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Abstract

Health-threatening consequences of carcinogen exposure are mediated via occurrence of electrophiles or reactive oxygen
species. As a result, the accumulation of biomolecular damage leads to the cancer initiation, promotion or progression.
Accordingly, there is an association between lifestyle factors including inappropriate diet or carcinogen formation during
food processing, mainstream, second or third-hand tobacco smoke and other environmental or occupational carcinogens and
malignant transformation. Nevertheless, increasing evidence supports the protective effects of naturally occurring phyto-
chemicals against carcinogen exposure as well as carcinogenesis in general. Isolated phytochemicals or their mixtures present
in the whole plant food demonstrate efficacy against malignancy induced by carcinogens widely spread in our environment.
Phytochemicals also minimize the generation of carcinogenic substances during the processing of meat and meat products.
Based on numerous data, selected phytochemicals or plant foods should be highly recommended to become a stable and
regular part of the diet as the protectors against carcinogenesis.
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Introduction

Malignant diseases that are associated with poor clinical
outcome are highly actual topic of cancer research [1-6].
Humans are continuously exposed to chemicals, which are
associated with mutagenic and/or carcinogenic properties in
experimental systems. An exposition to these compounds is
mediated endogenously as products of metabolism or patho-
physiological state or they may arise exogenously via their
presence in the air, water, food or other sources [7, 8]. There-
fore, exposure to environmental, occupational and dietary
carcinogens is considered to be a risk factor for malignancy
and thus contributes to the increase in cancer prevalence [9].
Carcinogens are associated with DNA damage including sin-
gle- or double-strand breaks, covalently bound DNA chemi-
cal adducts, DNA-DNA or DNA—protein crosslinks or oxi-
dative-induced lesions [10]. Consequently, lifestyle factors
such as diet or tobacco add to human exposure to chemical
carcinogens [8]. Additionally, protein-rich food cooked at
high temperatures is a major source of heterocyclic aromatic
amines (HAAs) which are associated with cancerogenesis.
Moreover, both polycyclic aromatic hydrocarbons (PAHs)
and nitrosamines are associated with food processing but
they are primarily generated by the use of tobacco products
[8, 9]. Despite the hazardous exposure of various chemicals
in our environment, diet rich in fruit and vegetable is a good
source of chemopreventive phytochemicals. Phytochemicals
possess protective ability against carcinogen exposure via
various mechanism including antioxidant, detoxifying and
free radical scavenging activity. Moreover, phytochemicals
modulate proliferative and apoptotic pathways of cancer
cells [11, 12]. Importantly, phytochemicals as regulators
of epigenetic mechanisms are also highly implicated in the
cancer chemoprevention [13-15].

Aim of the study

We provide a comprehensive review concerning the
effects of phytochemicals in the exposure of selected car-
cinogens appearing in a large extent in the human—envi-
ronment. Accordingly, a representative of each group of
chemical carcinogens was chosen to be analyzed in rela-
tion with potential intervention by chemoprevention with
dietary phytochemicals. In this regard, we have focused
on the abundantly occurred and environmentally/clini-
cally relevant chemical carcinogens—2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP), benzo(a)pyrene
(B[a]P) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-bu-
tanone (NNK) and N’-nitrosonornicotine (NNN). Consider-
ing the cross section of current predominantly experimental
studies, we emphasize beneficial activity of phytochemicals
against carcinogen-related genomic alterations in cells.

@ Springer

Source of the data

Data were recovered from the English-language biomedi-
cal literature by use of “carcinogens” or “PhIP” or “Bl[a]
P” or “NNK/NNN” and “plant-based functional foods” or
“phytochemicals” or “fruit” or “vegetables” or “herbs” as
either a keyword or medical subject heading (MeSH) term
in searches of the PubMed bibliographic database. We
emphasize the most recent scientific papers from the years
2014-2019.

The role of carcinogens in malignant
transformation

Characteristic of carcinogens

Generally speaking, chemical carcinogens are defined as
agents causing cancer in humans and experimental animals.
It was estimated that chemical carcinogens may affect all of
the stages of carcinogenesis [16]. Regarding the pathogenic
mechanisms of carcinogens, they are divided into two cat-
egories [17, 18]. Firstly, non-genotoxically acting agents,
which constitute 10-20% of all carcinogens [19], induce
cancer through mechanisms other than genotoxic (such as
changes in apoptotic signaling, cell proliferation, intercel-
lular communication, endocrine system, stimulation of oxi-
dative damage or epigenetic alterations [17, 18]) with these
processes usually interfering more pathways simultaneously
[20]. Despite that some epigenetic agents are also genotoxic,
not all non-genotoxic carcinogens function via epigenetic
mechanisms [21]. Interestingly, epigenetic changes may
occur independently or concomitantly with genotoxic aber-
rations as they may be a consequence of the exposure to
environmental chemicals [21]. On the contrary, genotoxic
carcinogens cause DNA damage either directly or after met-
abolic activation [17, 20] due to their electrophilic activity.
Electrophiles are electron-seeking molecules [22] which
form adducts with intracellular nucleophilic macromol-
ecules [22, 23]. In case that repairing mechanisms prior to
the replication fail to fix the damage, the formation of DNA
adducts consequently leads to the carcinogenesis [18]. As
exogenous chemicals are associated with the production of
reactive electrophilic species (RES), there is an association
between RES and DNA adducts, mutations and cancer [22,
23]. Actually, most of known carcinogens are considered
to be genotoxic [19] and unlike non-genotoxic carcinogens
there is no safe dose or exposure threshold associated with
them [17]. Importantly, direct-acting or activation-independ-
ent carcinogens interact directly with DNA or cellular com-
ponents due to electrophilic groups [10], while activation-
dependent or indirect-acting carcinogens require activation
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to electrophilic forms so that they become carcinogenic or
reactive intermediates exerting genotoxic effects [10, 24].
After all, the harmful properties of carcinogenic agents are
mediated via exogenously or metabolically generated elec-
trophiles and reactive oxygen species (ROS) [25].

Carcinogen-mediated oxidative damage

A free radical is defined as independently existing molecu-
lar species that contains an unpaired electron. Significantly,
many radicals are unstable and highly reactive [26]. The
balance of various oxidants maintains the cellular homeo-
stasis and protects cells against oxidative stress [23]. ROS
generated in excessive quantity contribute to the damage
of cell structures [27] due to their ability to oxidize lipids,
which are essential components of cell membranes, as well
as protein products (enzymes, receptors or membrane trans-
porters). Moreover, the reaction with DNA leads to the for-
mation of DNA adducts and also contributes to the indirect
DNA attacking [26, 28]. Interestingly, DNA is considered to
be the main target of oxidative damage especially in aging
and cancer. Actually, the formation of free radicals and other
ROS is mediated via metabolic processes or external sources
including air pollutants, cigarette smoke, radiation [26] as
well as heavy metals [29, 30], industrial solvents, certain
drugs, pesticides [29] or other chemicals [26]. Therefore,
free radicals are products of enzymatic reactions such as
respiratory chain, prostaglandin synthesis, phagocytosis or
cytochrome P450 system or non-enzymatic reactions of oxy-
gen with organic compound or ionizing reactions [26]. Due
to the environmental stressors and xenobiotics contributing
to the increase of ROS production [23, 31], even a low-dose
exposure of carcinogens in human—environment, especially
in the conditions of failure in DNA repair mechanisms, may
be associated with DNA damage and cancer [23]. Imbalance
between ROS and antioxidant defense system is implied in
all stages of carcinogenesis [26] because cancer cells are
associated with an increase in ROS production due to the
aberrant metabolism, energy demand [12], cellular signaling,
peroxisomal activity, activation of oncogenes, mitochondrial
dysfunction or others [32]. ROS are also involved in the
therapy resistance, increase in blood supply of tumors and
metastasis. Moreover, ROS may alter genes related to apop-
tosis, proliferation and transcription factors [12]. Neverthe-
less, enzymatic antioxidants such as superoxide dismutase
(SOD), catalase or glutathione system enzymes (glutathione
reductase, glutathione peroxidase, glutathione S-transferase)
as well as non-enzymatic antioxidants (vitamin E, vitamin
C, glutathione, numerous dietary phytochemicals) protect
biomolecules either directly or indirectly against oxidative
damage [26]. Figure 1 based on [26, 27, 33] shows mecha-
nisms of free radical formation and toxicity together with

the defense mechanism of enzymatic and non-enzymatic
antioxidants.

Metabolic activation of carcinogens and their role
in the initiation and promotion of carcinogenesis

As stated before, most of the environmental carcinogens
exist in the form of procarcinogens and thus require a
metabolization. However, metabolic processes may lead to
the inactivation, detoxification and an increase in aqueous
solubility of these compounds and result in their detoxifica-
tion and excretion out of the body. On the contrary, activa-
tion of carcinogens through a variety of metabolic processes
leads to the generation of electrophilic reactive intermediates
with an ability to bind to DNA, form DNA adducts and thus
contribute to the formation of mutations [10, 24, 34] and
initiation of carcinogenic response [8]. Table 1 shows the
sources of selected carcinogens that are widely spread in
human—environment.

