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Inhibitors of some cytochrome P450s (CYPs) are used to design target-specific drugs. CYPs belonging
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to families 1–4 play important roles in drug metabolism and therapeutics. Some isozymes of CYPs also
activate pro-carcinogens into their carcinogenic forms. Approximately 40–50% human CYP-dependent
drug metabolism is carried out by polymorphic CYPs resulting in therapeutic failure and adverse reactions.
Phenotyping of CYPs involved in the metabolism of a drug is important to understand the potential of
clinical interactions and to predict the possible individual variations due to genetic polymorphisms of
certain CYPs.
henotyping © 2009 Elsevier B.V. All rights reserved.
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. Introduction

Cytochrome P450 is a class of heme-thiolate proteins that
unction as the terminal oxidases in NADPH-dependent elec-
ron transport pathways. In endoplasmic reticulum, FAD- and
MN-containing flavoprotein, NADPH-dependent cytochrome P450
eductase, directly catalyzes electron transfer from NADPH to P450.

physiologically active compounds including steroid hormones, bile
acids, vitamin D, thromboxane and prostaglandins [1].

2. Cytochrome P450s as drug targets

CYPs have been shown to have an increasingly important role
during drug design and development. Inhibitors of specific CYPs
ore than 8000 CYP genes are identified in living organisms and 18
amilies are described for humans. CYPs in families 1–4 are respon-
ible for about 75–80% of all phase I-dependent metabolism of
linically used drugs and of thousands of xenobiotics. They also
lay a crucial role in the synthesis and metabolism of a variety of

∗ Tel.: +90 312 2105192; fax: +90 312 2107976.
E-mail address: earinc@metu.edu.tr.

381-1177/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2009.03.020
are used to design target-specific rational drugs. One of the long-
standing targets is aromatase enzyme, CYP19A1. Aromatase plays
a pivotal role in the synthesis of estrogens and catalyzes the con-
version of androstedione to estrone, and testosterone to estradiole.

CYP19A1 inhibitors such as fadrozole, anastrozole, and letrozole
are used as potentially useful drugs for the control of estrogen-
dependent mammary tumors [2,3]. Since excessive androgens can
induce development of prostate cancer, inhibitors of CYP17A1 (cat-
alyzing androgen production) such as ketoconozole and inhibitors

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:earinc@metu.edu.tr
dx.doi.org/10.1016/j.molcatb.2009.03.020
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f CYP51A1, lanosterol 14alpha demethylase, are used as drugs in
he treatment of prostate cancer and systemic mycoses, respectively
4].

. Cytochrome P450s in drug metabolism, interactions and
hemical carcinogenesis

While most of the human CYPs, CYP1A2, CYP2B6, CYP2A6,
YP2C8, CYP2C9, CYP19, CYP2E1, CYP2D6 and CYP3A4, are primar-

ly located in the liver [5], some isozymes of CYPs (CYP1A1, CYP1B1,
YP2S1, CYP4A1 and CYP4A4) are expressed in extrahepatic tis-
ues [5–8]. About 50% of the clinically used drugs are metabolized
y CYP3A4. This is followed by CYP2D6 (25%), CYP2C9/19 (20%).
he remaining drug metabolism is mainly catalyzed by CYP2A6,
YP1A2, and CYP2B6 [5].

The major concern of the drug industry and medical sciences
oday is the extensive interindividual variation in drug metabolism
hich results in therapeutic failure, unpredictable drug response,

nd toxicity. The variation observed in drug metabolism is mainly
ue to induction or inhibition of these enzymes resulting from
ultiple drug therapies or environmental factors, disease states

nd genetic polymorphisms [5,9–11]. Drug–drug interactions dur-
ng multiple drug therapy result in competitive inhibition of CYP
nzymes responsible for elimination of the drug. Such an interac-
ion leads to increased plasma levels of drugs with the potential for
oncomitant toxic effects. Induction of CYPs by drugs lowers the
lasma levels, and pharmacological response is reduced.

