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Highlights:
The same CYP converts different substrates or the same substrate to different products
Depending on CYP isoform the same chemical can be metabolized to either less or more toxic compound
Detoxifying vs bioactivation effects determine limited number of CYP-implicated cancers
CYP expression levels have roles in hormone-dependent cancer growth and metastasis
There are limited associations between cancer risk and CYP gene polymorphisms

Abstract: Human CYP1-CYP4 families play crucial roles in the biosynthesis, bioactivation, and
detoxification of a diverse range of chemicals including xenobiotics, steroid hormones, vitamins,
bile acids, procarcinogens, and drugs. The same CYP isoform can be involved in the conversion of
different substrates via both bioactivation and detoxification reactions depending on a substrate
type. Furthermore, the same CYP isoform can convert the same substrate to different products
depending on a tissue type. On the contrary, different CYP isoforms can convert the same substrate
to a variety of products, either more toxic or less toxic than their parent compound. The metabolic
diversity and dual character of biological effects dictate limited number of cancer types, in which
CYPs are implicated. In our review, we highlight the latest advancements and current
understanding of molecular mechanisms of the development of hormone-sensitive cancers tumors
based on dysregulated CYP expression and mutagenic adduct formation. We discuss the variations
in CYP activities including CYP gene polymorphisms, which affect interindividual differences in
cancer and drug susceptibilities. We show that there is only limited data indicating the statistically
significant association between CYP gene polymorphisms and cancer among different populations.
The involvement of CYPs in anticancer drug metabolism associated with drug-drug interactions
and drug resistance is also discussed.
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1. Introduction

The superfamily of cytochromes P450 (CYPs) is composed of heme-thiolate-containing
monooxygenase enzymes, which are found in all kingdoms of life to be involved in a variety of vital
processes [1]. In humans, CYP superfamily contains 57 currently known functionally active genes
and 46 pseudogenes, which constitute 18 families and 44 subfamilies. Their nomenclature is based on
a number following the abbreviation CYP indicating a gene family (for example CYP1 and CYP2), a
capital letter referring to subfamily (for example, CYP3A and CYP11B), and another numeral
pointing at an individual gene (for example, CYP3A4 and CYP105D5) [2].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Human CYPs are membrane-bound proteins located either in the mitochondrial inner
membrane or in the ER membranes [3]. Mostly, they are expressed in the liver; however, some
isoforms can be found extrahepatically, in the lung, prostate, adrenal gland, placenta, and kidney [4].
Hepatic expression and abundance of different CYP isoforms have been shown to change during
human developmental stages and life-time [5]. Additionally, the variations in the organ-, sex-, and
ethnicity-specific expression of human CYPs have been also observed [6-8].

CYPs demonstrate a high degree of functional diversity being involved in huge amounts of
metabolic processes including biosynthesis of a variety of biologically active compounds,
detoxification of xenobiotics, and bioactivation of procarcinogens into highly reactive chemicals
[9,10]. The most importantly, human microsomal CYP1-CYP4 families serve as major players in drug
metabolism including 70-80% drugs used in clinical practice [11]. CYP3A4, CYP2C8, CYP2(C9,
CYP2D6, and CYP1A2 are key contributors to drug metabolism due to their broad spectrum of
substrate specificity and high expression levels. Additionally, CYPs are implicated in biosynthesis
and oxidation of a variety of steroid hormones including corticosteroids, androgens, and estrogens
with the involvement of various types of reactions and intermediates [12,13]. CYP11A1, CYP11B],
CYP11B2, CYP17A1, and CYP19A1 are the most prominent enzymes engaged in steroid biosynthesis
[14,15].

Reactions catalyzed by CYP enzymes belong to phase I reactions and can be extremely diverse
toward a vast variety of substrates including reactions of hydroxylation, peroxidation, epoxidations,
N-, O- and S-dealkylation, and deamination [16]. Products of the phase I reactions can further
undergo conjugation, mostly, with glucuronic acid, sulfuric acid, acetic acid, and glutathione (GSH)
via the phase Il reactions [17]. The conjugation with the above-mentioned substances can occur with
the involvement of UDP-glucanosyltransferases (UGTs), sulfotransferases (SULTs), N-
acetyltransferases (NATs), and glutathione S-transferases (GSTs), respectively [18]. The both phase I
and II reactions are parts of the biotransformation process, which yields the polar compounds
possessing the increased water solubility, yet often preserving their activity. Such a
biotransformation serves to facilitate the excretion of waste and toxic compounds from an organism
by kidney and intestine.

CYP enzymes involved in detoxification of xenobiotics, and bioactivation of drugs demonstrate
extensive genetic diversity, which contributes to survival in the conditions of changing environment
and dietary restrictions [19]. Several hundreds of variant alleles have been identified for the genes
encoding detoxifying and drug-metabolizing CYPs in humans [20,21]. However, substantial
interindividual variations in CYP gene expression can exert only a limited or almost no effect on
metabolic activities of CYP enzymes. Indeed, Gao et al. have found 26 gene polymorphism sites in
human liver microsomes, only half of them including those for CYP2A6, CYP2B6, CYP2C9, CYP2D6
and CYP3A4/5 influence to some extent the enzyme catalytic activities [22]. Liu et al. also have
identified that there was greater interindividual variation in CYP mRNA expression than in the
enzyme activities, except for CYP2C19 [23]. This phenomenon can be ethnicity-dependent; for
example, as shown in the latter study, Hispanics had higher CYP2C8 activity and higher CYP2B6,
CYP2C9, and CYP2C19 mRNA expression as compared to Caucasians, whereas African Americans
had lower CYP2D6 mRNA expression. Such variations in CYP gene expression underlie differences
in the enzyme activities, thereby affecting the disease and drug susceptibilities [24].

Cancer is a complex, heterogeneous, and multifactorial disease and a major cause of death and
decreasing life expectancy worldwide. According to the International Agency for Research on
Cancer, nearly 19.3 million new cancer cases and approximately 10 million cancer-related deaths have
been accounted in 2020 [25]. The burden of cancer incidence and mortality is rapidly growing
worldwide, reflecting both aging and growth of the population as well as changes in the prevalence
and distribution of the main risk factors for cancer [26]. The majority of new cases and cancer-related
mortalities in both sexes have been attributed to following cancer types: breast cancer (11.7 and 6.9%,
respectively), lung cancer (11.4 and 18%, respectively), prostate cancer (7.3 and 3.8%, respectively),
colorectal cancer (10.0 and 9.4%, respectively), and liver cancer (4.7 and 8.3%, respectively) [27].
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Cancer cells are strongly dependent on their microenvironment and are regulated by a variety
of endogenous and exogenous stimuli [28-30]. Both reprogrammed and oxidative metabolism are
maintained by cancer cells through metabolic plasticity [31,32]. A variety of metabolites have been
implicated in cancer initiation and progression due to the capability to interact with macromolecules
including DNA, proteins, and lipids [33-35]. This yields in the formation of toxic adducts, which cause
dysfunction in cell signaling pathways, impairment in cell functioning and cell death.

The capabilities of CYP enzymes to cause procarcinogen and xenobiotic activation, thereby
causing production of toxic adducts provide their implication in cancer initiation, progression, and
metastasis [36]. Due to the ability to activate prodrugs, they are involved in chemoprevention
whereas due to the involvement in anticancer drug metabolism, CYPs can serve as targets in
anticancer therapy [37]. Furthermore, various types of CYP gene polymorphisms such as single
nucleotide polymorphisms (SNPs), premature stop codon, variable number tandem repeats (VNTRs),
gene deletions, and copy number variations (CNVs) have been implicated in differences in
individual’s enzyme activity and anticancer drug response [38].

In our review, we discuss the latest advancements in elucidating the roles of human CYP
metabolic activities and gene polymorphisms in cancer initiation, progression, and metastasis. CYPs
are implicated, mostly, in hormone-dependent cancers and liver injury and hepatocarcinogenesis.
Therefore, we discuss the roles of human CYP1-CYP4 families in steroid hormone biosynthesis,
xenobiotic detoxification, procarcinogen activation, and anti-cancer drug metabolism. In this context,
CYPs exert both detoxifying and bioactivation capabilities, which reflect diversity of human CYP
metabolic activities. Such metabolic diversity and dual character of biological effects dictate limited
number of cancer types, in which CYPs are implicated. We highlighted that only limited CYP gene
polymorphisms have been implicated in various cancer types.

2. Metabolic Activities of Human CYPs

2.1. Biosynthesis of Steroid Hormones

The first studies on monooxygenase activity of bovine adrenocortical microsomes via C21
hydroxylation of 17a-hydroxyprogesterone in the pathway of steroid biosynthesis from cholesterol
was performed by Cooper et al. at the beginning of 1960s [39,40]. Later, between the mid of 1970s and
early 1980s, the presence of 17a-hydroxylase and 17,20-lyase activities of cytochrome P450 from rat
testicular microsomes was reported [41,42]. Afterwards, the involvement of a variety redox partners
in CYP-catalyzed reactions has been elucidated. In particular, Nakajin and Hall have shown that
CYP-catalyzed reactions require NADPH and a flavoprotein P-450 reductase for glucocorticoid and
androgen biosynthesis in neonatal pig testis [43].

The side chain of cholesterol, a first steroid in the pathway of biosynthesis of all steroid
hormones, is initially oxidized and cleaved by CYP11A1 (P450scc), thereby yielding the C21-steroid,
pregnenolone (Figure 1) [44]. This reaction comprises three sequential steps: hydroxylation of
cholesterol at C22 followed by the product hydroxylation at C20, and a final cleavage of the C20-C22
bond. The reaction requires the involvement of steroidogenic acute regulatory (StAR) protein, which
promotes transfer of cholesterol into the inner mitochondrial membrane [45]. Additionally,
CYP11Al-catalyzed monooxygenase reactions involve the iron-sulfur [2Fe-2S] cluster protein,
ferredoxin (Fdx), and ferredoxin NADP(+)-reductase (FdR) flavoprotein as the CYP redox partners
[46].
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Figure 1. The involvement of CYPs in the pathways of steroid hormone biosynthesis. The side chain
of cholesterol is initially oxidized and cleaved by CYP11A1 with the involvement of the CYP redox
partners, Fdx and FdR, and StAR to yield pregnenolone. The latter is either hydroxylated at C17 to
produce 17a-OHP5 by mitochondrial CYP17A1 or undergoes oxidation of its hydroxyl group at C3
by 3p-HSD2 to yield progesterone. The 17a-OHP5 is further converted by CYP17A1 with the
involvement of POR and cyt b5 to DHEA and androstenedione, both C19 androgen and C18 estrogen
precursors. CYP19A1 plays critical roles in sex steroid hormone biosynthesis whereas CYP11B1 and
CYP11B2 are essential for corticosteroid biosynthesis.