The bioactivation of carcinogens into reactive electro-
philes which are capable of covalent binding to DNA [35]
is mediated primarily through xenobiotic-metabolizing
enzymes mainly cytochrome P450s, also known as CYPs.
However, other enzyme systems are also involved in the acti-
vation of various carcinogens [10, 24, 34]. Actually, CYPs
are defined as enzymes functioning as major oxidative cata-
lysts metabolizing xenobiotic and endogenous compounds
and activating carcinogens independently or in conjugation
with phase II enzymes [10, 34], while major human CYP
enzymes involved in the activation of chemical carcinogens
are 1A1, 1A2, 1B1, 2A6, 2A13, 2E1 and 3A4 [36]. Sub-
sequently, reactive metabolites bind to DNA and generate
DNA adducts which, if not repaired, lead to damage and
mutation in genes and cancer as a consequence [37]. Eventu-
ally, environmental carcinogens including PAHs, HAAs or
tobacco-related nitrosamines need to be activated through
xenobiotic-metabolizing enzymes to become reactive and
initiate cell transformation [36]. Table 2 shows a detailed
overview of mechanisms of metabolic activation of selected
carcinogens.

HAAs and PAHs are associated with an ability to initi-
ate cancer in various tissue types. Their carcinogenicity is
related to interactions with the aryl hydrocarbon receptor
(AhR) which is defined as ligand-activated transcription fac-
tor. AhR protein binds to exogenous ligands causing nuclear
translocation of AhR and dimerization with the AhR nuclear
translocator protein. The consequent interaction of the het-
erodimer with consensus DNA sequence xenobiotic respon-
sive element on the enhancer regions of target genes (such
as CYP1 family) increases their transcription [9]. Interest-
ingly, most HAAs are considered to be mutagenic [9] and
carcinogenic [38]. Therefore, HAAs contribute to the eti-
ology of human malignancies related to dietary intake as
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Fig. 1 The formation of free radicals, effects on biomolecules and antioxidant defense system

Table 1 Sources of exposure to PAHs, HAAs and nitrosamines

Carcinogen Source of exposure References

PAHs Cooking processing of meat (roasting, barbecuing, grilling, smoking, baking, etc.) [124, 125]
Processed food (nuts, dairy, herbs, beverages, meat products)
Tobacco products, automobile exhaust, fossil fuel industry, incomplete combustion of organic [9, 47, 126]

materials, forest fires, paper manufacturing, waste incineration

HAAs Protein-rich food (meat, meat products, fish) processed at high temperature [39-41]
Tobacco smoke condensate and diesel exhaust, incineration ash

Nitrosamines Tobacco use [53, 127]

Cosmetics, drugs, rubber industry and tobacco

PAHs polycyclic aromatic hydrocarbons, HAAs heterocyclic aromatic amines

@ Springer
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Table 2 Mechanisms of metabolic activation of selected carcinogens

Carcinogen Mechanism of metabolic activation References

HAAs PhIP  Initial oxidation (CYP1A2, CYP1Al and CYP1B1) — N-hydroxy-PhIP — further metabolism (by NATs  [35, 43, 128]
or SULTs) — N-acetoxy-PhIP, N-sulfoxy-PhIP — binding to DNA — DNA adducts: PhIP-C8-dG

PAHs B[a]P Initial oxidation (CYP1A1, CYP1B1)— B[a]P 7,8-epoxide — conversion by epoxide hydrolase — B[a] [43]
P-7,8-dihydrodiol — activation (CYP1A1 and CYP1B1) —BPDE — BPDE + DNA — adducts: dG-
N2-BPDE

Nitrosamines NNK CYPs— unstable a-hydroxynitrosamines — decomposition to diazohydroxides — reaction with [51]

NNN

DNA — methyl-DNA adducts, PHB-DNA adducts, POB-DNA adducts, other NNN-DNA adducts

Explanatory notes: — followed by

B[a]P benzola]pyrene, BPDE B[a]P-7,8-dihydrodiol-9,10-epoxide, dG-N2-BPDE 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-tetrahy-
dro-BaP, HAAs heterocyclic aromatic amines, NATs N-acetyltransferases, NNK nitrosoamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone,
NNN N’-nitrosonornicotine, PAHs polycyclic aromatic hydrocarbons, PHB-DNA adducts, pyridylhydroxybutyl-DNA adducts, PhIP 2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine, PhIPC8dG N(deoxyguanosin8yl)2aminolmethyl6phenylimidazo[4,5b]pyridine, POB-DNA adducts,

pyridyloxobutyl-DNA adducts, SULTs sulfotransferases

they are present in processed protein-rich food such as meat
[7] especially when it is cooked at a high temperature [39,
40]. Despite the cooking temperature, the level of HAAs
depends also on the meat product and cooking time with
their formation usually mediated via non-enzymatic reaction
[7] between sugars, amino acids and creatine occurring at
temperature above 150 °C [41]. Actually, 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP), which is classified
as possibly carcinogenic to humans by International Agency
for Research on Cancer (IARC) [35, 41], is considered to be
one of the most abundant HAAs formed in meat prepared
at high temperature [42] and is also found in tobacco smoke
[43].

In addition, benzo(a)pyrene (B[a]P) is an Ahr ligand
[44] defined as a member of PAHs which is biologically
transformed into a potent carcinogen B[a]PDE contributing
to the formation of DNA adducts and mutations [45, 46].
IARC classified B[a]P as a human carcinogen [44]. Among
a great amount of chemical constituents associated with
cigarette smoke, B[a]P is considered to be one of the most
potent carcinogenic agent [47] with its exposure related to
human malignancies including lung, bladder, skin, oral and
esophageal cancer [48]. Interestingly, considering epigenetic
modulation of B[a]P, it was associated with alterations in
genome-wide H3K9 histone acetylation profile [49], non-
coding RNAs and also with changes in global methylation
in vitro [48] as well as in a longitudinal cohort study [50].

Moreover, metabolically activated tobacco-specific
nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-bu-
tanone (NNK) and N’-nitrosonornicotine (NNN), which
are classified by IARC as carcinogenic to humans [51], also
contribute to the formation DNA adducts and malignancy.
Moreover, their binding to the nicotinic acetylcholine recep-
tor promotes cancer growth via enhancement of prolifera-
tion, survival, migration and invasion [51-53]. NNAL is the
metabolite of NNK considered to be a strong carcinogen
found in the urine of both smokers and non-smokers exposed

to second-hand smoke [51]. Despite an important role of car-
cinogens in cancer initiation, they are highly implied in the
cancer promotion and progression. Low-dose environmental
mixtures and carcinogens are associated with an increase in
invasiveness and metastasis mediated via various mecha-
nisms [45]. Table 3 shows selected mechanism of the initia-
tion, promotion, or promotion of cancer by selected HAAs,
PAHsS or nitrosamines.

The role of phytochemicals in carcinogen
exposure

Phytochemicals are defined as non-nutrient plant secondary
metabolites [54] present in fruit, vegetable or grains [55]
able to reduce the risk of various diseases [56]. Terpenoids,
alkaloids, isothiocyanates and polyphenols are considered to
be the most studied phytochemicals associated with oxida-
tive damage [54]. Actually, as shown in Fig. 2, phytochemi-
cals function via various overlapping and complementary
mechanisms including antioxidant (A) and detoxifying abili-
ties (B), binding/dilution of carcinogens in digestive tract
(C), epigenetic alterations (D) or modulation of cellular and
signaling pathways (E) [57].