Persistent organic pollutants such as aromatic hydrocarbons
PAHs), dioxins, polychlorinated biphenyls (PCBs) specifically
nduce CYP1A1 through Ah receptor mediated mechanism. At the
ame time, CYP1A1 mostly converts PAH- and PCB-type precar-
inogens to their epoxides or other oxygenated metabolites. These
etabolites, in turn bind DNA, covalently forming DNA-adducts
hich may cause cancer in the years to come. A 10- to 100-fold

nduction of CYP1A1 was observed [10]. On the other hand, CYP1A2
ctivates many precarcinogenic arylamines and amides present in
ood and cigarette smoke. Scientists are now regarding the poten-
ial of a new drug candidate to induce CYP1A as an indicator of
ikely carcinogenicity [12], and questioning the candidate drug’s
ligibility for further drug development studies. Among the CYPs,
YP2E1 the classical ethanol-inducible CYP isozyme has also been
hown to convert low molecular weight pro-carcinogens such as N-
itrosodimethylamine, benzene and acrylamide into carcinogenic

orms [11,13,14].

. Pharmacogenetics

Pharmacogenetics investigates interindividual differences in
esponse to a drug as a result of genetic mutations. The major con-
ern of medical sciences and drug industry today is the genetic
olymorphism observed in the genes encoding drug transport
nd target proteins (receptors), and in Phase I and Phase II drug
etabolizing enzymes, which results in therapeutic failure, adverse

rug reactions and toxicity [5,9,14]. Pharmacogenetic knowledge is
mportant in adjustment of a drug dose which is specific for an
ndividual.

. Pharmacogenetics of cytochrome P450s

Approximately 40–50% of human CYP-dependent drug

etabolism is carried out by polymorphic CYPs. Mutations in

YP genes result in enzyme variants with higher, lower, or no activ-
ty or may lead to a total absence of enzyme. Genetic polymorphism
as been divided into three classes of phenotypes based on the
xtent of drug metabolism in the populations; poor metabolizers
B: Enzymatic 64 (2010) 120–122 121

(PM), have mutation and/or deletions in both alleles for phenotypic
expression; extensive metabolizers (EM), characteristic of normal
population, carry two functional genes; ultrarapid metabolizers
(UM) carry duplicated, multiduplicated or amplified genes. Most
of the CYP genes show polymorphism to some extent. Among
them, CYP2C9, CYPC19, and CYP2D6 have been shown to be highly
polymorphic. These CYPs metabolize about 40–45% of drugs
present in the market [5]. As a result of ultrarapid metabolism of a
drug, the concentration of a drug in blood decreases resulting in
therapeutic failure. Increased concentration of a drug observed in
slow metabolizers results in high pharmacological action and toxic
effect. CYP2D6 is responsible for the metabolism and therapeutic
effect of many drugs including anti-depressants, neuroleptics
and anticancer drugs such as tamoxifen [5,9,15,16]. If a drug, like
tamoxifen, requires bioactivation for its therapeutic effect, slow
metabolizers decrease the formation of an active drug resulting
in reduced chemotherapeutic effect [15,16]. Tamoxifen, a selec-
tive estrogen receptor modulator (SERM), is widely used for the
treatment of all stages of hormone-receptor positive breast cancer
and for the prevention of breast cancer in women at high risk.
However, the efficacy of tamoxifen treatment for breast cancer
treatment varies widely among individuals, and about 35% of the
patients with estrogen positive tumors do not respond to tamox-
ifen therapy. Tamoxifen is metabolized to its pharmacologically
active metabolite, endoxifen (N-desmethyl 4-hydroxy-tamoxifen),
via 4-hydroxylation of N-desmethyltamoxifen by the CYP2D6
enzyme. The steady-state endoxifen plasma concentrations during
tamoxifen treatment were found to be substantially reduced in
women that carry CYP2D6 genetic variants especially CYP2D6*4
(poor metabolizer, see Table 1). When patients took tamoxifen
concomitantly with anti-depressant drugs, such as paroxentine (a
potent inhibitor of CYP2D6), the plasma concentration of endoxifen
was also reduced substantially [15,16]. It is not unusual to find
a 10-fold or as much as a 50-fold difference in the rate of drug
metabolism catalyzed by CYP2D6 variants among patients.