The central roles of CYP17A1 in further conversions of pregnenolone in mammals have been
well-established. Pregnenolone either can be hydroxylated at C17 to produce 17a-
hydroxypregnenolone (17a-OHP5) by mitochondrial CYP17A1 or can undergo oxidation at its C3-
hydroxyl group to keto-group [47]. The latter reaction is catalyzed by microsomal 33-hydroxysteroid
dehydrogenase 2 (33HSD2) to be accompanied by a switch of a double bond from B ring to A ring to
yield progesterone in the A4 pathways. The 17a-OHP5 1is further converted to
dehydroepiandrostenedione (DHEA) due to the C17-C20 side chain cleavage. To catalyze this
reaction, CYP17A1 interacts with its redox partners, cytochrome P450 oxidoreductase (POR) and
cytochrome b5 (cyt b5), for electron transportation [48]. The both intermediates of the A5 pathways of
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androgen and estrogen biosynthesis serve as drug targets for treatment of hormone-sensitive cancers
such as prostate cancer (PCa) and breast cancer (BC) [49].

Androstenedione (A4-dione), a precursor of both estrogens and androgens, is produced from
DHEA due to the oxidation of hydroxyl group to keto-group at C3-position associated with a switch
of a double bond from B to A ring by 3BHSD2 [50]. Another way of androstenedione production is
from 17a-hydroxyprogesterone (17a-OHP), which is in turn produced by hydroxylation of
progesterone with the involvement of CYP17A1 and POR as a redox partner in the A4 pathways [51].
Further, aldo-keto reductase 1C3 (AKR1C3) reversibly reduces keto-group at C17 in androstenedione
to hydroxyl group to yield testosterone [52]. CYP19A1 is also known as aromatase and an enzyme
playing critical roles in sex steroid hormone biosynthesis. It is expressed in the granulosa cells and
lutea corpora of the ovary, Leydig and Sertoli cells of the testis, and other non-gonadal tissues such
as placenta, brain, liver, vascular smooth muscle [53]. CYP19A also requires POR as a redox partner
to produce estrone from androstenedione, estriol from 16-hydroxytestosterone, and 17[3-estradiol
from testosterone [46].

Other steroid hormones are glucocorticoids synthesized in zona fasciculata of adrenal gland with
the involvement of CYP11B1 (113-hydroxylase) and mineralocorticoids produced in the outer zona
glomerulosa, which expresses CYP11B2 (aldosterone synthase) [54.]. CYP11B1 hydroxylates the 17a-
OHP at C11 to produce cortisol, which is further converted to cortisone via oxidation of 11-hydroxyl
group to keto-group by 11BHSD1. CYP11B1 requires Fdx and FdR for glucocorticoid biosynthesis
[55]. CYP11B2 involves the soluble [2Fe-25] cluster protein adrenodoxin (Adx), which belongs to
ferredoxins, and the mitochondrial membrane-associated NADPH-dependent flavoprotein
adrenodoxin reductase (AdR) [56,57].

2.2. Detoxification vs Bioactivation of Xenobiotics

Mammalian CYP1-CYP4 families are known to be involved in both detoxification and
bioactivation of procarcinogens, drugs, and xenobiotics [58]. Rendic and Guengerich have found that
these CYPs dominate over the other xenobiotic-metabolizing enzymes such as aldo-keto reductases
(AKRs), flavin-containing monooxygenases (FMOs), and the monoamine oxidase (MAO) [59]. The
authors have assessed reactions of metabolism of all chemicals, which they divide into drugs,
physiological compounds (hormones, vitamins, and bile acids), and general chemicals
(environmental and industrial pollutants). This has allowed identifying that 20% of reactions of
xenobiotic metabolism can be attributed to the activities of CYP3A4 and 10% - CYP1A2 and CYP2D6
each, whereas 9% can be assigned to CYP2C9, 8% - CYP2CS8, 7% - CYP1A1, and 5% - to CYP2B6 and
CYP2E1 each. They also found that FMOs, MAO and AKRs are involved collectively in only 5% of
detoxification reactions.

CYP-metabolized general chemicals comprise hundreds of compounds; among them are alkyl
dimethyl benzyl ammonium chlorides known also as benzalkonium chlorides (BACs) [60]. The BACs
belong to common quaternary ammonium compounds (QACs), which exert cytotoxic effects and are
hazardous to human health [61]. Recombinant CYP2D6, CYP4F2, and CYP4F12 have been shown to
metabolize substantial part of BACs in human liver microsomes [62]. For example, the conversions
of C10 BAC occur via the w-oxidation reactions and their major products including w-hydroxy-,
(w—-1)-hydroxy-, (w, w-1)-diol-, (w—1)-ketone-, and w-carboxylic acid metabolites (Figure 2A) possess
cytotoxicity [63].
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Figure 2. The implications of CYPs in detoxification versus bioactivation of xenobiotics in the liver.
(A) CYP3A4, CYP2D6, and CYP4F12 catalyze the bioactivation of C10 BACs via the w-oxidation
reactions and their major products including w-hydroxy-, (w-1)-hydroxy-, (w, w-1)-diol-, (w-1)-
ketone-, and w-carboxylic acid metabolites. (B) Parathion is activated to diethyl 4-nitrophenyl
phosphate (paraoxon) by CYP1A2 and CYP2B6; however, CYP2C19 catalyzes inactivation via
oxidative cleavage of parathion to p-nitrophenol and diethyl-phosphate. (C) CYP1A1 and CYP1A2
catalyze the activation of carbaryl to 5-hydroxycarbaryl whereas CYP1A2 and CYP3A4 activate

carbaryl to 4-hydroxycarbaryl.

Other groups of general chemicals comprise organophosphates and carbamates, which are used

as pesticides and cause acute toxicity resulted from inhibition of serine esterase enzymes including
acetylcholinesterase (AChE) [64]. The AChE inhibition causes excessive nicotinic and muscarinic
stimulation in the central and autonomic nervous systems and the neuromuscular junction.
Chemically, organophosphates are modified esters of phosphoric acid containing P=O phosphoryl
group. They can include less toxic phosphorothioates containing P=S group and
phosphorodiamidates containing P-N group, which are oxidatively activated via production of
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corresponding oxons with P=O group [65]. Indeed, parathion, chlorpyrifos, malathion, and
disulfoton are known to become more toxic than their parent compounds via the CYP-catalyzed
metabolic activation (Figure 2B). For example, parathion is metabolized to diethyl 4-nitrophenyl
phosphate (paraoxon), which is a highly poisonous nerve agent and a potent AChE inhibitor [66].
However, a potency of menadione (methyl-1,4-naphthoquinone, vitamin K3) to inhibit the
conversion of parathion to paraoxon by recombinant CYP1A2, CYP2B6, and CYP3A4 and human
liver microsomes has been reported [67].

Nevertheless, depending on a CYP isoform involved in metabolism, the both parathion and
chlorpyrifos can be converted to less toxic p-nitrophenol and 3,5,6-trichloro-2-pyridinol derivatives,
respectively (Figure 2B). For example, CYP2B6 has been recognized as the main CYP enzyme
responsible for bioactivation of parathion and chlorpyrifos with the formation of oxon derivatives
whereas CYP2C19 is primarily responsible for chlorpyrifos detoxification with the formation of 3,4,5-
tricholorpyrindinol [69]. To do that, CYP2B6 catalyzes the oxidative desulfuration whereas CYP2C19
activity causes the oxidative dearylation, both reactions have low K(m) and high V(max) values.
Additionally, metabolic pathways of organophosphorus pesticides yielding either more or less toxic
derivatives depend on CYP gene polymorphisms as shown for CYP2B6-catalyzed conversions of
chlorpyrifos [70].

Commonly used carbamate pesticides include carbaryl, carbofuran, and aminocarb, which
unlike organophosphates reversibly inhibit AChE [64]. They can be activated via hydroxylation by
human liver microsome-derived CYPs to form more toxic products than their parent compounds.
Indeed, human CYP1A1 and CYP1A2 have been shown to catalyze the conversion of carbaryl to 5-
hydroxycarbaryl whereas CYP1A2 and CYP3A4 have great potential to metabolize carbaryl to 4-
hydroxtycarbaryl (Figure 2C) [71]. In this, chlorpyrifos and cimetidine compete with carbaryl and
decrease its metabolism by CYPs. Moreover, both organophosphates and carbamates such as
chlorpyrifos, fonofos, carbaryl, and naphthalene influence the steroid biosynthesis by inhibiting the
17p-estradiol conversion to 2-hydroxyestradiol by CYP1A2 and CYP3A4 [72]. Moreover, the
inhibition of 17(3-estradiol metabolism by chlorpyrifos is irreversible; therefore, this can lead to the
estrogen accumulation observed in BC.

2.3. Bioactivation vs Inactivation of Procarcinogens

CYPs have been shown to catalyze the reactions of about 66% of all procarcinogen activation
pathways, and among them, six microsomal CYPs (CYP1A1, CYP1A2, CYP1B1, CYP2E1, CYP3A4,
and CYP2A6) have been shown to account for >90% of all procarcinogen-activating reactions [73]. In
addition to CYPs, other enzymes such as SULTSs (13%), NATs (7%), AKR (8%), cyclooxygenases (2%),
and FMOs (1%) have been assigned to procarcinogen metabolism. CYP-catalyzed procarcinogen
activation occurs, predominantly, due to the reactions of C- and N-hydroxylation, epoxidation,
nitroreduction, and conjugation via O-acetylation and O-sulfonation. Products of the bioactivation
reactions can interact with macromolecules such as DNA and proteins, causing their irreversible
modifications, which lead to the macromolecular damage and cell dysfunction [74,75].