Particularly, phytochemicals exert great antioxidant
and free radical scavenging activity [58], prevent DNA
damage and consequently inhibit cancer initiation [12].
The protective role of phytochemicals against carcino-
gen-induced oxidative stress is evaluated using 8-oxo-
deoxyguanosine (8-0xo-dG) or nitrotyrosine as markers
of oxidative DNA damage and nitrosative stress [59, 60].
Phytochemicals also promote detoxification and enhanced
excretion of exogenous or endogenous carcinogens [11,
61] through inhibition of Phase I enzymes bioactivating
carcinogens or induction of Phase II enzymes [62-65]
such as glutathione S-transferase (GST) or UDP-glucuron-
osyltransferase (UGT) [66] metabolizing carcinogens to
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Fig.2 Targets of phytochemicals efficacy against carcinogen-associated malignant transformation

more excretable forms [62—65]. Significantly, chronic pro-
inflammatory signaling caused by continuous imbalance of
redox homeostasis may lead to induction of pro-oncogenes
or anti-apoptotic factors [67]. Above all, phytochemicals
are potent modulators of inflammatory pathways which
are activated by various sources including carcinogens
through regulation of signaling molecules, e.g., nuclear
factor kappa B (NF-kB) and signal transducer and activa-
tor of transcription 3 (STAT-3) [68] and the expression of
COX-2 which catalyzes the formation of pro-inflammatory
prostaglandins [60]. The imbalance in these pathways
contributes to the tumor cells survival, proliferation or
invasion [68]. Additionally, phytochemicals prevent dereg-
ulation of other cancer-critical signaling elements or path-
ways (such as PTEN/PI3K/Akt [60], Ki-67 [60] or MAPK
[46]) and thus inhibit the proliferation and induce apopto-
sis of cancer cells in various stages of carcinogenesis [11,
12]. Moreover, exposure to internal processes as well as

external sources including environmental chemicals, pol-
lution, tobacco, alcohol or endocrine disruptors may affect
epigenome [69] and cause aberrations in histone modifica-
tions, DNA methylation and miRNA expression leading
to the modification of expression of various oncogenes or
tumor-suppressor genes [70]. Interestingly, environmental
exposure-related epigenetic impairment may cause dam-
age in fetus thus influencing disease risk later in life [13].
Nevertheless, phytochemicals target and reverse epigenetic
changes occurring during carcinogenesis [71]. Moreover,
bioactive food compounds modulating epigenetic markers
reduce inflammatory responses via suppression of NF-kB
activation [72]. Therefore, bioactive foods may initiate
protective epigenetic modifications throughout the whole
life with the nutrition of developing organism to be par-
ticularly important [13]. Accordingly, Fig. 3 shows an
overview of mainly experimental studies focusing on phy-
tochemicals exerting an ability to modulate the formation
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Fig.3 Effects of dietary
phytochemicals (isolated or
mixtures) on carcinogen expo-
sure or formation. APS, aloe
polysaccharide; B[a]P, benzo[a]
pyrene; DAPP, polyphenol-
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of carcinogens or protect cells against carcinogen exposure
[41, 46, 58-60, 66, 73-88].

PhIP

Protein-rich food cooked at high temperature and the use of
tobacco products are well-known sources of HAAs [39-41].
PhIP, as one of the most abundant HA As, is associated with
inducement of several types of malignancy including breast,
colon or prostate cancer [42, 45] and is considered to be
DNA damaging, mutagenic and estrogenic agent with the
toxicity involving CYPs-mediated metabolic activation,
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transcriptional responses through AhR and estrogen recep-
tor-alpha (ER-a) [89]. As HAAs are potent carcinogens
formed during cooking processes of meat and meat prod-
ucts [41], we provide several studies evaluating an impact of
natural compounds on the formation of HAAs during food
processing. Interestingly, Szterk [90] demonstrated that
HAAs generated in grilled beef are produced in a free form
and as chemically or physicochemically bonded compounds.
The evaluation of these samples digested in in vitro model
segments of human digestive tract revealed an increase in
the level of free HAAs due to the proteolytic enzymes [90].
Nevertheless, the protective role of natural antioxidants
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against the formation of HAAs in cooking processes was
analyzed in several studies. Rosa rugosa tea extract (RTE) is
known source of phenolic compounds and is also associated
with an ability to inhibit formation of free radicals. Actually,
RTE inhibited formation of HAAs in meat patties at differ-
ent temperature. Interestingly, an amount of total HAAs in
ground beef patties fried at 160 °C decreased by 75% and by
46% at 220 °C. Considering individual HAAs, RTE is highly
effective especially against the formation of PhIP at 220 °C
(»<0.001) and at 160 °C (p <0.05) [41]. Similarly, it was
demonstrated that hawthorn extract at 0.5% and 1% could
reduce HAAs formation in beef and chicken meat cooked at
high temperature [75]. Sichuan pepper widely used in cook-
ing and also as herbal medicine in Asian cultures and sans-
hoamide extract also inhibited formation of HAAs in grilled
ground beef patties. Apart from effects of other HAAs evalu-
ated in this study, the rate of PhIP was significantly inhib-
ited by 82% when treated with a low-concentration pepper
(0.5%) and by 27% when treated with a low-concentration
sanshoamide extract (0.005%) [91]. Actually, pomegranate
seed extract inhibited PhIP formation by 68% in beef meat-
balls and by 75% in the chicken meatballs with these result
dependent on the cooking methods [73]. Polyphenol-rich
dried apple peel extract (DAPP) inhibited the formation of
HAAs including PhIP in pan fried beef patties suggesting
the useful way to minimize the generation of these genotoxic
products during preparing beef [74]. Paradoxically, results
of the epidemiological studies are not so clear as compared
to a clinic-based case control study in which no association
between consumption of well-done meat, as a source of meat
mutagens, and pancreatic cancer was found [92]. Similarly,
prospective analysis revealed that meat mutagens were not
significantly associated with risk of colorectal cancer. How-
ever, results concerning the PhIP from red meat needed fur-
ther investigation [93]. On the contrary, the case—control
study demonstrated that the exposure to PhIP and 2-amino-
3,8-dimethylimidazo-(4,5-f) quinoxaline (MelQx) mediated
via intake of processed meat may increase the risk of renal
cell carcinoma [94]. Apart from the effects of phytochemi-
cals on the food processing, the effects of natural substances
on PhIP-induced damage were demonstrated also in preclini-
cal research. Actually, curcumin inhibited the formation of
PhIP-induced DNA adducts and DNA double stand breaks
and decreased the production of ROS in normal breast
epithelial cells (MCF-10A) [87]. Another study evaluated
whether various forms of tocopherols other than a-T, as the
major forms of vitamin E, possess higher preventive efficacy
in a model of prostate carcinogenesis induced by PhIP in
the CYP1A-humanized mice. Eventually, administration of
y-T-rich mixture of tocopherols (y-TmT) inhibited mouse
prostatic intraepithelial neoplasia via reduction of cellular
oxidative and nitrosative stress thus prevented changes lead-
ing to enhanced proliferation or inflammation. Moreover,

y-I'mT also reduced PhIP-induced aberrations in p-AKT and
PTEN, signaling pathways often deregulated in prostate can-
cer. According to further analysis, purified 8-T was more
effective preventive agent against mouse prostatic intraepi-
thelial neoplasia and p-AKT elevation when compared with
purified a-T or y-T [60]. Similarly, 8- and y-tocopherols
reduced colon tumor formation, suppression of oxidative
and nitrosative markers and pro-inflammatory mediators
and consequent protection against early cellular and DNA
damage in PhIP-induced colon carcinogenesis promoted by
dextran sodium sulfate-induced colitis in CYPA1-humanized
mice [59]. Interestingly, sulforaphane and quercetin reduced
the level of PhIP-DNA adducts in a dose-dependent manner
and thus increased the rate of detoxification of the PhIP in
intact human HepG?2 cells. However, the above-mentioned
dietary isothiocyanates and flavonoids did not show any
effect on the rate of PhIP-DNA adduct repair [66]. Last but
not least, Fucceli et al. [76] evaluated preventive efficacy of
phenolic extracts from olive, olive oil and olive leaves on
genotoxicity caused by heterocyclic amines including PhIP
in freshly isolated human peripheral blood mononuclear
cells. Interestingly, DNA damage preventive effects were
associated with all of the phenolic extracts in very low con-
centrations which can be reached in human tissue via regular
intake of olive oil [76].

