancer subtypes
[162]. Similarly, the poor solubility, limited bioavailability,
instability and poor permeability have also limited the use of
quercetin as potent chemopreventive [163].

8. Conclusion and future perspective

Ever-increasing cancer incidences and associated mortalities
despite advancement in prognosis, diagnosis and treatment have
emerged as foremost challenge in cancer therapy. The cytotoxicity
and non-target specificity have contributed to more problems with
the application of chemotherapeutic drugs. To abide by the ill
effects associated with chemotherapy, dietary phytochemicals
have emerged as potent pharmacophores in cancer therapeutics.
With mechanistic involvement of cell survival and cell death
pathways (apoptosis and autophagy) associated with cancer-
treating drugs, identification and evaluation of dietary phyto-
chemical modulating such signaling pathways has appeared as
possible pharmacophores for future generation cancer treatment.
With apoptotic and autophagic target specificity, dietary phyto-
chemicals will uncover several associated cellular networking that
are potential targets for cancer chemoprevention. Moreover, as
individual drug candidates and in combination with conventional
cancer drugs, these phytochemicals will enhance chemo-sensiti-
zation for better chemotherapy. In addition to this, identifying and
understanding the molecular key players involved, target-specific
drug delivery through nano carriers, liposomes, polymers and
micro emulsions will be formulated for enhanced bioactivity and
bioavailability. Moreover, the identification of such key molecules
will uncover novel targets for future generation personalized and
precision medicine in cancer therapy.
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[125] D. Bądziul, J. Jakubowicz-Gil, R. Paduch, K. Głowniak, A. Gawron, Combined
treatment with quercetin and imperatorin as a potent strategy for killing
HeLa and Hep-2 cells, Mol. Cell. Biochem. 392 (2014) 213–227.

[126] V.O. Kaminskyy, B. Zhivotovsky, Free radicals in cross talk between
autophagy and apoptosis, Antioxid. Redox Signal. 21 (2014) 86–102.

[127] R. Aneja, T. Miyagi, P. Karna, T. Ezell, D. Shukla, M.V. Gupta, C. Yates, S.R.
Chinni, H. Zhau, L.W. Chung, A novel microtubule-modulating agent induces
mitochondrially driven caspase-dependent apoptosis via mitotic checkpoint
activation in human prostate cancer cells, Eur. J. Cancer 46 (2010) 1668–1678.

[128] M.B. Chougule, A.R. Patel, T. Jackson, M. Singh, Antitumor activity of
Noscapine in combination with Doxorubicin in triple negative breast cancer,
PLoS One 6 (2011)e17733.

[129] H. Miki, N. Uehara, A. Kimura, T. Sasaki, T. Yuri, K. Yoshizawa, A. Tsubura,
Resveratrol induces apoptosis via ROS-triggered autophagy in human colon
cancer cells, Int. J. Oncol. 40 (2012) 1020–1028.

[130] X. Tian, M. Liu, X. Huang, Q. Zhu, W. Liu, W. Chen, Y. Zou, Y. Cai, S. Huang, A.
Chen, Noscapine induces apoptosis in human Colon Cancer cells by
regulating mitochondrial damage and warburg effect via PTEN/PI3K/mTOR
signaling pathway, Oncol. Ther. 13 (2020) 5419.

[131] R. Deng, J. Tang, L.P. Xia, D.D. Li, W.J. Zhou, L.L. Wang, G.K. Feng, Y.X. Zeng, Y.H.

[105] D. Delmas, E. Solary, N. Latruffe, Resveratrol, a phytochemical inducer of

multiple cell death pathways: apoptosis, autophagy and mitotic catastrophe,
Curr. Med. Chem. 18 (2011) 1100–1121.

[106] T.A. Bhat, R.P. Singh, Tumor angiogenesis–a potential target in cancer
chemoprevention, Food Chem. Toxicol. 46 (2008) 1334–1345.

[107] R.P. Singh, R. Agarwal, Tumor angiogenesis: a potential target in cancer
control by phytochemicals, Curr. Cancer Drug Targets 3 (2003) 205–217.
11
Gao, X.F. Zhu, ExcisaninA, a diterpenoid compound purified from Isodon
MacrocalyxinD, induces tumor cells apoptosis and suppresses tumor growth
through inhibition of PKB/AKT kinase activity and blockade of its signal
pathway, Mol. Cancer Ther. 8 (2009) 873–882.

[132] J. Huang, L. Wu, S. Tashiro, S. Onodera, T. Ikejima, Reactive oxygen species
mediate oridonin-induced HepG2 apoptosis through p53, MAPK, and
mitochondrial signaling pathways, J. Pharmacol. Sci. 107 (2008) 370–379.



[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

S. Patra, R. Nayak, S. Patro et al. Biotechnology Reports 30 (2021) e00633
133] M. Zhang, H. Zhang, C. Sun, X. Shan, X. Yang, J. Li-Ling, Y. Deng, Targeted
constitutive activation of signal transducer and activator of transcription 3 in
human hepatocellular carcinoma cells by cucurbitacin B, Cancer Chemother.
Pharmacol. 63 (2009) 635–642.