Shimada et al. have investigated the human CYPs-catalyzed bioactivation of a diverse range of
carcinogenic chemicals including polycyclic aromatic hydrocarbons (PAHs) such as dibenzopyrenes,
chrysene, phenanthrene, and anthracene and their dihydroxy- and dihydro-derivatives as well as
heterocyclic and aromatic amines, aminoazo dyes, mycotoxins, insecticides, N-
nitrosodimethylamine, vinyl carbamate, and acrylonitrile [76]. They have shown that CYP1A1 and
CYP1B1 activate a variety of procarcinogens to produce strong carcinogenic metabolites, epoxides,
both genotoxic and non-genotoxic. High-performance liquid chromatographic analysis showed that
recombinant CYP1B1 and CYP1A1l catalyze the conversion of benzo[a]pyrene (B[a]P) to B[a]P
epoxide, which is further converted to trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene (B[a]P-7,8-
dihydrodiol) in the presence of liver epoxide hydrolase [77]. B[a]P-7,8-dihydrodiol gives rise to other
epoxy-derivatives such as 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydro-benzo[a]pyrene (Figure 3A).
Kinetic analysis showed that ratio of V(max) to K(m) for the product formation in this system was
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3.2-fold higher for CYP1B1 than for CYP1A1. The epoxy-derivatives can interact with DNA to yield
toxic adducts.
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Figure 3. CYP-mediated bioactivation of procarcinogens. (A) CYP1A1l and CYP1B1 catalyzes the
conversion of benzo[a]pyrene (B[a]P) to 7,8-epoxy-benzo[a]pyrene that is further converted by liver
epoxide hydrolase to B[a]P-7,8-dihydrodiol, which gives rise to other epoxy-derivatives with the
capability to interact with DNA yielding toxic adducts. (B) Metabolic activation of 3-
aminodibenzofuran by CYP1A2 and CYP2A6 via the formation of N-hydroxylated derivative and
further SULT-mediated conjugation with sulfuric acid. (C) CYP3A4 and CYP1A2 are involved in
inactivation of aflatoxin Bl to its Q1 and M1 derivatives as well as activation to exo- and endo-8,9-
epoxides that can gives rise to toxic DNA adducts.

Phenanthrene is not considered to be highly toxic and, therefore, it is of less importance
regarding cytotoxicity and carcinogenicity as compared to B[a]P and 7,12-dimethylbenz[a]anthracene
(DMBA) [78]. However, phenanthrene more readily produces metabolites excreted in higher
amounts than other PAHs, and this dictates their diagnostic value in epidemiological and
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occupational exposure studies. Baum et al. have studied conversions of PAH benzo[c]phenanthrene
(B[c]PH) to show that microsomal CYP1A2 produces, predominantly, B[c]PH-3,4-dihydrodiol in
human liver and B[c]PH-5,6-dihydrodiol in the lung [79]. Both human CYP1A1 and CYP1A2 have
been shown to oxidize the B[c]PH at 5,6- and 3,4-positions with similar efficiency; however, the CYPs
displayed stereoselectivity in genetically engineered V79 Chinese hamster cells [80].

A variety of heterocyclic carcinogens originated from high-temperature cooking of meat and
tobacco smoke can also be activated/deactivated by human liver microsomes and CYPs. An example
is 3-aminodibenzofuran, carcinogenic aromatic amine with a stronger mutagenic activity than B[a]P.
It undergoes metabolic activation via N-hydroxylation and further conjugation with either sulfuric
acid by SULT or GSH with the involvement of GSTs [81]. The activation is followed by the interaction
with Cys residues of a protein to form a hepatotoxic adduct (Figure 3B). Another example is dietary-
derived coumarin, which itself has hepatotoxic potential [82]; it is oxidized by human liver cytosolic
fractions to yield 2-hydroxyphenylacetic acid and 7-hydroxycoumarin, non-toxic and non-mutagenic
metabolites [83]. The furafylline/a-naphthoflavone and 8-methoxypsoralen, which inhibit CYP1A2
and CYP2A6, respectively, blocked the conversions, thereby evidencing the involvement of the
above-mentioned CYPs.

CYP3A4 has occurred to be more efficient than CYP1A2 in a reaction of activation of
hepatocarcinogen aflatoxin B1 (AFB1) in human liver [84]. The CYP3A4-catalyzed reaction leads to
the formation of aflatoxin Q1 (AFQ1) and exo-8,9-epoxide whereas CYP1A2 forms aflatoxin M1, a
small amount of AFQ1, and exo- and endo-8,9-epoxides (Figure 3C). The AFQ1 formation requires 3-
hydroxylation and causes detoxification whereas the AFB1 exo-8, 9-epoxide formation is an
activation reaction. The AFB1 exo-8, 9-epoxide is highly reactive and interacts with DNA to give
cytotoxic adducts in high yield (>98%); however, GSTs catalyze AFB1 exo-8,9-epoxide conjugation
with GSH [85]. Similarly, the 2,3-dihydro-2-(N7-guanyl)-3-hydroxyaflatoxin B1 formed in DNA by
CYPNF involved in the activation of AFB1 has been observed [86].

Formation of multiple DNA adducts from 3-aminobenzanthrone (3-ABA), a major metabolite
formed from 3-nitrobenzanthrone (3-NBA), a carcinogen found in diesel exhaust and an ambient air
pollution, has been reported [87]. Human and rat liver microsomes and recombinant CYP1A1 and
CYP1A2 have been shown to metabolically activate 3-ABA via N-hydroxylation reaction, which were
inhibited by a-naphthoflavone and furafylline, inhibitors of CYP1Al and CYP1A2. One more
procarcinogen and industrial pollutant, 2-nitroanisole, can be metabolized by human recombinant
CYP2E1, CYP1Al, and CYP2B6, which are the most efficient enzymes causing its oxidative
detoxification [88]. The detoxification products include O-demethylated metabolite, 2-nitrophenol,
and two oxidation products, 2,5-dihydroxynitrobenzene and 2,6-dihydroxynitrobenzene [89].

2.4. Metabolism of Drugs

2.4.1. Drugs as CYP Substrates

Liver is a major organ, where drug metabolism takes place; however, the expression of each CYP
isoform is influenced by a variety of factors including induction by xenobiotics, regulation by
cytokines and hormones as well as sex, age, ethnicity, etc. [5-7]. Additionally, CYPs expressed by
liver microsomes differ from each other by their roles in reactions of drug conversions. The most
highly expressed in the liver CYP isoforms include CYP3A4, CYP2C9, CYP2C8, CYP2E1, and
CYP1A2 whereas CYP2A6, CYP2D6, CYP2B6, CYP2C19, and CYP3A5 are less abundant and CYP2]2,
CYP1A1, and CYP1IB1 are mainly expressed extrahepatically [90]. Additionally, CYP-catalyzed
metabolism of drugs depends on activities of CYP redox partners, the involvement of transporters,
drug-drug interactions, pathophysiological conditions in the liver, etc. [91]. Despite CYPs have the
broad and overlapping substrate specificities, at clinically relevant concentrations, many drugs are
metabolized only by one or few CYPs.

About 3/4 of all CYP-catalyzed reactions in humans have been attributed to drug metabolism
with the involvement of, predominantly, the following five enzymes: CYP1A2, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4 [92]. It has been reported that 27% of drug metabolism reactions can be
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assigned to CYP3A4 followed by CYP2D6 (13%), CYP2C9 (10%), CYP1A2 and CYP2C19 (both 9%),
CYP3A5 (6%), and CYP1A1l (5%). A meta-analysis undertaken by Achour et al. to assess the
expression levels of various CYPs has shown that CYP3A4 is the most abundant drug-metabolizing
CYP in liver microsomes, followed by CYP2E1l, CYP2C9, and CYP1A2 [93]. However, the
interindividual variability due to CYP gene polymorphisms and interlaboratory heterogeneity
because of variations in measurement methodologies have been found in the latter study.

A number of important drugs can serve as CYP substrates, inhibitors, and inducers. In this,
various CYPs can metabolize the same substrate to different products, thereby causing either their
detoxification or bioactivation. An example is antitumor drug ellipticine, a CYP substrate and a cell-
permeable lipophilic antineoplastic pyrido [3,4-bJcarbazole derivative alkaloid, causing DNA
intercalation and topoisomerase II inhibition [94,95]. CYP1Al and CYP1A2 have been shown to
catalyze ellipticine detoxification via the formation of 7-hydroxy- and 9-hydroxyellipticine, whereas
CYP3A4 produces 13-hydroxyellipticine and catalyzes a reaction of N-hydroxylation to yield
ellipticine N2-oxide (Figure 4A), the toxic metabolites responsible for the formation of DNA adducts
[96]. However, the presence of cyt b5 induces the ability of CYP1A1 and CYP1A2 to efficiently
produce 12-hydroxy- and 13-hydroxyellipticine, thereby switching the detoxification effect to
activation one. The change in metabolite ratio results in an increased formation of covalent ellipticine-
DNA adducts [97].
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Figure 4. CYP-catalyzed drug metabolism. (A) CYP1Al and CYP1A2 catalyze the antitumor drug
ellipticine detoxification via the formation of 7-hydroxy- and 9-hydroxyellipticine, whereas CYP3A4
catalyzes bioactivation via N-hydroxylation to yield ellipticine N2-oxide and produces 13-
hydroxyellipticine that can form DNA adducts. (B) Tamoxifen is metabolized to 4-hydroxytamoxifen
by CYP2C19 and CYP2D6 and to N-desmethyltamoxifen by CYP2D6, CYP3A4, and CYP3A5. The
both metabolites can be converted to endoxifen (4-hydroxy-N-desmethyltamoxifen) by
CYP3A4/CYP3A5 and CYP2D6, respectively. CYP3A4/CYP3A5 are also active in conversion of
tamoxifen to a-hydroxytamoxifen. (C) Anticancer drug sorafenib is metabolized by CYP3A4 and
CYP2C8 N-hydroxymethyl, N-desmethyl metabolites, and sorafenib N-oxide.

Another pyrido[3,4-b]carbazole derivative alkaloid, antineoplastic drug olivacine (1,5-dimethyl-
6H-pyrido[4,3-b]carbazole), can be metabolized by CYP1Al, CYP1A2, and FMO3 to generate
detectable amounts of products in primary hepatocytes [98].  Structure-activity relationship
analyses have revealed that hydroxylation reactions with the formation of hydroxy-, hydroxymethyl-
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and methoxy-derivatives at positions C1, N2, C9, and C11 significantly increase cytotoxic activity of
olivacine toward tumor cells [99]. Indeed, in vitro study on colorectal cancer cells has shown that
hydroxylation of olivacine at C9 position with the production of 9-methoxyderivative increases its
cytostatic activity greater than of ellipticine derivatives and doxorubicin [100].