B[a]P

Environmental factors, mostly tobacco smoke containing
more than 60 different carcinogens, are strongly associated
with lung cancer [37]. PAHs and nicotine together with
NNK are components of tobacco smoke causing alteration
of cancer-related genes, DNA repair or apoptosis-related
genes [95]. Therefore, B[a]P exerts a crucial role in the lung
carcinogenesis. Importantly, the model of B[a]P-induced
lung cancer in mice is widely used to evaluate the efficacy
of natural products in this approach [96]. Anti-initiating
efficacy of sulforaphane against B[a]P-induced lung car-
cinogenesis was evaluated in mouse model in vivo. Impor-
tantly, sulforaphane decreased carcinogen-induced stress
via inhibition of B[a]P-induced AhR activation resulting in
the decrease of phase I enzymes, enhancement of nuclear
factor erythroid 2-related factor 2 (Nrf2) transcription and
induction of phase II enzymes [77]. Moreover, curcumin
was demonstrated to reverse B[a]P ingestion-associated his-
topathological deviations in the lung tissues and to reduce
B[a]P-induced activation of NF-xkB and MAPK signaling
and COX-2 transcription in Swiss albino mice [46]. Anti-
oxidant and antitumor efficacy of dietary flavone luteolin
was evaluated in B[a]P-induced lung carcinogenesis in Swiss
albino mice. Actually, oral administration of B[a]P increased
lung specific tumor markers and decreased levels of enzy-
matic and non-enzymatic antioxidants. The administration
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with luteolin (15 mg/kg body weight, p.o) counteracted all
these changes and maintained cellular normalcy. Interest-
ingly, luteolin treatment was also associated with negation
of B[a]P-induced expression of nuclear NF-xB, proliferat-
ing cell nuclear antigen (PCNA) and cytochrome P450 1A1
(CYP1A1) thus confirming its chemopreventive potential
in B[a]P-induced lung experimental carcinogenesis [78].
Interestingly, f-carotene and retinol reduce B[a]P-induced
mutagenicity and oxidative stress via modulation of xeno-
biotic-metabolizing enzymes in HepG2 cell line. Therefore,
it is highly recommended to include food rich in these com-
pounds into the diet in the areas of high PAHs pollution
[79]. The effectiveness of galangin, a dietary flavonol, in the
inhibition of tumor initiation was evaluated in experimental
pulmonary tumorigenesis induced by B[a]P in male Swiss
albino mice. Actually, an increase in activity of phase I drug
metabolic enzymes, LPO levels, tissue marker enzymes and
decreased activity of phase II metabolic enzymes as well as
antioxidant levels were observed in B[a]P-induced animals.
Nevertheless, administration of galangin (20 mg/kg body
weight) counteracted all mentioned anomalies and restored
cellular homeostasis [80]. Polymeric black tea polyphenols
were found to modulate B[a]P and NNK-induced lung car-
cinogenesis in A/J mice. Dose-dependent anti-initiating
effects were mediated via induction of phase II and inhibi-
tion of carcinogen-induced phase I enzymes which led to
the decrease in BPDE-DNA adducts. Moreover, the inhibi-
tion of cancer promotion due to black tea polyphenols was
demonstrated via decrease in cell proliferation and increase
in apoptosis [97]. Moreover, dietary intake of isothiocyn-
ates is strongly associated with cancer chemopreventive effi-
cacy. 2-Phenethyl isothiocyanate (PEITC) which is found in
watercress and cruciferous vegetable [81] was demonstrated
to modulate biotransformation of enzymes required for
metabolism of carcinogens. The determination of CYP1Al
mRNA and apoprotein levels in B[a]P-treated rat liver slices
revealed an ability of PEITC to inhibit bioactivation of the
mentioned carcinogen [82]. Similarly, silymarin modulates
phase I detoxification enzyme CYP1A1 and phase II con-
jugating enzymes thus preventing B[a]P-induced toxicity in
Wistar rats [83]. On the contrary, fruit and vegetable are also
a source of PAHs as they may be transferred from air and
soil or during the process of cultivation. Moreover, the pres-
ence of PAHs in fruit and vegetable may be related to trans-
port and/or storage or cooking processes. Usually, there is a
small amount of PAHs in fruit and vegetable; however, prod-
ucts grown near roadways or in urban regions are associated
with an increase in the level of PAHs [98]. Significantly,
the detoxification effects of aloe polysaccharide (APS) and
propolis on the urinary excretion of tobacco carcinogens
B[a]P and cotinine, a nicotine metabolite, were investigated
in smokers. In comparison with the control group, there was
an increase in the level of urinary expression of B[a]P and
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cotinine in a time-dependent manner after supplementation
with the mixture of APS and propolis (B[a]P, 2.33-fold; coti-
nine, 2.28-fold), APS (B[a]P, 2.23-fold; cotinine, 2.64-fold)
and propolis (B[a]P, 1.30-fold; cotinine, 2.08-fold). The
above-mentioned results suggest that APS and propolis or its
mixture increase B[a]P and nicotine urinary excretion thus
reduce the risk of cancer or other diseases [84]. Despite the
exposure B[a]P through tobacco smoke, over-cooked meat
or other sources, the inhibition of enzymes required for its
bioactivation may represent an efficient chemopreventive
strategy against carcinogen-mediated health effects [82].

NNK and NNN

Due to the metabolic activation in target tissues, nitrosamine
NNK and its metabolite NNAL are associated with organ-
specific carcinogenicity [51] and therefore contributing to
the lung, pancreas and other cancer types [52]. Importantly,
the absorption of NNK is mediated primarily via direct inha-
lation of the mainstream smoke by smokers. Non-smokers
exposition to NNK is the result of the inhalation of second-
hand smoke from exhaled mainstream smoke or sidestream
smoke. Moreover, users of smokeless tobacco products
absorb NNK orally. Additionally, NNK may be absorbed
orally through ingestion of NNK-containing dust and also
dermally via NNK-contaminated surfaces [99]. Importantly,
the study evaluating urinary levels of tobacco-specific
nitrosamines showed that children exposed to environmen-
tal tobacco smoke (ETS) had two times higher level of total
urinary and free NNAL as well as lower ability to detox-
ify NNAL when compared with passive smoking adults.
According to that, third-hand smoke may be considered to be
a source of environmental tobacco exposure increasing the
risk of ETC-induced health consequences in children [100].
As was demonstrated by Khariwala et al. [101] smokers with
oral/head and neck squamous cell cancer (HNSCC) showed
higher levels of tobacco-specific nitrosamines-derived oral
DNA damage in comparison with cancer-free smokers with
similar level of carcinogen and nicotine exposure in both
groups. These results suggested dissimilarities in the for-
mation of adducts or DNA repair of individuals included in
the study. Therefore, the formation of DNA adducts inde-
pendent from indicators of carcinogen exposure may be a
predictor of HNSCC development in smokers [101]. Nev-
ertheless, khaini is defined as a smokeless tobacco extract
(STE) with a NNK as its one of the carcinogenic compo-
nents. Actually, STE led to the increase in expression and
activation of NF-xB and its target COX-2 in in vitro oral
cell system of human. Significantly, curcumin pretreatment
of oral premalignant and cancer cells in vitro suppressed
nuclear translocation and DNA-binding activity of NF-xB
induced by STE [85]. The protective efficacy of apple peel
flavonoid fraction (AF4) rich in flavonoids and phenolic
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acids such as quercetin glycosides, epicatechin, cyanidin
3-galactoside, chlorogenic acid and phloridzin against DNA
damage induced by various carcinogenic chemical agents
was evaluated in normal human bronchial cells in the lung
(BEAS-2B). The DNA damage was induced by nicotine-
derived nitrosoamine ketones NNK, NNK acetate, metho-
trexate and cisplatin due to the ability of these carcinogens
to reduce the viability of normal cells via enhancement of
the ROS levels and modulation of cell death mechanisms.
Eventually, pretreatment of AF4 protected BEAS-2B cells
against carcinogens, especially nicotine-derived nitros-
oamine ketones and thus against oxidative DNA damage
and facilitate DNA repair mechanisms [58]. Considering
inhibitory efficacy of PEITC against metabolic activation
and lung carcinogenicity of the NNK in rodent models, Yuan
et al. [81] conducted a clinical trial to determine inhibitory
activity of PEITC in smokers. Eventually, PEITC treatment
led to the reduction of NNK metabolic activation by 7.7%.
Nevertheless, modest, specific and significant result of this
clinical trial provides a promising potential of PEITC as an
inhibitor of carcinogen metabolism in smokers [81]. Moreo-
ver, PEITC inhibits P450-mediated bioactivation of NNK
and also induced detoxification enzymes [102]. A natural
product from Piper methysticum dihydromethysticin (DHM)
is considered to be a promising preventive agent of lung
carcinogenesis as it dose-dependent blocked NNK-induced
06-Methylguanine in C57BL/6 female mice. As there were
no differences in mice from Ahr +and Ahr —/—backgrounds,
the mechanism is independent of the AhR pathway [86].
Table 4 shows an overview of preclinical and several clinical
studies evaluating the effects of some plant functional foods
or isolated phytochemicals on selected carcinogen-induced
malignancies.

Conclusion and future directions

Due to the presence of potential harmful chemicals in the
environment concerning either our diet or other lifestyle fac-
tors discussed in this review, we emphasize an important
role of compounds present in food rich in fruit and vegeta-
ble against exposure to carcinogens. Importantly, levels of
enzymes metabolically activating and detoxifying chemicals
are influenced by both genetic and environmental factors [8].
Despite the inconclusive results of epidemiological studies
concerning an association between HAAs and the risk of
malignant disease, the results of preclinical (and a few of the
listed clinical studies) point out a significant effect of plant
nutrients on the inhibition of harmful effects of carcinogens
widely spread in the human—environment. Various phyto-
chemicals reduced the carcinogenic effects of HAA-induced
carcinogenesis as well as minimize the formation of car-
cinogens during the processing of food. Tobacco smoke is

associated with the presence of PAHs and nitrosamines that
contribute to the development of lung cancer and other types
of malignancies. The protective efficacy against exposure to
these compounds was also demonstrated in the mentioned
studies. Considering the harmful effects of carcinogens on
the health of adults and especially developing organisms, the
inclusion of phytochemicals in human diet should be taken
into consideration.