134] K.S. Choi, Autophagy and cancer, Exp. Mol. Med. 44 (2012) 109–120.
135] S. Patra, B. Pradhan, R. Nayak, C. Behera, L. Rout, M. Jena, T. Efferth, S.K. Bhutia,

Chemotherapeutic efficacy of curcumin and resveratrol against cancer:
chemoprevention, chemoprotection, drug synergism and clinical
pharmacokinetics, Seminars in Cancer Biology, (2020) .

136] K. Singletary, J. Milner, Diet, autophagy, and cancer: a review, Cancer
Epidemiol. Prev. Biomarkers 17 (2008) 1596–1610.

137] Q. Qi, X. Liu, S. Li, H.C. Joshi, K. Ye, Synergistic suppression of noscapine and
conventional chemotherapeutics on human glioblastoma cell growth, Acta
Pharmacol. Sin. 34 (2013) 930–938.

138] W.-Q. Cui, S.-T. Wang, D. Pan, B. Chang, L.-X. Sang, Caffeine and its main
targets of colorectal cancer, World J. Gastrointest. Oncol. 12 (2020) 149.

139] Y. Luo, J.D. Leverson, New opportunities in chemosensitization and
radiosensitization: modulating the DNA-damage response, Expert Rev.
Anticancer Ther. 5 (2005) 333–342.

140] A. Qazi, J. Pal, M. Maitah, M. Fulciniti, D. Pelluru, P. Nanjappa, S. Lee, R.B.
Batchu, M. Prasad, C.S. Bryant, S. Rajput, S. Gryaznov, D.G. Beer, D.W. Weaver,
N.C. Munshi, R.K. Goyal, M.A. Shammas, Anticancer activity of a broccoli
derivative, sulforaphane, in barrett adenocarcinoma: potential use in
chemoprevention and as adjuvant in chemotherapy, Transl. Oncol. 3 (2010)
389–399.

141] D. Delmas, E. Solary, N. Latruffe, Resveratrol, a phytochemical inducer of
multiple cell death pathways: apoptosis, autophagy and mitotic catastrophe,
Curr. Med. Chem. 18 (2011) 1100–1121.

142] M. Reis-Sobreiro, C. Gajate, F. Mollinedo, Involvement of mitochondria and
recruitment of Fas/CD95 signaling in lipid rafts in resveratrol-mediated
antimyeloma and antileukemia actions, Oncogene 28 (2009) 3221–3234.

143] M. Granato, M.S.G. Montani, M.A. Romeo, R. Santarelli, R. Gonnella, G. D’Orazi,
A. Faggioni, M. Cirone, Metformin triggers apoptosis in PEL cells and alters
bortezomib-induced unfolded protein response increasing its cytotoxicity
and inhibiting KSHV lytic cycle activation, Cell. Signal. 40 (2017) 239–247.

144] K. Wang, R. Liu, J. Li, J. Mao, Y. Lei, J. Wu, J. Zeng, T. Zhang, H. Wu, L. Chen,
Quercetin induces protective autophagy in gastric cancer cells: involvement
of Akt-mTOR-and hypoxia-induced factor 1α-mediated signaling, Autophagy
7 (2011) 966–978.

145] J.P. Sirdaarta, Phytochemical Study and Anticancer Potential of High
Antioxidant Australian Native Plants, Thesis PhD Doctorate School of
Natural Sciences Griffith University, Brisbane, 2016.

146] G.M. Calaf, R. Ponce-Cusi, F. Carrión, Curcumin and paclitaxel induce cell
death in breast cancer cell lines, Oncol. Rep. 40 (2018) 2381–2388.

147] N.P. Castro, M.C. Rangel, Sulforaphane Suppresses the Growth of Triple-
negative Breast Cancer Stem-like Cells in Vitro and in Vivo 12, (2019) , pp.
147–158.

148] C. Trejo-Solís, J. Pedraza-Chaverrí, M. Torres-Ramos, D. Jiménez-Farfán, A.
Cruz Salgado, N. Serrano-García, L. Osorio-Rico, J. Sotelo, Multiple molecular

and cellular mechanisms of action of lycopene in cancer inhibition, Evid.
Comp. Altern. Med. 2013 (2013) 705121-705121.

[149] A.V. Singh, D. Xiao, K.L. Lew, R. Dhir, S.V. Singh, Sulforaphane induces
caspase-mediated apoptosis in cultured PC-3 human prostate cancer cells
and retards growth of PC-3 xenografts in vivo, Carcinogenesis 25 (2004) 83–
90.

[150] Z.R. Yang, M. Liu, X.L. Peng, X.F. Lei, J.X. Zhang, W.G. Dong, Noscapine induces
mitochondria-mediated apoptosis in human colon cancer cells in vivo and in
vitro, Biochem. Biophys. Res. Commun. 421 (2012) 627–633.