Anticancer drug irinotecan [7-ethyl-10[4-(1-piperidino)-1-piperidino]-carbonyloxy
camptothecin] (CPT-11), a semisynthetic analogue of DNA topoisomerase I inhibitor camphothecin,
[101], undergoes conversions via several metabolic pathways catalyzed by CYP3A4 and CYP3A5
[102]. CYP3A4 has been shown to preferentially metabolize irinotecan via the oxidation of
piperidinylpiperidine side chain, thereby producing 4-N-5-aminopentanoic acid and 4-
aminopiperidino metabolite whereas CYP3A5 catalyzes de-ethylation of camphothecin moiety to
produce M4 metabolite [103].

Tamoxifen is a commonly used antiestrogen, which is able to interact with estrogen receptor-a
(ERa) to cause competitive inhibition of estrogen action, and this dictates its usage in the endocrine
treatment of choice in both premenopausal and postmenopausal women with ER positive (ER+) BC
[104]. Tamoxifen is a prodrug that is converted to its active metabolites by CYP2D6, CYP3A4,
CYP3A5, CYP2B6, and CYP2C19, and no statistical differences due to CYP gene polymorphisms in
the efficacy of tamoxifen have been observed by Singh et al. [105]. However, interindividual
differences in postmenopausal women with early BC receiving tamoxifen have been observed by
Goetz et al. [106]. The authors have found that patients with decreased tamoxifen metabolism
identified as having CYP2D6*4 genotype exerted significantly shorter recurrence-free survival (RFS)
than patients with extensive metabolism. However, Tan et al. have found that five-year RFS and
overall survival (OS) were slightly better, but statistically non-significant, in women with the
extensive or ultra metabolizer CYP2D6 phenotype compared to those with the intermediate
phenotype [107]. Additionally, no significant difference in progression free survival (PFS) between
the CYP2D6%4 genotype group and the overall study cohort has been found by Stingl et al. in the
Austrian TIGER study [108].

92% of the tamoxifen metabolism is attributed to the production of quantitatively major primary
metabolite N-desmethyltamoxifen, the conversion catalyzed by CYP2D6 with the highest activity and
to a lesser extent by CYP3A4 and CYP3A5 [109]. CYP2C19 has an order of magnitude higher activity
than CYP2D6 in formation of 4-hydroxytamoxifen, which is ~30-100-fold more potent than tamoxifen,
although this pathway constitutes only 7% of tamoxifen metabolism [110]. Further, the both N-
desmethyltamoxifen and 4-hydroxytamoxifen can be converted to endoxifen (4-hydroxy-N-
desmethyltamoxifen) by CYP2D6 and CYP3A4/CYP5, respectively (Figure 4B). Endoxifen is the most
potent antiestrogen among a variety of other metabolites produced in these pathways and
significantly contributes to the tamoxifen therapeutic effects [111].

Hydroxylation of tamoxifen at ethyl group causes its conversion to a-hydroxytamoxifen, a
genotoxic compound produced, predominantly, by CYP3A4 in both humans and rats [112]. The a-
hydroxytamoxifen produces DNA adducts, which have been identified in the endometrium of
women taken tamoxifen [113]. Alternatively, the hydroxylated metabolites of tamoxifen can undergo
conjugation with sulfuric acid by SULT1A1 and glucuronic acid by UGTs for further excretion [114].
The CYP-catalyzed metabolism contributes to an intrinsic resistance to tamoxifen fueled by cross-
talks with growth factor signaling pathways and hormone-binding transport proteins, which
interfere with ERa-hormone interactions [115-117].

Stereospecific CYP activities in hydroxylation at the same positions of the same substrates have
been observed. For example, anticancer drug thalidomide is converted to 5-hydroxythalidomide and
diastereomeric 5'-hydroxythalidomide by liver microsomes; however, human CYP2C19 is a major
enzyme catalyzing this reaction whereas in rats, thalidomide is hydroxylated extensively by CYP2C6
isoform [118]. Additionally, CYP2A6 and to lesser extent CYP1A2 and CYP2C8 have been shown to
convert tegafur [5-fluoro-1-(2-tetrahydrofuryl)-2, 4 (1H, 3H)-pyrimidinedione], a component of
anticancer drug S-1 used in treating breast, pancreatic, lung, and other carcinomas, to cytotoxic
compound 5-fluorouracil [119]. The conversion takes place via hydroxylation of tetrahydrofuran ring
at its 5’-position and catalytic activity of CYP2A6 in catalyzing this reaction is stereospecific [120].
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2.4.2. Drugs as CYP Inducers: the Roles of Nuclear Receptors and Drug Transporters

Rifampin, phenytoin, and ritonavir are examples of drugs, which induce human CYP activity,
the process in which human pregnane X receptor (PXR) plays a critical role by causing unfavorable
and long-lasting drug-drug interactions and cytotoxicity effects [121,122]. PXR affects drug
metabolism and efflux and drug-drug interactions via controlling the expression of multiple drug
resistance protein-1 (MDR1), also known as P-glycoprotein (P-gp), which serves as a transmembrane
pump for the elimination and disposition of drugs [123]. P-gp is a 170 kDa phosphorylated and
glycosylated protein encoded by MDR1 gene and belonging to the ATP binding cassette superfamily
of transport proteins [124]. In humans, two genes, MDR1 and MDR?2, have been described, among
which only MDR1 has been implicated in drug transport and drug resistance [125].

The PXR belongs to the evolutionarily related superfamily of nuclear receptors (NRs), which
function as DNA-binding transcription factors regulating a broad spectrum of physiological
processes [126]. Despite a high diversity of functions and modes of action, NRs exhibit conserved
structural organization, which include six domains and among them, DNA-binding domain, ligand-
binding domain, and activation function 2 (AF-2) domain are the most important ones [127]. Binding
of a NR ligand causes the receptor activation and nuclear translocation followed by its homo- or
heterodimerization with retinoic X receptor (RXR) for DNA binding. The role of AF-2 domain is a
proper repositioning of NR structural elements upon the ligand-binding to provide the interaction
with DNA and transcriptional regulation as well as co-activator and co-repressor binding [128].

Numerous CYP inducers including pregnane, steroid hormones, drugs, and environmental
pollutants can activate PXR [129]. For example, PXR is a target for many drugs that induce CYP3A4
and can be activated by high concentrations of flucloxacillin with consequences for metabolism of
other drugs [130]. Flucloxacillin, a 3-lactam antibiotic of the isoxazolyl-penicillin group with high
incidence rate of drug-induced liver injury, can be metabolized by liver microsomes and recombinant
CYP3A4 to produce 5'-hydroxymethylflucloxacillin. The latter metabolite causes cytotoxic effects in
human hepatocytes and gallbladder-derived biliary epithelial cells. Indeed, the incubation of primary
human hepatocytes and LS180 colorectal adenocarcinoma cells with flucloxacillin led to a dose-
dependent induction of MDR1 [131].

Etoposide, a semisynthetic derivative of podophyllotoxin that exhibits antitumor activity to be
used in BC treatment, undergoes O-demethylation to etoposide catechol with the involvement of
CYP3A4 and to lesser extent of CYP1A2 and CYP2E1 [132]. The etoposide is a substrate for P-gp,
which determines its pharmacokinetics restricting its oral uptake and mediating its intestinal
excretion across the gut wall [133]. In rats with DMBA-induced mammary tumors, increased
absorption of etoposide from the gastrointestinal tract via the inhibition of intestinal P-gp and
decreased intestinal metabolism of etoposide via the inhibition of intestinal CYP3A by morin have
been observed [134].

Hofman et al. have shown that the overexpression of CYP3A4 and CYP2CS8 causes the decrease
in sensitivity of hepatocellular carcinoma (HCC) HepG2 cells to anticancer drugs of the taxane group,
docetaxel and paclitaxel [135]. CYP3A4-mediated docetaxel resistance due to impaired apoptosis has
been observed, and the drug resistance can be reversed by ketoconazole. CYP3A4 and CYP3A5 have
been shown to catalyze the formation of hydroxy- and dihydroxy-derivatives of paclitaxel and
docetaxel, thereby causing their inactivation in cancer cells [136,137]. Consequently, CYP3A4 and
CYP3A5 gene polymorphisms contribute to interindividual variations in the drug clearance and their
toxicity in BC patients [138].

In cancer cells, PXR ligands enhance PXR-mediated transcription in a ligand- and promoter-
dependent fashion, thereby leading to differential regulation of individual PXR targets, especially
CYP3A4 and MDRI. Indeed, in epithelial ovarian cancer cells, PXR agonists, phthalate and
pregnenolone, have been shown to induce CYP3A4 expression and PXR-mediated transcription
through the CYP3A4 promoter, whereas paclitaxel and cisplatin increased MDR1 expression and
PXR-mediated transcription through the MDR1 promoter [139]. The PXR downregulation by small
interfering RNA inhibited endometrial and ovarian cancer cell growth and enhanced apoptosis
caused by the anticancer drugs and PXR ligands [139,140].
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A variety of drugs such as phenobarbital, rifampicin, and hyperforin have been shown to induce
the transcriptional expression of CYP2C isoforms in primary human hepatocytes and to increase the
metabolism of CYP2C substrates in vivo [141]. This induction can result in drug-drug interactions,
drug tolerance, and therapeutic failure. In human chronic myelogenous leukemia K-562 cells,
treatment with cisplatin and two ruthenium-based coordinated complexes [cisCRu(Ill) and
cisDRu(IIl)] has been shown to cause apoptosis associated with MDR1 amplification and CYP2C9
and CYP2C19 overexpression [142]. Several drug-activated nuclear receptors including PXR,
constitutive androstane receptor (CAR), and vitamin D receptor (VDR) recognize drug responsive
elements within the 5'-flanking promoter region of CYP2C genes to mediate the transcriptional
upregulation of these genes in response to xenobiotics and steroids [143-145].