Chemoprevention by dietary phytochemicals, mediated
by significant geno-protective effects, is an acceptable clini-
cal approach in the managing of carcinogenesis because of
the simply application and cost-effectiveness. The multi-
modal clinical using of phytochemicals as multifunctional
compounds in oncology is very promising because these
compounds are capable of reversing or stopping neoplas-
tic transformation of premalignant cells on genomic level,
with the aim to preserve healthy cells or prevent the gain-
ing of their tumor phenotype [103]. It is proposed that phy-
tochemicals (mainly as natural mixtures present in whole
plant foods) associated with efficacious antioxidant activi-
ties toward the cell genomic macromolecules may play
potentially crucial role as primary chemopreventive agents
in the initiation phase of carcinogenesis [104]. Free radi-
cal scavenging activity, increased expression of endogenous
antioxidant enzymes, increased DNA repair mode of action,
affecting the metabolic activation/inactivation of carcino-
gens, detoxification and suppression of pro-oxidant enzymes
in the cell are consequential oncostatic mechanisms of action
well documented in phytochemicals [105-108]. The above-
mentioned mechanisms favor dietary phytochemicals as
molecules able to inhibit the initiation phase of carcinogen-
esis and therefore are useful in primary chemoprevention.
However, since phytochemicals are capable of interfering
with the molecular mechanisms of tumor growth and meta-
static spreading, the concept of chemoprevention has been
broaden to affect all three stages of carcinogenesis: apart
from prevention of cancer initiation through the above-
mentioned mechanisms, it includes also prevention of tumor
promotion (tumor onset) and progression through inhibition
of proliferation, angiogenesis and cancer stem cells, induc-
tion of apoptosis and differentiation, modulation of immu-
nity and epigenetic mechanisms of action and decreasing of
pro-inflammatory regulation [15, 56, 109-115]. With more
detailed evaluation of the potential molecular targets of phy-
tochemicals in different tissues/organs and tumor clones and
types with different genotypes/phenotypes, the mechanistic
preclinical data coupled with clinical studies could provide
the final and anticipated clinical recommendations of these
natural substances in primary, secondary and tertiary chem-
oprevention of cancer disease [116].

Since the crucial aim of primary chemoprevention is
the reduction of cancer incidence in the general popu-
lation and those at high risk of developing the disease,
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chemopreventive compounds vary in their effectiveness
depending on the genotype of the individual exposed to
them [117]. Therefore, combination of several phytochem-
icals or its natural mixtures present in plant foods seems
to be better choice to suppress carcinogenesis in oncologi-
cal practice. Our recent review summarized that numerous
preclinical and clinical studies referred to higher efficacy
of whole plant (functional) foods against carcinogenesis
when compared with single phytochemicals [104]. Based
on the critical assessment of the data from recent breast
and prostate cancer research, mixture of a wide spectrum
of phytochemicals with large amount of biological activi-
ties present in plant-derived functional foods could have
additive or synergistic effects against cancer which provide
an advantage in cancer treatment compared with single
phytochemicals [104, 118]. Apparently, the preference of
plant-based functional foods over single phytochemicals
may present logical and effective approach in the manage-
ment programs of malignant diseases [104, 119]. On the
other hand, there is an apparent lack of results validating
these findings in clinical research. From this reason, pre-
cisely designed animal studies and clinical trials evaluat-
ing the superiority of anticancer activity of one over the
other are necessary to establish their potential role in the
management of cancer patients.

Contextually, an identification of the transformation-
specific genomic signatures and well-defined and con-
firmed anti-neoplastic activities of isolated phytochemi-
cals (or their natural mixtures) is essential for predictive
diagnostics and targeted clinical procedures including
cancer chemoprevention [120, 121]. Finally, the advanced
medicinal approach based on the predictive, preventive
and personalized medicine is considered as the medicine
of the future in the overall cancer management [122, 123].

Funding This work was supported by the Scientific Grant Agency of
the Ministry of Education of the Slovak Republic under the Contracts
No. VEGA 1/0136/19, 1/0124/17 and the Slovak Research and Devel-
opment Agency under the Contract No. APVV-16-0021.

Compliance with ethical standards

Conflicts of interest The authors declare that they have no conflict of
interest.

Human participants and/or animals rights All procedures performed
in studies involving human participants were in accordance with the
ethical standards of the institutional and/or national research commit-
tee and with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

@ Springer

References

1. Choi S, Jang JH, Kim KR. Analysis of differentially expressed
genes in human rectal carcinoma using suppression subtractive
hybridization. Clin Exp Med. 2011;11:219-26.

2. Li X, Ma K, Song S, et al. Tight correlation between FoxM1
and FoxP3 + Tregs in gastric cancer and their clinical signifi-
cance. Clin Exp Med. 2018;18:413-20.

3. Leal MF, Calcagno DQ, Chung J, et al. Deregulated expression
of annexin-A2 and galectin-3 is associated with metastasis in
gastric cancer patients. Clin Exp Med. 2015;15:415-20.

4. Leal MF, Calcagno DQ, Khayat AS, et al. hrTERT and TP53
deregulation in intestinal-type gastric carcinogenesis in non-
human primates. Clin Exp Med. 2013;13:221-4.

5. Wei L, Huang Y, Zhao R, et al. Detection of promoter methyla-
tion status of suppressor of cytokine signaling 3 (SOCS3) in
tissue and plasma from Chinese patients with different hepatic
diseases. Clin Exp Med. 2018;18:79-87.

6. Faustino-Rocha AI, Gama A, Oliveira PA, et al. Effects of
lifelong exercise training on mammary tumorigenesis induced
by MNU in female Sprague-Dawley rats. Clin Exp Med.
2017;17:151-60.

7. Rizwan Khan M, Naushad M, Abdullah Alothman Z. Presence
of heterocyclic amine carcinogens in home-cooked and fast-
food camel meat burgers commonly consumed in Saudi Arabia.
Sci Rep. 2017;7:1707.

8. Wogan GN, Hecht SS, Felton JS, Conney AH, Loeb LA. Envi-
ronmental and chemical carcinogenesis. Semin Cancer Biol.
2004;14:473-86.

9. Powell JB, Ghotbaddini M. Cancer-promoting and inhibiting
effects of dietary compounds: role of the Aryl hydrocarbon
receptor (AhR). Biochem Pharmacol (Los Angel). 2014;3:1.

10. Barnes JL, Zubair M, John K, Poirier MC, Martin FL. Carcino-
gens and DNA damage. Biochem Soc Trans. 2018;46:1213-24.

11. Kotecha R, Takami A, Espinoza JL. Dietary phytochemicals
and cancer chemoprevention: a review of the clinical evidence.
Oncotarget. 2016;7:52517-29.

12. LiuZ, Ren Z, Zhang J, et al. Role of ROS and nutritional anti-
oxidants in human diseases. Front Physiol. 2018;9:477.

13. Tiffon C. The impact of nutrition and environmental epigenet-
ics on human health and disease. Int J Mol Sci. 2018;19:3425.

14. Guo Y, Su Z-Y, Kong AN. Current perspectives on epigenetic
modifications by dietary chemopreventive and herbal phyto-
chemicals. Curr Pharmacol Rep. 2015;1:245-57.

15. Samec M, Liskova A, Kubatka P, et al. The role of die-
tary phytochemicals in the carcinogenesis via the modu-
lation of miRNA expression. J Cancer Res Clin Oncol.
2019;145:1665-79.

16. Klaunig JE, Kamendulis LM, Xu Y. Epigenetic mechanisms of
chemical carcinogenesis. Hum Exp Toxicol. 2000;19:543-55.

17. Nohmi T. Thresholds of genotoxic and non-genotoxic carcino-
gens. Toxicol Res. 2018;34:281-90.

18. Lee SJ, Yum YN, Kim SC, et al. Distinguishing between geno-
toxic and non-genotoxic hepatocarcinogens by gene expres-
sion profiling and bioinformatic pathway analysis. Sci Rep.
2013;3:2783.

19. Wilde EC, Chapman KE, Stannard LM, et al. A novel, inte-
grated in vitro carcinogenicity test to identify genotoxic and
non-genotoxic carcinogens using human lymphoblastoid cells.
Arch Toxicol. 2018;92:935-51.

20. van Delft JH, van Agen E, van Breda SG, Herwijnen MH, Staal
YC, Kleinjans JC. Discrimination of genotoxic from non-geno-
toxic carcinogens by gene expression profiling. Carcinogenesis.
2004;25:1265-76.



Clinical and Experimental Medicine (2020) 20:173-190

187

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

Herceg Z, Lambert MP, van Veldhoven K, et al. Towards incor-
porating epigenetic mechanisms into carcinogen identification
and evaluation. Carcinogenesis. 2013;34:1955-67.

Smith MT, Guyton KZ, Gibbons CF, et al. Key characteristics
of carcinogens as a basis for organizing data on mechanisms of
carcinogenesis. Environ Health Perspect. 2016;124:713-21.
Sakanyan V. Reactive chemicals and electrophilic stress in can-
cer: a minireview. High Throughput. 2018;7(2):pii: E12.
Rendic S, Guengerich FP. Contributions of human enzymes in
carcinogen metabolism. Chem Res Toxicol. 2012;25:1316-83.
Talalay P, Fahey JW. Phytochemicals from cruciferous plants
protect against cancer by modulating carcinogen metabolism. J
Nutr. 2001;131:3027S-33S.