[151] H.H. Zhang, Y. Zhang, Y.N. Cheng, F.L. Gong, Z.Q. Cao, L.G. Yu, X.L. Guo,
Metformin Incombination With Curcumin Inhibits the Growth, Metastasis,
and Angiogenesis of Hepatocellular Carcinoma in Vitro and in Vivo 57, (2018)
, pp. 44–56.

[152] J.E. Lee, S.S. Yoon, J.W. Lee, E.Y. Moon, Curcumin-induced cell death depends
on the level of autophagic flux in A172 and U87MG human glioblastoma cells,
Chin. J. Nat. Med. 18 (2020) 114–122.

[153] G. Zhao, X. Han, S. Zheng, Z. Li, Y. Sha, J. Ni, Z. Sun, S. Qiao, Z. Song, Curcumin
induces autophagy, inhibits proliferation and invasion by downregulating
AKT/mTOR signaling pathway in human melanoma cells, Oncol. Rep. 35
(2016) 1065–1074.

[154] M. Jang, J.M. Pezzuto, Effects of resveratrol on 12-O-tetradecanoylphorbol-
13-acetate-induced oxidative events and gene expression in mouse skin,
Cancer Lett. 134 (1998) 81–89.

[155] J.H. Ko, G. Sethi, J.Y. Um, M.K. Shanmugam, F. Arfuso, A.P. Kumar, A. Bishayee,
K.S. Ahn, The Role of Resveratrol in Cancer Therapy, (2017) , pp. 18.

[156] M. Chougule, A.R. Patel, P. Sachdeva, T. Jackson, M. Singh, Anticancer activity
of Noscapine, an opioid alkaloid in combination with Cisplatin in human non-
small cell lung cancer, Lung Cancer (Amsterdam, Netherlands) 71 (2011) 271–
282.

[157] E. Burgos-Morón, J.M. Calderón-Montaño, J. Salvador, A. Robles, M. López-
Lázaro, The dark side of curcumin, Int. J. Cancer 126 (2010) 1771–1775.

[158] C.E. Goodpasture, F.E. Arrighi, Effects of food seasonings on the cell cycle and
chromosome morphology of mammalian cells in vitro with special reference
to turmeric, Food Cosmet. Toxicol. 14 (1976) 9–14.

[159] R.A. Sharma, S.A. Euden, S.L. Platton, D.N. Cooke, A. Shafayat, H.R. Hewitt, T.H.
Marczylo, B. Morgan, D. Hemingway, S.M. Plummer, M. Pirmohamed, A.J.
Gescher, W.P. Steward, Phase I clinical trial of oral curcumin: biomarkers of
systemic activity and compliance, Clin. Cancer Res. 10 (2004) 6847–6854.

[160] R. Popat, T. Plesner, F. Davies, G. Cook, M. Cook, P. Elliott, E. Jacobson, T.
Gumbleton, H. Oakervee, J. Cavenagh, A phase 2 study of SRT501 (resveratrol)
with bortezomib for patients with relapsed and or refractory multiple
myeloma, Br. J. Haematol. 160 (2013) 714–717.

[161] C.K. Singh, M.A. Ndiaye, N. Ahmad, Resveratrol and cancer: challenges for
clinical translation, Biochim. Biophys. Acta 1852 (2015) 1178–1185.

[162] A. Barve, C. Chen, V. Hebbar, J. Desiderio, C.L.-L. Saw, A.-N. Kong, Metabolism,
oral bioavailability and pharmacokinetics of chemopreventive kaempferol in
rats, Biopharm. Drug Dispos. 30 (2009) 356–365.

[163] X. Cai, Z. Fang, J. Dou, A. Yu, G. Zhai, Bioavailability of quercetin: problems and
promises, Curr. Med. Chem. 20 (2013) 2572–2582.
12


	Chemical diversity of dietary phytochemicals and their mode of chemoprevention
	1 Introduction
	2 Chemical diversity and classification of dietary phytochemicals
	2.1 Polyphenols
	2.2 Carotenoids
	2.3 Glucosinolates
	2.4 Organosulfur compounds (organosulphides)
	2.5 Nitrogen-containing compounds
	2.6 Terpenoids

	3 Diet, dietary phytochemicals and cancer
	4 Chemo-preventive action of dietary phytochemicals
	4.1 Blocking agents
	4.2 Suppressing agents

	5 Chemotherapeutic efficacy of dietary phytochemicals in different cancer subtypes
	5.1 Breast and ovarian cancer
	5.2 Cervical and prostate cancer
	5.3 Colon and gastric cancer
	5.4 Liver and pancreatic cancer
	5.5 Glioma, melanoma and sarcoma
	5.6 Head and neck carcinoma
	5.7 Lung cancer
	5.8 Leukaemia

	6 Preclinical efficacy of dietary phytochemicals
	7 Challenges in therapeutic intervention and clinical translation
	8 Conclusion and future perspective
	Author contributions
	Research involving human participants and/or animals
	Informed consent
	Declaration of Competing Interest
	Acknowledgments
	References