CAR similarly to PXR can be activated by a variety of endogenous and exogenous CYP ligands
including drugs, insecticides, pesticides, and nutritional compounds and functions as a xenobiotic
receptor for detoxification and clearance of toxic substances from the liver [146]. Wang et al. have
observed that CAR downregulation by RNA interference causes significant ovarian cancer cell
growth inhibition and apoptosis in the presence of anticancer agents [147]. CAR ligands and
anticancer drugs cisplatin, paclitaxel, and arsenic trioxide cause the upregulation of MDR1 and
UGT1A1l in the presence of 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehydeO-(3,4-
dichlorobenzyl)oxime (CITCO), the CAR agonist.

Also, CAR has been implicated in the regulation of CYP2B1, CYP2B6, CYP3A1, and CYP3A4 in
human hepatocytes [148,149]. CAR has been shown to induce the expression of CYP2B6 and CYP3A4
in human primary hepatocytes and leukemia cells, and this enhances the antitumor activity of an
alkylating agent cyclophosphamide (CPA) used in the treatment of a variety of tumors. CPA
undergoes oxidation and conversion to 4-hydroxy-CPA, a rate limiting reaction in CPA bioactivation
[150]. The involvement of human microsomal CYP2C9 in the CPA bioactivation to 4-hydroxy-CPA
has been also observed [151].

2.4.3. CYP Inhibition: Drug-Drug Interactions

Clinically important CYP3A4 inhibitors include macrolide antibiotics (clarithromycin,
erythromycin, etc.), anti-HIV agents (ritonavir and delavirdine), antidepressants (fluoxetine and
fluvoxamine), calcium channel blockers (verapamil and diltiazem), steroids and their modulators
(gestodene and mifepristone) [152]. Ivermectin is a macrocyclic lactone with antiparasitic and
antiviral activities, a derivative of avermectins, the 16-membered macrolide lactone compounds
produced by the fungus Streptomyces avermitilis, is metabolized both in vivo and in vitro by CYP3A4
as the major enzyme, with a contribution of CYP3A5 and CYP2C9 [153]. The major metabolites are
produced by 3"-O-demethylation, C4-hydroxylation, C25 isobutyl-hydroxylation, and 3"-O-
demethyl-4-hydroxymethyl metabolite formation reactions. Co-administration of drugs that are
potent inhibitors or inducers of CYP3A4 activity and CYP gene polymorphisms can provoke
pronounced drug-drug interactions [154]. Additionally, many substrates of CYP3A4, which
considerably overlap with those of P-gp and ivermectin can also inhibit the CYP3A4 functions [155].

CYP2C8 has been shown to increase anticancer activity of multi-kinase inhibitor (MKI) sorafenib
due to the conversion to sorafenib N-oxide, thereby inhibiting proliferation, clonality, migration,
invasion, and cell cycle progression in HCC cells [156]. Sorafenib is frequently co-administered with
a range of other drugs such as paclitaxel to improve the efficacy of anticancer therapy and to treat
comorbidities. In this, sorafenib N-oxide, a major pharmacologically active metabolite, has the
potential to contribute to pharmacokinetic drug-drug interactions. Indeed, along with N-
hydroxymethyl and N-desmethyl metabolites, it can be formed by CYP3A4 (Figure 4C) to inhibit the
6a-hydroxylation of paclitaxel by CYP2C8 [157]. In human liver microsomes, the metabolite
formation was correlated with CYP3A4-mediated midazolam 1'-hydroxylation, but not with other
CYP-specific substrate oxidations whereas CYP3A4 inhibitor ketoconazole selectively inhibited
microsomal sorafenib oxidation pathways [158]. Sorafenib and its metabolites have been shown to
accumulate in patients’ blood serum during therapy, which may increase toxicity of co-administered
drugs due to drug-drug interactions [159].
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Sorafenib has been shown to suppress the Bcl-2 family member, induced myeloid leukemia cell
differentiation protein MCL1, to regulate apoptosis in THP-1, U937 and Granta519 cancer cells;
however, no increased apoptosis was observed in combination with vinblastine [160]. Vinblastine is
metabolized by CYP3A4, and this pathway is inhibited by vincristine and navelbine, other members
of the Vinca alkaloid family, and other anticancer drugs currently associated with vinblastine in
cancer chemotherapy (etoposide, adriamycin, lomustine, and teniposide) [161,162].

CYP3A4 has been implicated in metabolism of another MKI imatinib via its N-demethylation
and N-desmethylimatinib formation, correlated with microsomal oxidation of the CYP3A4 substrates
testosterone and midazolam, and the CYP2CS8 substrate paclitaxel [163]. Recombinant CYP2C8 and
CYP3A4 metabolize imatinib extensively, whereas other isoforms have minor effect on imatinib
concentrations. However, during the long-term treatment with imatinib, dose- and time-dependent
auto-inactivation of CYP3A4 by imatinib has been observed [164]. Imatinib increased the bleeding
risks of rivaroxaban, widely used direct oral anticoagulant, whereas sunitinib had a risk of reducing
therapy efficiency due to drug-drug interactions. Imatinib and gefitinib significantly inhibited
CYP2]2- and CYP3A4-mediated metabolism of rivaroxaban and efflux transportation mediated by
breast cancer resistance protein (BCRP)- and P-gp drug transporters in MDR1-MDCK and ABCG2-
MDCK cells [165].

Filppula et al. have undertaken a screening of inhibitory effects of a variety of MKIs on the
activities of CYP3A and CYP2C8 and showed that a wide range of drugs including bosutinib isomer
1, crizotinib, dasatinib, erlotinib, gefitinib, lestaurtinib, nilotinib, pazopanib, saracatinib, sorafenib,
and sunitinib exhibited an increased inhibition of CYP3A after a 30-min preincubation with NADPH,
as compared with no preincubation [166]. Bosutinib was the only inhibitor causing time-dependent
inhibition of CYP2C8. The authors have found that midostaurin and nintedanib irreversibly inhibited
the CYP3A4 and predicted drug-drug interactions between vatalanib and CYP2C8 substrates as well
as between masitinib, midostaurin, and vatalanib and CYP3A4 substrates [167]. Despite CYP3A4 and
CYP2C8 are major contributors in masitinib metabolic activation, CYP3A5 and CYP2D6 also
contribute to the formation of N-desmethyl masitinib (M485), and several oxygenated metabolites
can be detected along with four reactive metabolite cyano adducts (MCN510, MCN524, MCN526,
and MCN538) [168]. Table 1 summarizes data on the involvement of various human CYP1-CYP4
families in drug metabolism.

3. Roles of CYPs in Cancer
3.1. Breast, Endometrial, and Ovarian Cancer

3.1.1. Effects of Estrogen Metabolites

Estrogen production and metabolism play critical roles in the development and pathogenesis of
hormone-sensitive cancers in women — breast, endometrial, and ovarian carcinomas. BC is the first
most common cancer type and the fifth cause of cancer-related deaths worldwide as estimated in
2020 [27]. BC is a genetically and clinically highly heterogeneous disease with multiple subtypes
classified based on the immunohistochemical expression of hormone receptors: ER+, progesterone
receptor positive (PR+), human epidermal growth factor receptor positive (HER2+), and triple-
negative breast cancer (TNBC) characterized by the lack of expression of any of the above-mentioned
receptors [169]. Approximately 70-75% of invasive BCs are characterized by significantly high ERa
expression, whereas PR is expressed in more than 50% of ER-positive patients [170].

Endometrial cancer (EC) is the sixth most common cancer type in women worldwide [171]. EC
is also heterogenous disease and is classified on the basis of ERat and PR expression into endometrioid
type I (hormone receptor-positive type) and non-endometroid type II (hormone-receptor-negative
type) [172]. The endometrioid type I EC risk has been linked to increased circulating levels of
estrogens and persistent ERa activation [173]. Ovarian cancer (OC) is the eight most common cause
of death in female population worldwide and comprises 1.2% of all the cases of cancer as estimated
in 2020 [174]. About 90% of primary malignant ovarian tumors are epithelial carcinomas, and critical
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roles of hormones in OC development and progression have been reported [175]. Studies have
evidenced that the ER+ and PR+ statuses were higher among patients with serous and endometrioid
carcinomas than among mucinous and clear-cell carcinomas of malignant epithelial OC and that ER+
and PR+ OC patients have better clinical outcome [176].

Current understanding of molecular mechanisms of hormone-sensitive cancers is based on key
roles of CYPs in biosynthesis and metabolism of steroids hormones, androgens and estrogens [177].
Studies have shown that in BC, OC, and EC tissues, levels of circulating estrogens and their
metabolites, and genotoxic DNA adducts correlate with the activities of CYPs and conjugating
enzymes. Indeed, circulating estrogen levels have been shown to influence ERa activation and DNA
adduct formation in BC tissues with the involvement of CYP1B1, SULT1A1, SULT1A2, and GSTP1
[178]. Additionally, the increased level of CYP1B1 in SKOV-3 and A2780 OC cell lines [179] and
overexpression of CYP1A1 in various types of OC compared with benign epithelia [180] have been
reported.

CYP1A1, CYP1B1, and CYP1A2 are the most important CYPs involved in the irreversible
hydroxylation of 173-estradiol and estrone to produce catechol estrogens, 2-hydroxy- and 4-hydroxy-
derivatives, whereas CYP2C19, mostly, forms 16a-hydroxy-derivative [181]. Additionally, in human
liver microsomes, the 2-hydroxylation and 4-hydroxylation of 173-estradiol have been shown to
correlate with monooxygenase activities of CYP3A4 and CYP3AS5 [182]. The 2-hydroxylation yields
2,3-catechols whereas 4-hydroxylation gives rise to 3,4-catechols, the both catechol types are further
converted to corresponding 2,3- and 3.4-quinones involved in protein and DNA adducts formation
(Figure 5A). Among them, mutagenic adduct formation with adenine and guanine, which cause DNA
depurination, can serve as biomarkers of estrogen metabolites formation in BC [183].
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Figure 5. Metabolism of estrogens and androgens by CYPs. (A) The pathways of 17B-estradiol
conversions by CYP1A1, CYP1A2, and CYPIBI to 2,3-cathechols and further to 2,3-quinones with
subsequent either methylation by COMT or conjugation with glucuronic acid by UGT or DNA adduct
formation. (B) Testosterone can be either reversibly converted to androstenedione by 173HSD or
reduced by SRD5A1/2 isoenzymes to DHT, which can be, alternatively, produced from
androstenedione by 17BHSD and SRD5A1/2 isoenzymes; both testosterone and DHT are conjugated
with, mostly, glucuronic acid and, at a less extent, sulfuric acid. (C) Metabolism of sunitinib by
CYP1A2 and CYP3A4 via oxidative defluorination and the formation of quinoneimine; the presence
of CYP3A4 inducer rifampicin causes sunitinib N-dealkylation to form N-desethyl-sunitinib.