Lobo V, Patil A, Phatak A, Chandra N. Free radicals, antioxidants
and functional foods: impact on human health. Pharmacogn Rev.
2010;4:118-26.

Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O. Oxi-
dative stress and antioxidant defense. World Allergy Organ J.
2012;5:9-19.

Yin H, Xu L, Porter NA. Free radical lipid peroxidation: mecha-
nisms and analysis. Chem Rev. 2011;111:5944-72.

Phaniendra A, Jestadi DB, Periyasamy L. Free radicals: proper-
ties, sources, targets, and their implication in various diseases.
Indian J Clin Biochem. 2015;30:11-26.

Wang L, Wise JTF, Zhang Z, Shi X. Progress and prospects of
reactive oxygen species in metal carcinogenesis. Curr Pharmacol
Rep. 2016;2:178-86.

Pizzino G, Irrera N, Cucinotta M, et al. Oxidative stress:
harms and benefits for human health. Oxid Med Cell Longev.
2017;2017:8416763.

Kumari S, Badana AK, Malla R. Reactive oxygen spe-
cies: a key constituent in cancer survival. Biomark Insights.
2018;13:1177271918755391.

Ayala A, Muiioz MF, Argiielles S. Lipid peroxidation: pro-
duction, metabolism, and signaling mechanisms of malon-
dialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell Longeyv.
2014;2014:360438.

Chun YJ, Kim D. Cancer activation and polymorphisms of
human cytochrome P450 1B1. Toxicol Res. 2016;32:89-93.
Krais AM, Speksnijder EN, Melis JPM, et al. Metabolic activa-
tion of 2-amino-1-methyl-6-phenylimidazo [4,5-b]pyridine and
DNA adduct formation depends on p53: studies in T rpS3(+/4+),
T rp53(+) and T rp53(—/—) mice. Int J Cancer. 2016;138:976-82.
Shimada T. Inhibition of carcinogen-activating cytochrome P450
enzymes by xenobiotic chemicals in relation to antimutagenicity
and anticarcinogenicity. Toxicol Res. 2017;33:79-96.

Anttila S, Raunio H, Hakkola J. Cytochrome P450-mediated
pulmonary metabolism of carcinogens. Am J Respir Cell Mol
Biol. 2011;44:583-90.

Beer F, Urbat F, Franz CMAP, et al. The human fecal microbiota
metabolizes foodborne heterocyclic aromatic amines by reuterin
conjugation and further transformations. Mol Nutr Food Res.
2019;63:e1801177.

Williams JA, Martin FL, Muir GH, Hewer A, Grover PL, Phillips
DH. Metabolic activation of carcinogens and expression of vari-
ous cytochromes P450 in human prostate tissue. Carcinogenesis.
2000;21:1683-9.

Gibis M. Heterocyclic aromatic amines in cooked meat products:
causes, formation, occurrence, and risk assessment. Compr Rev
Food Sci Food Saf. 2016;15:269-302.

Jamali MA, Zhang Y, Teng H, Li S, Wang F, Peng Z. Inhibitory
effect of rosa rugosa tea extract on the formation of heterocy-
clic amines in meat patties at different temperatures. Molecules.
2016;21:173.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Canene-Adams K, Sfanos KS, Liang CT, et al. Dietary chemo-
prevention of PhIP induced carcinogenesis in male fischer 344
rats with tomato and broccoli. PLoS ONE. 2013;8:€79842.
Reed L, Arlt VM, Phillips DH. The role of cytochrome P450
enzymes in carcinogen activation and detoxication: an in vivo-in
vitro paradox. Carcinogenesis. 2018;39:851-9.

Hardonniére K, Saunier E, Lemarié A, et al. The environmental
carcinogen benzo[a]pyrene induces a Warburg-like metabolic
reprogramming dependent on NHEI1 and associated with cell
survival. Sci Rep. 2016;6:30776.

Ochieng J, Nangami GN, Ogunkua O, et al. The impact of low-
dose carcinogens and environmental disruptors on tissue invasion
and metastasis. Carcinogenesis. 2015;36(Suppl 1):S128-59.
Puliyappadamba VT, Thulasidasan AKT, Vijayakurup V, Antony
J, Bava SV, Anwar S, et al. Curcumin inhibits B[a]PDE-induced
procarcinogenic signals in lung cancer cells, and curbs B[a]
P-induced mutagenesis and lung carcinogenesis. BioFactors.
2015;41:431-42.

Ding YS, Ward J, Hammond D, Watson CH. Mouth-level intake
of benzo[a]pyrene from reduced nicotine cigarettes. Int J Environ
Res Public Health. 2014;11:11898-914.

Chappell G, Pogribny IP, Guyton KZ, Rusyn I. Epigenetic
alterations induced by genotoxic occupational and environmen-
tal human chemical carcinogens: a systematic literature review.
Mutat Res Rev Mutat Res. 2016;768:27-45.

Sadikovic B, Andrews J, Carter D, Robinson J, Rodenhiser DI.
Genome-wide H3K9 histone acetylation profiles are altered in
benzopyrene-treated MCF7 breast cancer cells. J Biol Chem.
2008;283:4051-60.

Herbstman JB, Tang D, Zhu D, et al. Prenatal exposure to poly-
cyclic aromatic hydrocarbons, benzo[a]pyrene—-DNA adducts,
and genomic DNA methylation in cord blood. Environ Health
Perspect. 2012;120:733-8.

Hecht SS, Stepanov I, Carmella SG. Exposure and metabolic
activation biomarkers of carcinogenic tobacco-specific nitrosa-
mines. Acc Chem Res. 2016;49:106-14.

Pérez-Ortuiio R, Martinez-Sanchez JM, Fu M, Fernandez E,
Pascual JA. Evaluation of tobacco specific nitrosamines expo-
sure by quantification of 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK) in human hair of non-smokers. Sci Rep.
2016;6:25043.

Xue J, Yang S, Seng S. Mechanisms of cancer induction by
tobacco-specific NNK and NNN. Cancers. 2014;6:1138-56.
Forni C, Facchiano F, Bartoli M, Pieretti S, Facchiano A,
D’Arcangelo D, et al. Beneficial role of phytochemicals on
oxidative stress and age-related diseases. Biomed Res Int.
2019;2019:8748253.

Zhang YJ, Gan RY, Li S, et al. Antioxidant phytochemicals for
the prevention and treatment of chronic diseases. Molecules.
2015;20:21138-56.

Abotaleb M, Samuel SM, Varghese E, et al. Flavonoids in cancer
and apoptosis. Cancers. 2019;11:28.

Shankar S, Kumar D, Srivastava RK. Epigenetic modifications by
dietary phytochemicals: implications for personalized nutrition.
Pharmacol Ther. 2013;138:1-17.

George VC, Rupasinghe HPV. Apple flavonoids suppress carcin-
ogen-induced DNA damage in normal human bronchial epithelial
cells. Oxid Med Cell Longev. 2017;2017:1767198.

Chen JX, Liu A, Lee MJ, et al. 8- and y-tocopherols inhibit phIP/
DSS-induced colon carcinogenesis by protection against early
cellular and DNA damages. Mol Carcinog. 2017;56:172-83.
Chen JX, Li G, Wang H, et al. Dietary tocopherols inhibit PhIP-
induced prostate carcinogenesis in CYP1A-humanized mice.
Cancer Lett. 2016;371:71-8.

@ Springer



188

Clinical and Experimental Medicine (2020) 20:173-190

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Baer-Dubowska W, Szaefer H. Modulation of carcinogen-metab-
olizing cytochromes P450 by phytochemicals in humans. Expert
Opin Drug Metab Toxicol. 2013;9:927—41.

Perocco P, Bronzetti G, Canistro D, et al. Glucoraphanin, the
bioprecursor of the widely extolled chemopreventive agent sul-
foraphane found in broccoli, induces phase-I xenobiotic metabo-
lizing enzymes and increases free radical generation in rat liver.
Mutat Res. 2006;595:125-36.

Abdull Razis AF, De Nicola GR, Pagnotta E, Iori R, Ioan-
nides C. 4-Methylsulfanyl-3-butenyl isothiocyanate derived
from glucoraphasatin is a potent inducer of rat hepatic phase II
enzymes and a potential chemopreventive agent. Arch Toxicol.
2012;86:183-94.

Prokopczyk B, Rosa JG, Desai D, et al. Chemoprevention of
lung tumorigenesis induced by a mixture of benzo(a)pyrene and
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone by the orga-
noselenium compound 1,4-phenylenebis(methylene)selenocy-
anate. Cancer Lett. 2000;161:35-46.