6. Ethnic differences

It is well established that relative distribution of variant alleles
for the drug-metabolizing enzymes differs markedly between eth-
nic groups [5,9,14,17–21]. The prevalence of major CYP2A6, CYP2C9,
CYP2C19, CYP2D6, and CYP2E1 variants in different ethnic groups
is shown in Table 1. The frequency of CYP2D6*4 gene is 12–21%
among Caucasians and 11–21% in Turkish population which is also
Caucasian in ethnic origin. While the carriers of this gene in Asians
and Black Africans are 1% and 2%, respectively. Similarly, frequency
of CYP2C9*2 is reported as 10% in Turkish population and 8–13%
in other Caucasians and none in Asians. Ethnic differences are also
noted in the CYP2E1 polymorphism, in which the prevalence of
CYP2E1*5 allele is 25–36% in Eastern Asian population, whereas the
frequencies are significantly lower in Caucasians (Table 1) [14,20].
The frequency of CYP*6 also shows substantial ethnic differences
with 2–8% occurring in Caucasians and up to 30% in Eastern Asians
[14,20].

7. Phenotyping

It is well known that several CYPs are present in a given organ.
Multiple forms of CYPs including the highly polymorphic forms
show different but overlapping substrate specificities and reac-

tivities toward these compounds. Besides, the balance between
detoxification and bioactivation of a compound in a particular
species or organ is highly dependent on the relative amounts
and/or activation of different forms of P450s that are expressed.
Thus, identification of individual CYPs (phenotyping) for forma-
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Table 1
Ethnic group differences among human polymorphic cytochrome P450 enzymes and their major variant alleles.

Enzyme Major variant alleles Mutation Consequences for
enzyme function

Allele frequencies (%)

Turkish Caucasiansa Asiansa Black Africansa

CYP2A6 CYP2A6*2 Leu160His Inactive enzyme 1–3 0 ND
CYP2A6del Gene deletion No enzyme 1 15 ND

CYP2C9 CYP2C9*2 Arg144Cys Reduced affinity for
P450 reductase

10b 8–13 0 ND

CYP2C9*3 Ile359Leu Altered substrate
specificty

9–10b 6–9 2–3 ND

CYP2C19 CYP2C19*2 Abberant splice site Inactive enzyme 12c 13 23–32 13
CYP2C19*3 Premature stop codon Inactive enzyme 0.4c 0 6–10 ND

CYP2D6 CYP2D6*2 × N Gene duplication or
multiduplication

Increased enzyme
activity

1–5 0–2 2

CYP2D6*4 Defective splicing Inactive enzyme 11–21c,d 12–21 1 2
CYP2D6*5 Gene deletion No enzyme 2–7 6 4
CYP2D6*10 Pro37Ser, Ser486Thr Unstable enzyme 6d 1–2 51 6
CYP2D6*17 Thr107Ile, Arg296Cys,

Ser486Thr
Reduced affinity for
substrates

0 ND 34

CYP2E1 CYP2E1*5B G-1293C/C-1053T Altered expression 1.9e 2–8e 25–36e ND
CYP2E1*6 T7632A – 8.2e 8e 30e ND
CYP2E1*7B G-71T Altered expression 6.8e 4–6e ND ND

a Data compiled from Ref. [9].
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c Data compiled from Ref. [18].
d Data compiled from Ref. [19].
e Data compiled from Refs. [14,20].

ion of specific metabolites of drugs, pro-carcinogens as well as
heir distribution in a particular species or an organ is the major
ask for the researchers. To do this successfully, more than one
pproach should be used. Individually purified and/or recombinant
YP isozymes are valuable tools for evaluating the intrinsic abil-

ty of each individual isozyme to metabolize a drug. In addition,
inetic parameters of substrate probes, studies with highly selec-
ive chemical inhibitors and/or antibodies on the metabolism of the
ew drug enable evaluation of the relative contribution of a particu-

ar CYP isozyme [8,22,23]. Knowledge on the specific CYP isozymes
hat are involved in the metabolism of a new drug is important
o understand the potential of clinical drug interactions. The drugs

etabolized by the same CYP isozyme such as CYP3A4, when taken
n 0–2 h intervals, cause drug interactions due to competitive inhi-
ition.

. Conclusion

CYPs play important roles in drug metabolism, chemical car-
inogenesis and therapeutics. In addition, inhibitors of specific
YPs are used to design target-specific rational drugs. Genetic
olymorphisms observed in drug-metabolizing CYPs result in ther-
peutic failure, adverse drug reactions and toxicity. The major
olymorphisms that have clinical consequences are those related
o the metabolism of drugs by CYP9/19 and CYP2D6. This infor-

ation is currently being used by the drug industry during drug
evelopment. Candidate drugs that are selectively metabolized by
olymorphic CYPs are often dropped early in the drug develop-
ent process. Thus, it is expected to have fewer problems with

olymorphic enzymes during drug therapy in future.
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