The hydroxy-metabolites can inhibit BC cell proliferation, and therefore, they lack tumorigenic
activities. Indeed, 16a-hydroxy-metabolites of 173-estradiol and estrone have been shown to
demonstrate ER agonist properties in ER+ MCF-7 and T47D human BC cells [184]. On the contrary,
2-hydroxy-metabolites of both 173-estradiol and estrone demonstrated weak mitogenic activity and
did not show ERa agonist properties in the both cell lines; instead, they exhibited protective effects.
Moreover, 17p-estradiol and its metabolite 4-hydroxyestradiol have been reported to protect from
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oxidative stress via increasing superoxide dismutase (SOD) activity, whereas 16a-hydroxy-estrone
increased GST activity [185].

The tumor protective activities of estrogen hydroxy-metabolites have been attributed to the
formation of methoxy-derivatives and conjugated estrogens [186,187]. Indeed, the catechol estrogens
can be either methylated by catechol-O-methyltransferase (COMT) or conjugated, for example, with
glucuronic acid [188]. The O-methylation of catechol estrogens by COMT can serve as a protective
pathway via minimization of depurinating DNA adduct formation and cancer prevention [189,190].
A case-control study of serum concentrations of 15 estrogens and their metabolites in both conjugated
and unconjugated form has shown that almost all estrogens and estrogen metabolites in
unconjugated form are associated with an increased BC risk in postmenopausal women [191].
Exception was 2-hydroxylation, which was associated with lower risk, whereas less extensive
methylation of potentially genotoxic 3,4-catechols was associated with higher risk of postmenopausal
BC.

The COMT inhibition has been shown to decrease the formation of 2-methoxy-derivative from
2-hydroxy-17p-estradiol and to increase the oxidative DNA damage via 8-hydroxy-2'-
deoxyguanosine (8-oxo-dG) formation in MCF-7 cells exposed to 0.1 microM 17(3-estradiol [192].
Additionally, the increased levels of albumin and hemoglobin protein adducts formed by 17[3-
estradiol 2,3- and 3,4- quinones have been shown to correlate with worse 5-year survival in BC
patients [193]. The authors proposed that BC treatment with the use of aromatase inhibitors and
tamoxifen may dramatically reduce burden of estrogen quinones.

The increased levels of unconjugated 17-estradiol and estriol as well as estrone metabolites, 2-
methoxyestrone and 4-methoxyestrone, in women with type I as compared to type II EC have been
reported [173]. Additionally, the increased progesterone-to-estradiol ratio and level of 17a-
hydroxypregnenolone have been shown to inversely associate with EC risk and positively associate
with OC risk [194]. Women with OC have been shown to possess two low-activity alleles of COMT
and one or two high-activity alleles of CYP1B1 associated with higher levels of estrogen-DNA
adducts [195].

3.1.2. CYP Gene Polymorphisms

Various SNPs in genes encoding CYPs involved in estrogen biosynthesis have been implicated
in increased risk of BC. Indeed, multiple SNPs in CYP1A1 gene have been studied and some
investigators have identified positive correlations between the SNPs and ER+ BC [196]. For example,
Martinez-Ramirez et al. have found that polymorphisms in genes encoding ERa, CYP1A1, CYP1B1,
COMT, O-6-methylguanine DNA-methyltransferase (MGMT), and X-ray repair cross-
complementing protein 1 (XRCC1) are positively associated with the BC risk in Mexican women
[197]. However, other studies have found no statistically significant correlations between SNPs in
genes encoding CYP1Al, CYP1B1, and GST and breast BC in both premenopausal and
postmenopausal women among Indian and Nigerian population [198,199].

Zhang et al. have found that BC risk in postmenopausal Chinese women is associated with the
CYP17 TC genotype compared with TT genotype [200]. The CYP19 TC+TT genotypes were associated
with both overall cancer risk and premenopausal cancer risk, particularly for ER+/PR+ tumors. In
multivariate analysis, the SULT1A1l genotype has been shown to be the most significant BC
determinant, followed by CYP19, whereas the (TTTA) 10 allele of CYP19 was associated with tumor
size, and the His allele of SULT1A1 was associated with status of lymph node metastasis [201].
Combined analyses of the two genes encoding CYP17 and CYP19 has shown that the increased
frequency of high-risk alleles as compared to individual studies undertaken in BC patients [202].

A case-control study of the associations between the CYP1B1 and COMT polymorphisms and
invasive EC risk has shown that carriers of the CYP1B1 N453S allele had a statistically significant
decreased cancer risk; however, no significant association between CYP1B1 L432V allele and EC risk
has been found [203]. Similarly, a study of three CYP1A1 genotypes (Mspl, 1462V, and T461N) has
shown no additional risk of EC in Caucasian women [204]. Nevertheless, the association between the
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152470893 polymorphism of the CYP1A1 gene and EC and OC in Mediterranean women has been
identified [205].

The individuals with minor variant genotype of L432V polymorphism in CYP1B1 gene have
been found to show high risk of EC in Caucasians [206]. However, no significant association between
L432V polymorphism in CYP1B1 gene and OC risk has been found [207]. A meta-analysis has shown
that the rs1056836 polymorphism of the CYP1B1 gene is associated with OC risk in Caucasians and
Asians, but no associations have been observed in African-Americans [208].

3.2. Prostate Cancer

3.2.1. Effects of Androgen Metabolism

PCa is the fourth most common cancer worldwide and the eight cause of cancer-related deaths
worldwide as estimated in 2020 [209]. Many early-stage PCa cases are androgen-dependent or
castration-sensitive; therefore, androgen production, metabolism, and transport influence greatly the
PCa progression [210]. Consequently, decreasing the androgen levels in the body or blocking their
action may be an effective type of the anticancer therapy [211].

CYP17A1 is a single enzyme that catalyzes the sequential 17a-hydroxylase and 17,20-lyase steps
that are required for conversion of C21 pregnenolone and progesterone to DHEA and
androstenedione, the C19 androgen and C18 estrogen precursors [212]. CYP17A1 gene is expressed
in the gonads, adrenal glands, and prostate cancer cells. The balance of enzyme activities and
substrate preferences vary among species; in humans, 17a-hydroxylase activity is required to
produce cortisol and to maintain glucocorticoid and mineralocorticoid homeostasis whereas the both
17a-hydroxylase and 17,20-lyase activities are required for sex hormone biosynthesis [213]. CYP17A1
is expressed in the ER of testicular Leydig cells and the adrenal cortex, the major sites of testosterone
biosynthesis, whereas POR and cyt bs become present in cells with high 17,20-lyase activity during
human development [214].

Usage of the in vivo LNCaP PCa mouse xenograft model has enabled demonstrating that
circulating cholesterol level is significantly associated with tumor size and intra-tumoral levels of
testosterone and directly correlate with tumoral expression of CYP17A [215]. Moreover, the
expression of CYP17A1 and nuclear androgen receptor (AR) at the both protein and mRNA levels
has been observed in 50% of the hormone-dependent 22Rv1 cell line, in contrast to hormone-
independent PC3 and DU145 cell lines [216]. Along with these data, about 91% of benign prostate
hyperplasia (BPH) and 83% of PCa specimens have been shown to express CYP17A1 whereas and
CYP11A1 and translocator protein (TSPO) transporting cholesterol into mitochondria have been
expressed in all BPH and PCa specimens [217].

For the advanced PCa, androgen deprivation therapy (ADT) by surgical or medical castration is
a standard frontline treatment and is initially effective in most patients; however, ADT can lead to
the development of uncurable metastatic castration-resistant prostate cancer (CRPC) [218]. Several
mechanisms have been proposed to explain the progression of ADT-responsive PCa to CRPC
including AR overexpression and mutations, despite metastatic CRPC can exist as a mixture of cells
displaying a range of AR expression levels [219]. Sustained intra-tumoral synthesis of 5a-
dihydrotestosterone (DHT), more potent AR agonist than testosterone, also contributes to CRPC
[220,221]. Testosterone can be either reversibly converted to androstenedione by 173HSD or reduced
by SRD5A1/2 isoenzymes to DHT, which can be, alternatively, produced from androstenedione due
to sequential catalysis by 17BHSD to 5a-androstanedione (5a-dione) and by SRD5A1/2 isoenzymes
to DHT (Figure 5B).

Since persistent androgen signaling has been implicated in CRPC progression and metastasis,
studies are carried out to develop AR antagonists [222]. However, PCa cells can develop mechanisms
to resist AR blockade due to overexpression, mutations, alterations in coregulators of AR. Therefore,
studies have been undertaken to develop various potential steroidal and non-steroidal derivatives
with the capabilities of reversible small-molecule CYP inhibitors [223,224]. Metastatic CRPC has been
shown to display the upregulation of genes encoding steroidogenic CYP enzymes including
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CYP17A1 and CYP19A1 [225]. Various potential steroidal and non-steroidal CYP17A1 inhibitors
have been proposed as candidates for PCa treatment [226-231]. However, the only FDA approved
drug for prostate cancer treatment is a steroidal irreversible selective CYP17A1 inhibitor abiraterone
[232]. Abiraterone acetate, an orally administered small molecule derived from the structure of
pregnenolone, selectively and irreversibly inhibits both the 17a-hydroxylase and 17,20-lyase
activities of CYP17A with approximately 10-30-fold greater potency as compared to ketoconazole,
non-selective inhibitor of CYP17A1 [233].

In a randomized phase 3 clinical trial (NCT00638690), 1195 patients with metastatic CRPC who
had previously received docetaxel were assigned to combination of prednisone with abiraterone
acetate and showed the increase in OS (14.8 months) as compared to placebo group (10.9 months)
[234]. Another clinical trial performed with the use of 57 patients with bone-metastatic CRPC have
evidenced that abiraterone acetate causes sustained suppression of testosterone in both blood and
bone marrow [235]. Limitation in the use of abiraterone has been found due to its ability to inhibit
other AR pathway targets due to its steroidal structure.