James D, Devaraj S, Bellur P, Lakkanna S, Vicini J, Boddu-
palli S. Novel concepts of broccoli sulforaphanes and disease:
induction of phase Ii antioxidant and detoxification enzymes by
enhanced-glucoraphanin broccoli. Nutr Rev. 2012;70:654-65.
Bacon JR, Williamson G, Garner RC, Lappin G, Langouét S, Bao
Y. Sulforaphane and quercetin modulate PhIP-DNA adduct for-
mation in human HepG?2 cells and hepatocytes. Carcinogenesis.
2003;24:1903-11.

Henkler F, Brinkmann J, Luch A. The role of oxidative stress
in carcinogenesis induced by metals and xenobiotics. Cancers.
2010;2:376-96.

Crawford S. Anti-inflammatory/antioxidant use in long-term
maintenance cancer therapy: a new therapeutic approach to
disease progression and recurrence. Ther Adv Med Oncol.
2014;6:52-68.

Herceg Z, Ghantous A, Wild CP, et al. Roadmap for investigating
epigenome deregulation and environmental origins of cancer. Int
J Cancer. 2018;142:874-82.

Baccarelli A, Bollati V. Epigenetics and environmental chemi-
cals. Curr Opin Pediatr. 2009;21:243-51.

Panahi Y, Beiraghdar F, Amirhamzeh A, Poursaleh Z, Saadat A,
Sahebkar A. Environmental toxicant exposure and cancer: the
role of epigenetic changes and protection by phytochemicals.
Curr Pharm Des. 2016;22:130-40.

Hoffman JB, Petriello MC, Hennig B. Impact of nutrition on
pollutant toxicity: an update with new insights into epigenetic
regulation. Rev Environ Health. 2017;32:65-72.

Keskekoglu H, Uren A. Inhibitory effects of pomegranate seed
extract on the formation of heterocyclic aromatic amines in beef
and chicken meatballs after cooking by four different methods.
Meat Sci. 2014;96:1446-51.

Sabally K, Sleno L, Jauffrit JA, Iskandar MM, Kubow S. Inhibi-
tory effects of apple peel polyphenol extract on the formation
of heterocyclic amines in pan fried beef patties. Meat Sci.
2016;117:57-62.

Tengilimoglu-Metin MM, Hamzalioglu A, Gokmen V, Kizil M.
Inhibitory effect of hawthorn extract on heterocyclic aromatic
amine formation in beef and chicken breast meat. Food Res Int
Ott Ont. 2017;99:586-95.

Fuccelli R, Rosignoli P, Servili M, Veneziani G, Taticchi A, Fabi-
ani R. Genotoxicity of heterocyclic amines (HCAs) on freshly
isolated human peripheral blood mononuclear cells (PBMC) and
prevention by phenolic extracts derived from olive, olive oil and
olive leaves. Food Chem Toxicol Int J Publ Br Ind Biol Res
Assoc. 2018;122:234-41.

Kalpana Deepa Priya D, Gayathri R, Sakthisekaran D. Role
of sulforaphane in the anti-initiating mechanism of lung car-
cinogenesis in vivo by modulating the metabolic activation

@ Springer

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

and detoxification of benzo(a)pyrene. Biomed Pharmacother.
2011;65:9-16.

Kasala ER, Bodduluru LN, Barua CC, Gogoi R. Antioxidant
and antitumor efficacy of Luteolin, a dietary flavone on benzo(a)
pyrene-induced experimental lung carcinogenesis. Biomed Phar-
macother. 2016;82:568-77.

Darwish WS, Ikenaka Y, Nakayama S, Mizukawa H, Thomp-
son LA, Ishizuka M. p-carotene and retinol reduce benzo[a]
pyrene-induced mutagenicity and oxidative stress via transcrip-
tional modulation of xenobiotic metabolizing enzymes in human
HepG2 cell line. Environ Sci Pollut Res Int. 2018;25:6320-8.
Devadoss D, Ramar M, Chinnasamy A. Galangin, a dietary fla-
vonol inhibits tumor initiation during experimental pulmonary
tumorigenesis by modulating xenobiotic enzymes and antioxi-
dant status. Arch Pharm Res. 2018;41:265-75.

Yuan JM, Stepanov I, Murphy SE, Wang R, Allen S, Jensen J,
et al. Clinical trial of 2-phenethyl isothiocyanate as an inhibitor
of metabolic activation of a tobacco-specific lung carcinogen in
cigarette smokers. Cancer Prev Res. 2016;9:396-405.

Abdull Razis AF, Konsue N, Ioannides C. Inhibitory effect of
phenethyl isothiocyanate against benzo[a] pyrene-induced rise
in CYP1A1 mRNA and apoprotein levels as its chemopreventive
properties. Asian Pac J Cancer Prev. 2015;16:2679-83.
Kiruthiga PV, Karthikeyan K, Archunan G, Pandian SK, Devi
KP. Silymarin prevents benzo(a)pyrene-induced toxicity in
Wistar rats by modulating xenobiotic-metabolizing enzymes.
Toxicol Ind Health. 2015;31:523-41.

Koo HJ, Lee KR, Kim HS, Lee BM. Detoxification effects of aloe
polysaccharide and propolis on the urinary excretion of metabo-
lites in smokers. Food Chem Toxicol. 2019;130:99-108.
Sharma C, Kaur J, Shishodia S, Aggarwal BB, Ralhan R. Cur-
cumin down regulates smokeless tobacco-induced NF-kappaB
activation and COX-2 expression in human oral premalignant
and cancer cells. Toxicology. 2006;228:1-15.

Narayanapillai SC, Lin SH, Leitzman P, Upadhyaya P, Baglole
ClJ, Xing C. Dihydromethysticin (DHM) blocks tobacco carcin-
ogen 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-
Induced O6-methylguanine in a manner independent of the aryl
hydrocarbon receptor (AhR) pathway in C57BL/6 female mice.
Chem Res Toxicol. 2016;29:1828-34.

Jain A, Samykutty A, Jackson C, et al. Curcumin inhibits PhIP
induced cytotoxicity in breast epithelial cells through multiple
molecular targets. Cancer Lett. 2015;365:122-31.

Hudlikar RR, Venkadakrishnan VB, Kumar R, et al. Poly-
meric black tea polyphenols (PBPs) inhibit benzo(a)pyrene
and 4-(methylnitrosamino)-1-(3-pyridyl)-1- butanone-induced
lung carcinogenesis potentially through down-regulation of
p38 and Akt phosphorylation in A/J mice. Mol Carcinog.
2017;56:625-40.

Malik DE, David RM, Gooderham NJ. Ethanol potentiates the
genotoxicity of the food-derived mammary carcinogen PhIP in
human estrogen receptor-positive mammary cells: mechanistic
support for lifestyle factors (cooked red meat and ethanol) associ-
ated with mammary cancer. Arch Toxicol. 2018;92:1639-55.
Szterk A. Chemical state of heterocyclic aromatic amines in
grilled beef: evaluation by in vitro digestion model and com-
parison of alkaline hydrolysis and organic solvent for extraction.
Food Chem Toxicol. 2013;62:653-60.

Zeng M, Wang J, Zhang M, et al. Inhibitory effects of Sichuan
pepper (Zanthoxylum bungeanum) and sanshoamide extract on
heterocyclic amine formation in grilled ground beef patties. Food
Chem. 2018;239:111-8.

Jansen RJ, Robinson DP, Frank RD, et al. Meat-Related
Mutagens and Pancreatic Cancer: null results from a clinic-
based case-control study. Cancer Epidemiol Biomarkers Prev.
2013;22:1336-9.



Clinical and Experimental Medicine (2020) 20:173-190

189

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Le NT, Michels FA, Song M, et al. A prospective analysis of
meat mutagens and colorectal cancer in the nurses’ health study
and health professionals follow-up study. Environ Health Per-
spect. 2016;124:1529-36.

Melkonian SC, Daniel CR, Ye Y, et al. Gene-environment inter-
action of genome-wide association study-identified susceptibility
loci and meat-cooking mutagens in renal cell carcinoma etiology.
Cancer. 2016;122:108-15.

Nooshinfar E, Bashash D, Abbasalizadeh M, Safaroghli-Azar
A, Sadreazami P, Akbari ME. The molecular mechanisms of
tobacco in cancer pathogenesis. Iran J Cancer Prev. 2017;10:10.
Kasala ER, Bodduluru LN, Barua CC, Sriram CS, Gogoi R.
Benzo(a)pyrene induced lung cancer: role of dietary phytochemi-
cals in chemoprevention. Pharmacol Rep. 2015;67:996—-1009.
Hudlikar RR, Pai V, Kumar R, et al. Dose-related modulatory
effects of polymeric black tea polyphenols (PBPs) on initiation
and promotion events in B(a)P and NNK-induced lung carcino-
genesis. Nutr Cancer. 2019;71:508-23.

Paris A, Ledauphin J, Poinot P, Gaillard JL. Polycyclic aromatic
hydrocarbons in fruits and vegetables: origin, analysis, and
occurrence. Environ Pollut. 2018;234:96-106.