Recent advancements in bioinformatics and computational approaches have enabled discovery
of novel CYP17A1 inhibitors to replace abiraterone and elucidating mechanisms underlying the CYP-
inhibitor interactions. For example, CYP17A1 inhibitors, seviteronel and abiraterone, have been
demonstrated to function as competitive AR antagonists [236]. Molecular dynamics (MD) simulation
study has revealed the importance of the conserved H-bond for acquiring the proper position by
abiraterone in the binding site [237]. MD simulation has also demonstrated the extended residence
time of abiraterone within the CYP17A1 active site, even when most abiraterone has been eliminated
systemically [238]. This has been experimentally confirmed by prolonged suppression of DHEA
concentrations observed in VCaP cells after abiraterone washout. The authors have concluded that
their findings can provide a basis for re-evaluating the current dosing paradigm of abiraterone while
mitigating its dose-dependent adverse effects.

Additionally, studies have been undertaken to discover novel molecular targets in PCa
treatment. For example, Zhang et el. have shown that genetic or pharmacological activation of PXR
decreases androgenic activity by inducing the expression of CYP3A4 and SULT2A1, which are
enzymes important for the metabolic deactivation of androgens [239]. In human prostate cancer, the
treatment with the PXR agonist rifampicin inhibited androgen-dependent proliferation of LAPC-4
cells, but had little effect on the growth of the androgen-independent isogenic LA99 cells. PXR has
been shown to be expressed at the mRNA and protein level in both rat primary Leydig cells and
mouse Leydig tumor MA-10 cells, and the incubation of these cells with pregnenolone 16«-
carbonitrile resulted in a significant decrease in testosterone secretion [240]. This was associated with
decreased protein expression of key steroidogenic enzymes such as CYP17A1 and 33HSD.

3.2.2. CYP Gene Polymorphisms

Polymorphisms in genes involved in the testosterone biosynthetic pathways such as CYP17A1,
CYP3A4, and SRD5A2 represent strong candidates for affecting androgen-dependent cancers.
Indeed, genetic polymorphisms in genes encoding AR, the prostate-specific antigen (PSA), SRD5A2,
CYP17, CYP3A4, and a putative hereditary PC susceptibility 2 protein (HPC2/ELAC2) have been
suggested to play the roles in the PCa etiology [241]. For example, the HPC2/ELAC2 has been found
to feature S217L and A541T polymorphisms whereas the SRD5A2 features A49T and V89L
polymorphisms. The statistically significant correlation between A49T mutation in SRD5A2 and
BPH in Turkish men has been reported [242]. Additionally, the SRD5A2 V89L variant has been
suggested to influence risk of PCa among younger-aged men with diagnosis of more aggressive
disease [243].

Some studies have shown that there is no evidence of associations between CYP17 and SRD5A2
polymorphisms and PCa risk [244,245]. Lindstrom et al. have found that PCa risk is significantly
associated with multiple SNPs in the AR and CYP17 genes, as well as one SNP in the SRD5A2 gene.
[246]. Mutations in individual genes encoding ERa and CYP17 showed a 2- and a 3.5-fold increased
risk of PCa as compared to BPH and healthy controls, respectively; however, the combination of
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mutant alleles of the two genes increased the cancer risk by more than 2-fold in the North Indian
population [247]. Another study has found no significant association between SRD5A2 gene
polymorphism and PCa risk, but a significant association between the CYP17 gene polymorphism
and PCa risk in the Japanese population has been identified [248].

Additionally, a case-control study of genes encoding CYP1A1, CYP1A2, CYP2E1, GSTM1, and
GSTT1 has shown that only a combination of polymorphisms in CYP1A1 and GSTML1 is associated
with PCa risk in the Japanese population [249]. The increased risk of PCa in the Japanese population
was observed among individuals with the NAT2 slow acetylator, CYP1A1 GA+GG, and CYP1A2
CA+AA genotypes [250]. In the latter study, CYP1A1 GA+GG genotypes were associated with intake
of heterocyclic aromatic amines, the CYP substrates.

Genetic polymorphisms in the CYP1B1 gene have also been studied to show that combinations
of some of them are associated with an increased PCa risk, whereas one frequent haplotype (T-A-T-
G-T) is associated with the decreased cancer risk [251]. Some CYP1B1 haplotypes were positively
associated with PCa among men with the highly aggressive disease [252]. A meta-analysis
undertaken for various cancer types has shown that A119S polymorphism in CYPI1BI1 gene is
associated with PCa risk in the Caucasians [253]. Such genetic variants within CYP1B1 have been
proposed to provide susceptibility to PCa by altering telomere length [254]. Importantly, the
inherited genetic variations in CYP1B1 gene can serve as predictors of clinical outcomes for patients
with clinically localized PCa [255].

In a meta-analysis undertaken for the Asian population, the rs1048943 and rs4646903
polymorphisms were associated with a significant increase in PCa risk; however, no association
between rs10012, rs162549, rs1800440, and rs2551188 polymorphisms in the CYP1B1 gene and PCa
risk has been identified [256]. When compared to Caucasians, a significant association between the
151048943 polymorphism in the CYP1A1 gene and PCa risk has been found in the overall population,
but not in Caucasians. Another case-control study revealed no significant association between PCa
risk and CYP1A2 rs2472299 and rs11072508 polymorphisms [257].

The CYP3A4*1B haplotype has been found to positively associate with PCa risk in Caucasians
with more aggressive disease, and a negative association has been identified between the
CYP3A4*1B/CYP3A5*1 haplotype and PCa risk in Caucasians with less aggressive disease [258]. Data
obtained by a meta-analysis undertaken by Liang et al. have shown that the CYP3A5*3 gene
polymorphism may be associated with increased PCa risk, particularly in African populations [259].
The use of bioinformatics tools has also enabled the identification that CYP3A4*1B and CYP3A5*3
haplotypes are significantly associated with an increased PCa risk and the disease progression [260].
The interaction between CYP3A5%3/*3 and SRD5A2 A49T GG genotypes was associated with the
clinical tumor stage T2-T4 whereas CYP3A5%3/*3 and KLK3 I179T CC/TC genotypes had increased OS
in patients with metastatic PCa [261]. Additionally, family-based analyses have made it possible to
identify associations between PCa risk or aggressiveness and several CYP3A4 SNPs and two SRD5A2
SNPs in strong linkage disequilibrium [262].

3.3. CYP Hepatotoxicity and Liver Cancer

3.3.1. Anticancer Drug-Induced Liver Injury

The expression and activities of CYP enzymes as well as drug efficacy have been shown to be
altered during liver injury including chronic alcoholic liver disease and nonalcoholic fatty liver
disease (NAFLD) [263]. For example, the mouse model of acetaminophen (APAP)-induced liver
injury showed a decreased expression and activity of CYP3A11, CYP1A2, CYP2B10, CYP2C29, and
CYP2E1 [264]. Adult male mice were more susceptible to APAP-induced hepatotoxicity and had
more decreased expression of CYPs than female mice. The expression and activity of CYP1A,
CYP2C19, and CYP3A appear to be particularly vulnerable to the liver diseases whereas CYP2D6,
CYP2C9, and CYP2E1 were less affected [265].

On the other hand, it is well-documented that CYP-activated drugs and procarcinogens produce
metabolites, which induce hepatotoxicity. For example, induction of hepatic cytochrome CYP2E1
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increases the generation of N-acetyl-p-benzoquinone imine (NAPQI), a toxic metabolite of APAP
[266]. APAP-induced hepatotoxicity can be potentiated by isoniazid and ethanol, which also induce
CYP2E1, thereby increasing the formation of NAPQI by 2- to 3-fold [267]. However, the elevated
expression of inflammatory mediators in the liver caused by excessive APAP activity can be dose-
dependently reversed by natural chemicals such as 8-methoxypsoralen [268]. The latter compound
binds to CYP2E1 and occupies an active site of the enzyme, competitively inhibiting the oxidative
metabolism of APAP and, thereby reducing the generation of toxic products. The expression and
activity of CYP2E1 can be inhibited by another natural chemical, silymarin, as shown with the use of
human and rat liver microsomes and HepG2 cells [269].

Sunitinib, a MKI inhibitor, undergoes metabolic activation via aromatic and aliphatic
hydroxylation, N-oxidation, and oxidative defluorination [270]. Sunitinib malate is an orally
administered drug approved for treatment of metastatic tumors; however, its usage is ineffective in
certain cancers such as BC [271]. Moreover, the oxidative defluorination of sunitinib gives rise to the
formation of chemically reactive metabolite, quinoneimine, which causes idiosyncratic hepatotoxicity
(Figure 5C). The latter metabolite undergoes the conjugation with GSH to form quinoneimine-GSH
conjugate of sunitinib. Recombinant CYP1A2 and CYP3A4 have been shown to generate the highest
levels of toxic metabolites of sunitinib, with less contribution of CYP2D6 [272]. In human
hepatocytes, the CYP3A4 inducer rifampicin has been shown to significantly increase the sunitinib
N-dealkylation to the primary active metabolite N-desethyl-sunitinib. CYP1A induced by
omeprazole markedly increases the generation of a quinoneimine-cysteine conjugate, a downstream
metabolite of quinoneimine-GSH conjugate [273].

Metabolic activation of a dual-tyrosine kinase inhibitor lapatinib by CYPs has also been
implicated in idiosyncratic hepatotoxicity [174]. CYP3A4 and CYP3A5 are the primary enzymes
responsible for quinonimine-GSH adduct formation from lapatinib and O-dealkylated lapatinib as
the CYP substrates [275]. The production of the following three primary metabolites of lapatinib: O-
dealkylated lapatinib, N-dealkylated lapatinib, and N-hydroxy-lapatinib in HepG2 cells, which
overexpress CYP1A1, CYP3A4, CYP3A5, and CYP3A7 enzymes has been shown [276]. The latter
study showed that that the N-dealkylated lapatinib is the most toxic metabolite and lapatinib-
induced cytotoxicity involves multiple mechanisms including apoptosis and DNA damage.

One of the mechanisms underlying the hepatotoxic effects of anticancer drugs is their
photobiological properties, which contribute to CYP-induced photo(geno)toxicity as shown under in
vitro conditions. Indeed, both lapatinib itself and its chemically reactive N-dealkylated derivative
produced by CYP3A4 and CYP3AS5 have been shown to exert photo- and genotoxicity, which cause
the photosensitized protein and DNA damage [277]. Another anticancer drug gefitinib, a selective
epidermal growth factor receptor inhibitor, undergoes metabolic bioactivation by CYP3A4, CYP3AS5,
CYP1A1, and CYP2D6 [278,279]. This is resulted in the formation of O-demethyl-, 4-defluoro-4-
hydroxy-, and O-demorpholinopropyl-derivatives. Among them, the O-demethyl gefitinib has the
highest photogenotoxic potential to cause cellular DNA damage, which is hardly repaired [180].

3.3.2. CYP Gene Polymorphisms and Liver Cancer

HCC is the sixth most common primary malignant tumor of the liver with increasing incidence
rate worldwide and the third most frequent cause of cancer-related deaths worldwide as estimated
in 2020 [281]. Liver cirrhosis is a main cause of HCC and together with inflammation associated with
hepatitis B virus (HBV) or hepatitis C virus (HCV) accompanies early stages of HCC [282]. The
exposure to procarcinogen and genotoxic agent AFB1 is a crucial factor in promoting HCC in
individuals infected with the HBV [283], the AFB1 has been shown to trigger nuclear translocation of
aryl hydrocarbon receptor (AHR), which functions as a transcription factor mediating CYP
expression induced by AFB1 [284].

Silvestri et al. have studied polymorphisms in genes encoding five enzymes of the CYP
superfamily, CYP1A1, CYP1A2, CYP2D6, CYP2E1, and CY3A4 as risk factors for liver cancer
progression in HCV-infected patients [285]. They found that CYP2D6 poor metabolizer genotype was
significantly less frequent in hepatitis/cirrhosis and HCC patients as compared to healthy subjects.
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The presence of two risk alleles in CYP2D6 gene in the same rapid-metabolizer subjects demonstrates
the increased risk of HCC [286]. In the latter study, the relationship between the slow acetylator NAT2
genotype and HCC risk was more pronounced in patients lacking serum HBV and HCV markers.

The CYP2D6*10 mutant homozygote has been shown to be 2.8-fold less frequent in HCC than in
controls whereas the CYP2C9*3 (42614A>C), and CYP3A5*3 (6986A>G) polymorphisms exerted
definite effects on enzyme activities [287]. Statistically significant difference in genetic mutant alleles
has been identified for the genotype of CYP2A6*4A homozygous in the HCC patients, which was
significantly higher than that in healthy subjects of the Japanese population [288]. The CYP2D6 TT
genotype has also been shown to associate with decreased risk of HCC due to decreased activity of
the enzyme [289].

The CYP24A1 rs6013897 genotype has been shown to associate with cirrhosis and HCC as a
predictor [290], whereas the c1/cl genotype of CYP2E1 was found in 83.3% of patients with HCC and
in 63.3% of controls [291]. SNPs in CYP1A1, CYP2E1l, GSTM1, GSTT1, and SULT1A1 influence
susceptibility towards HCC, considering their interaction with cigarette smoking [292]. In the latter
study, the presence of any CYP2E1*5B variant allele and CYP2E1%*6 variant allele were inversely
associated with HCC risk. There was a borderline increased risk among carriers of combined
CYP1A1*2A and SULT1A1 variant alleles. A significant biological interaction was observed between
GSTT1 and smoking and borderline significant interaction was observed for SULT1A1 and smoking.

The CYP2E1-mediated constitutive metabolic activation has been shown to strongly correlate
with incidence and severity of liver tumorigenesis [293]. The inhibition of CYP2E1 activity decreased
hepatocyte proliferation, liver injury, and hepatocarcinogenesis in the presence of
diethylnitrosamine. The lower activity of CYP2E1 accompanied by POR rs10954732 (G > A)
polymorphism has been shown to decrease the susceptibility to HCC with prolonged to 199% OS
[294]. POR downregulation in HCC was significantly correlated with better OS whereas POR
overexpression causes the pentose phosphate pathway enzyme, glucose-6-phosphate dehydrogenase
(G6PD), deficiency and suppression of HCC cell growth and metastasis [295]. The G6PH
overexpression suppresses ferroptosis via CYP-catalyzed metabolic pathways and increases cancer
cell viability and metastasis associated with poor OS of HCC patients.

4. Conclusions and Challenges

Human CYP enzymes demonstrate the broad and overlapping substrate specificities, and a
balance of enzyme activities and substrate preferences vary depending on a variety of factors. These
include CYP isoforms, CYP gene polymorphisms, tissue type, developmental stage and age, sex, and
ethnicity. Indeed, CYP17A1 possesses both 17a-hydroxylase and C17,20-lyase activities to be
involved in the conversions of several substrates in steroid biosynthesis pathways. CYP17A1 is
required for conversion of C21 pregnenolone and progesterone to DHEA and androstenedione, both
C19 androgen and C18 estrogen precursors. Moreover, the same CYP isoform can catalyze both
bioactivation and detoxification reactions depending on a substrate type. For example, human
CYP1A1 activates a diverse range of procarcinogens to produce strong carcinogenic metabolites,
epoxides. Additionally, CYP1A1 has been shown to catalyze the activation of carbaryl to more toxic
5-hydroxycarbaryl; however, it catalyzes the detoxification of 2-nitoanisole to O-demethylated
metabolite, 2-nitrophenol. Furthermore, the same CYP isoform can convert the same substrate to
different products depending on a tissue type. For example, microsomal CYP1A2 converts B[c]PH,
predominantly, to B[c]PH-3,4-dihydrodiol in human liver and B[c]PH-5,6-dihydrodiol in the lung.

On the contrary, different CYP isoforms can convert the same substrate to a variety of products,
which are either more toxic or less toxic than their parent compound. Indeed, CYP2B6 is a main CYP
enzyme responsible for the bioactivation of chlorpyrifos with the formation of more toxic oxon
derivatives, whereas CYP2C19 is primarily responsible for chlorpyrifos detoxification with the
formation of 3,4,5-tricholorpyrindinol. Additionally, CYP3A4-catalyzed metabolism of AFB1 causes
its conversion less toxic AFQ1, whereas CYP1A2 converts it to more toxic exo- and endo-8,9-epoxides.
Another example is antitumor drug ellipticine, which is detoxified by CYP1A1 and CYP1A2 via the
formation of 7-hydroxy- and 9-hydroxyellipticine, whereas CYP3A4 produces 13-hydroxyellipticine
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via the reaction of N-hydroxylation to yield toxic ellipticine N2-oxide, the metabolites responsible for
the formation of DNA adducts. The anticancer drug tamoxifen is metabolized to 4-hydroxytamoxifen
by CYP2C19, whereas CYP3A4/CYP3A5 convert tamoxifen to N-desmethyltamoxifen, which is
further metabolized to endoxifen by CYP2D6. All these conversions increase therapeutic effects of
tamoxifen; however, hydroxylation of tamoxifen at ethyl group by CYP3A4 causes its conversion to
a-hydroxytamoxifen, a genotoxic compound, which produces DNA adducts.

The involvement of CYPs in drug metabolism underlies drug-drug-interactions and drug
resistance, the processes, which are under control of nuclear receptors such as PXR, CAR, and VDR
that regulate the expression of MDR1 (P-gp), which serves as a transmembrane pump for drug efflux.
The PXR and CAR can be activated by numerous CYP inducers including pregnane, steroid
hormones, drugs, and environmental pollutants. Various PXR and CAR ligands and anticancer drugs
including cisplatin, docetaxel, paclitaxel, and arsenic trioxide cause the upregulation of MDR1,
whereas the nuclear receptors recognize drug responsive elements within the 5'-flanking promoter
region of CYP genes to mediate the transcriptional upregulation of these genes in response to
xenobiotics and drugs. Anticancer drugs and their metabolites accumulate in patients’ blood serum
during therapy, which may increase toxicity of co-administered drugs due to drug-drug interactions.
For example, imatinib increases the bleeding risks of rivaroxaban, widely used direct oral
anticoagulant. Imatinib and gefitinib significantly inhibited CYP2J2- and CYP3A4-mediated
metabolism of rivaroxaban and efflux transportation mediated by breast cancer resistance protein
(BCRP)- and P-gp drug transporters.

CYP-catalyzed steroid hormone production and metabolism play critical roles in the
development and pathogenesis of hormone-sensitive cancers in men women — prostate, breast,
endometrial, and ovarian cancers. Current understanding of molecular mechanisms of the
development of hormone-sensitive tumors is based on dysregulated CYP expression and mutagenic
adduct formation, which cause cellular accumulation of toxic protein and DNA adducts to lead to
cell damage and dysfunction. CYP1A1, CYP1A2, CYP1B1, CYP3A4/CYP3AS5 are the most important
CYPs involved in irreversible hydroxylation of 173-estradiol and estrone to produce catechol
estrogens, 2-hydroxy- and 4-hydroxy-derivatives, whereas CYP2C19, mostly, forms 16a-hydroxy-
derivative. However, the 16a-hydroxy-derivatives of estrogens serve as ERa agonist properties
whereas their 2-hydroxy- and 4-hydroxy-derivatives along with methoxy-derivatives and conjugated
estrogens exhibit tumor protective activities. In prostate cancer, the key roles have been attributed to
CYP17A1 and sustained intra-tumoral synthesis of 5a-dihydrotestosterone, more potent AR agonist
than testosterone. This dictates the importance of anticancer drug development based on steroidal
and non-steroidal CYP17A1 and AR inhibitors.

The variations in CYP activities are provided by diverse factors including CYP gene
polymorphisms, which affect interindividual differences in cancer and drug susceptibilities. Various
SNPs in genes encoding CYPs involved in estrogen and androgen biosynthesis and metabolism have
been implicated in increased risk of hormone-sensitive cancers. However, polymorphisms in only
some CYP isoforms have been identified to show statistically significant association with breast,
endometrial, ovarian, prostate, and liver cancers in different ethnic groups. Therefore, more data are
needed to clearly elucidate the associations between various types of gene polymorphisms in genes
encoding CYPs and other detoxifying and drug-metabolizing enzymes. Additionally, many
questions on the involvement of CYPs in drug metabolism and adverse drug reactions, which
underlie the patients’ response to treatment are still challenging.
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