Wei B, Blount BC, Xia B, Wang L. Assessing exposure to
tobacco-specific carcinogen NNK using its urinary metabolite
NNAL measured in US population: 2011-2012. J Expo Sci Envi-
ron Epidemiol. 2016;26:249-56.

Chao MR, Cooke MS, Kuo CY, et al. Children are particularly
vulnerable to environmental tobacco smoke exposure: evidence
from biomarkers of tobacco-specific nitrosamines, and oxidative
stress. Environ Int. 2018;120:238—-45.

Khariwala SS, Ma B, Ruszczak C, et al. High level of tobacco
carcinogen-derived DNA damage in oral cells is an independent
predictor of oral/head and neck cancer risk in smokers. Cancer
Prev Res. 2017;10:507-13.

Ioannides C, Konsue N. A principal mechanism for the can-
cer chemopreventive activity of phenethyl isothiocyanate
is modulation of carcinogen metabolism. Drug Metab Rev.
2015;47:356-73.

Cojocneanu Petric R, Braicu C, Raduly L, et al. Phytochemi-
cals modulate carcinogenic signaling pathways in breast and
hormone-related cancers. OncoTargets Ther. 2015;8:2053-66.
Kapinova A, Stefanicka P, Kubatka P, et al. Are plant-based func-
tional foods better choice against cancer than single phytochemi-
cals? A critical review of current breast cancer research. Biomed
Pharmacother. 2017;96:1465-77.

Bag A, Chattopadhyay RR. Evaluation of synergistic antibacte-
rial and antioxidant efficacy of essential oils of spices and herbs
in combination. PLoS ONE. 2015;10:e0131321.

Rescigno T, Tecce MF, Capasso A. Protective and restora-
tive effects of nutrients and phytochemicals. Open Biochem J.
2018;12:46-64.

Al-Gubory KH, Blachier F, Faure P, Garrel C. Pomegranate peel
extract decreases small intestine lipid peroxidation by enhanc-
ing activities of major antioxidant enzymes. J Sci Food Agric.
2016;96:3462-8.

Chandel P, Rawal RK, Kaur R. Natural products and their
derivatives as cyclooxygenase-2 inhibitors. Future Med Chem.
2018;10:2471-92.

Kapinova A, Kubatka P, Liskova A, et al. Controlling metastatic
cancer: the role of phytochemicals in cell signaling. J Cancer Res
Clin Oncol. 2019;145:1087-109.

Liskova A, Kubatka P, Samec M, et al. Dietary phytochemicals
targeting cancer stem cells. Molecules. 2019;24(5):pii: E899.
Kubatka P, Uramova S, Kello M, et al. Anticancer activities of
Thymus vulgaris L. in experimental breast carcinoma in vivo and
in vitro. Int J Mol Sci. 2019;20(7):pii: E1749.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Uramova S, Kubatka P, Dankova Z, et al. Plant natural modula-
tors in breast cancer prevention: status quo and future perspec-
tives reinforced by predictive, preventive, and personalized medi-
cal approach. EPMA J. 2018;9:403-19.

Jasek K, Kubatka P, Samec M, et al. DNA methylation status in
cancer disease: modulations by plant-derived natural compounds
and dietary interventions. Biomolecules. 2019;9(7):pii: E289.
Kubatka P, Uramova S, Kello M, et al. Antineoplastic effects
of clove buds (Syzygium aromaticum L.) in the model of breast
carcinoma. J Cell Mol Med. 2017;21:2837-51.

Kubatka P, Kello M, Kajo K, et al. Oregano demonstrates distinct
tumour-suppressive effects in the breast carcinoma model. Eur J
Nutr. 2017;56:1303-16.

Kaur V, Kumar M, Kumar A, Kaur K, Dhillon VS, Kaur S. Phar-
macotherapeutic potential of phytochemicals: implications in
cancer chemoprevention and future perspectives. Biomed Phar-
macother. 2018;97:564-86.

Landis-Piwowar KR, Iyer NR. Cancer chemoprevention: current
State of the Art. Cancer Growth Metastasis. 2014;7:19-25.
Hussain SS, Kumar AP, Ghosh R. Food-based natural products
for cancer management: is the whole greater than the sum of the
parts? Semin Cancer Biol. 2016;40-41:233-46.

Wang CY, Bai XY, Wang CH. Traditional Chinese medicine: a
treasured natural resource of anticancer drug research and devel-
opment. Am J Chin Med. 2014;42:543-59.

Golubnitschaja O, Filep N, Yeghiazaryan K, Blom HJ, Hofmann-
Apitius M, Kuhn W. Multi-omic approach decodes paradoxes of
the triple-negative breast cancer: lessons for predictive, preven-
tive and personalised medicine. Amino Acids. 2018;50:383-95.
Frohlich H, Patjoshi S, Yeghiazaryan K, Kehrer C, Kuhn W,
Golubnitschaja O. Premenopausal breast cancer: potential clini-
cal utility of a multi-omics based machine learning approach for
patient stratification. EPMA J. 2018;9:175-86.

Janssens JP, Schuster K, Voss A. Preventive, predictive, and
personalized medicine for effective and affordable cancer care.
EPMA J. 2018;9:113-23.

TanJ, Gu Y, Zhang X, et al. Hypermethylation of CpG islands is
more prevalent than hypomethylation across the entire genome
in breast carcinogenesis. Clin Exp Med. 2013;13:1-9.

Singh L, Varshney JG, Agarwal T. Polycyclic aromatic hydrocar-
bons’ formation and occurrence in processed food. Food Chem.
2016;199:768-81.

Hamidi EN, Hajeb P, Selamat J, Abdull Razis AF. Polycyclic
aromatic hydrocarbons (PAHs) and their bioaccessibility in meat:
a tool for assessing human cancer risk. Asian Pac J Cancer Prev.
2016;17:15-23.

Moorthy B, Chu C, Carlin DJ. Polycyclic aromatic hydrocarbons:
from metabolism to lung cancer. Toxicol Sci Off J Soc Toxicol.
2015;145:5-15.

Straif K, Weiland SK, Bungers M, et al. Exposure to high con-
centrations of nitrosamines and cancer mortality among a cohort
of rubber workers. Occup Environ Med. 2000;57:180-7.
Papaioannou MD, Koufaris C, Gooderham NJ. The cooked
meat-derived mammary carcinogen 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (PhIP) elicits estrogenic-
like microRNA responses in breast cancer cells. Toxicol Lett.
2014;229:9-16.

Chen JX, Wang H, Liu A, Zhang L, Reuhl K, Yang CS. From
the cover: phIP/DSS-induced colon carcinogenesis in CYP1A-
humanized mice and the possible role of Lgr5 + stem cells. Toxi-
col Sci. 2017;155:224-33.

Lauber SN, Gooderham NJ. The cooked meat-derived mammary
carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
promotes invasive behaviour of breast cancer cells. Toxicology.
2011;279:139-45.

@ Springer



190

Clinical and Experimental Medicine (2020) 20:173-190

131.

132.

133.

134.

Ruggeri B, DiRado M, Zhang SY, Bauer B, Goodrow T, Klein-
Szanto AJ. Benzo[a]pyrene-induced murine skin tumors exhibit
frequent and characteristic G to T mutations in the p53 gene.
Proc Natl Acad Sci. 1993;90:1013-7.

Wei Y, Zhao L, He W, et al. Benzo[a]pyrene promotes gastric
cancer cell proliferation and metastasis likely through the Aryl
hydrocarbon receptor and ERK-dependent induction of MMP9
and c-myc. Int J Oncol. 2016;49:2055-63.

Guo J, Xu Y, Ji W, Song L, Dai C, Zhan L. Effects of expo-
sure to benzo[a]pyrene on metastasis of breast cancer are medi-
ated through ROS-ERK-MMP9 axis signaling. Toxicol Lett.
2015;234:201-10.

Yang H, Zhang H, Pan T, Wang H, Wang Y. Benzo(a)pyrene
promotes migration, invasion and metastasis of lung adenocarci-
noma cells by upregulating TGIF. Toxicol Lett. 2018;294:11-9.

@ Springer

135. Bauer AK, Velmurugan K, Plottner S, et al. Environmentally
prevalent polycyclic aromatic hydrocarbons can elicit co-carcino-
genic properties in an in vitro murine lung epithelial cell model.
Arch Toxicol. 2018;92:1311-22.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Dietary phytochemicals as the potential protectors against carcinogenesis and their role in cancer chemoprevention
	Abstract
	Introduction
	Aim of the study
	Source of the data

	The role of carcinogens in malignant transformation
	Characteristic of carcinogens
	Carcinogen-mediated oxidative damage
	Metabolic activation of carcinogens and their role in the initiation and promotion of carcinogenesis

	The role of phytochemicals in carcinogen exposure
	PhIP
	B[a]P
	NNK and NNN

	Conclusion and future directions
	References




