The AAPS Journal, Vol. 11, No. 3, September 2009 (© 2009)
DOI: 10.1208/5s12248-009-9127-y

Review Article

Insights into the Substrate Specificity, Inhibitors, Regulation, and Polymorphisms
and the Clinical Impact of Human Cytochrome P450 1A2

Shu-Feng Zhou,"* Li-Ping Yang,” Zhi-Wei Zhou,' Ya-He Liu,' and Eli Chan®

Received 23 February, 2009; accepted 16 June, 2009; published online 10 July 2009

Abstract. Human CYP1A2 is one of the major CYPs in human liver and metabolizes a variety of
clinically important drugs (e.g., clozapine, tacrine, tizanidine, and theophylline), a number of
procarcinogens (e.g. benzo[a]pyrene and aflatoxin Bj), and several important endogenous compounds
(e.g. steroids and arachidonic acids). Like many of other CYPs, CYP1A2 is subject to induction and
inhibition by a number of compounds, which may provide an explanation for some drug interactions
observed in clinical practice. A large interindividual variability in the expression and activity of CYP1A2
and elimination of drugs that are mainly metabolized by CYP1A2 has been observed, which is largely
caused by genetic (e.g., SNPs) and epigenetic (e.g., DNA methylation) and environmental factors (e.g.,
smoking and comedication). CYP1A2 is primarily regulated by the aromatic hydrocarbon receptor
(AhR) and CYP1A2 is induced through AhR-mediated transactivation following ligand binding and
nuclear translocation. To date, more than 15 variant alleles and a series of subvariants of the CYPIA2
gene have been identified and some of they have been associated with altered drug clearance and
response to drug therapy. For example, lack of response to clozapine therapy due to low plasma drug
levels has been reported in smokers harboring the —163A/A genotype; there is an association between
CYPIA2*IF (-163C>A) allele and the risk for leflunomide-induced host toxicity. The *IF allele is
associated with increased enzyme inducibility whereas */C causes reduced inducibility. Further studies
are warranted to explore the clinical and toxicological significance of altered CYP1A2 expression and

activity caused by genetic, epigenetic, and environmental factors.
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INTRODUCTION

The CYPIA gene cluster has been mapped to chromo-
some 15, with a close link between CYPIAI and 1A2 sharing
a common 5'-flanking region (1). The CYPIAI and 1A2
genes are separated by a 23-kb segment that contains no
open-reading frames (1). Between CYPIA2 and CYPIAI,
exons 2, 4, 6, and especially 5 are strikingly conserved in both
nucleotides and total number of bases (2). Jaiswal et al. (3)
were the first to isolate a cDNA corresponding to the
CYPIA2 gene located on human chromosome 15. The human
CYPIA2 gene spans almost 7.8 kb comprising seven exons
and six introns (2), and the first exon is a 55-bp-long non-
coding exon. CYP1A2 is a 515-residue protein with a
molecular mass of 58,294 Da (2).

CYP1 family comprises three members, namely CYP1A1,
1A2, and 1B1, with CYP1A2 being one of the major CYPs in
human liver (~13-15%) (4). A large interindividual variability

1Discipline of Chinese Medicine, School of Health Sciences, WHO
Collaborating Center for Traditional Medicine, RMIT University,
Bundoora, Victoria 3083, Australia.

% Department of Pharmacy, Beijing Hospital, Beijing 100730, China.

3 Department of Pharmacy, Faculty of Science, National University of
Singapore, 18 Science Drive 4, Singapore 117543, Singapore.

“To whom correspondence should be addressed. (e-mail: shufeng.
zhou@rmit.edu.au)

481

in the elimination of drugs that are metabolized by CYP1A2
has been observed, which has been ascribed to both genetic
mutations and environmental factors (5-8). This review
updates our current knowledge on the substrate specificity,
regulation, structural features, and polymorphisms of human
CYP1A2. To retrieve relevant data, the authors have searched
through computer-based literatures by full text search in
Medline (via Pubmed), ScienceDirect, Genetics Abstracts
(CSA), SCOPUS, Chemical Abstracts, Current Contents
Connect (ISI), Cochrane Library, CINAHL (EBSCO), Cross-
Ref Search, and Embase (all from inception to 12 June 2009).
Keyword search terms used included cytochrome P450,
CYP1A2, substrate, inhibitor, inducer, structure, mutation,
single nucleotide polymorphism (SNP), mutagenesis, genotype,
phenotype, and allele, with combination terms pharmacokinet-
ics, response, clearance, adverse reaction, drug interaction,
toxicity, response, and human.

STRUCTURAL FEATURES AND FUNCTIONAL
RELEVANCE OF CYP1A2

Homology modeling studies have suggested that most of
the CYP1A2 substrates are hydrophobic with high LogP
values, suggesting that hydrophobic interactions play an
important role in their binding to CYP1A2 (9). Our modeling
studies have indicated that the common features of ligands
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for CYP1A2 are of one to two hydrophobic regions, an
aromatic ring and a hydrogen bond acceptor. A number of
mutagenesis studies (10,11) have demonstrated that a series
of residues in the substrate recognition sequence (SRS)
regions of CYP1A2 (e.g., Argl08, Thr124, Thr223, Glu225,
Phe226, Lys250, Arg251, Lys253, Asn312, Asp313, Glu318,
Thr319, Asp320, Thr321, Val322, Leu382, Thr385, and 11e386)
play important roles in substrate—enzyme interactions based
on mutagenesis and homology modeling studies (Table I).
Several residues in the non-SRS regions, including Lys99,
Argl37, GInl41, Phel86, Phe205, Val227, Lys453, Arg45s,
and Thr501, also appear to play a role in the ligand—-CYP1A2
interactions. The functional effect of mutants of these
residues appears to be dependent on the substrate.

CYP1A2 substrates generally contain planar ring that
can fit the narrow and planar active site of the enzyme. The
planar active site architecture in CYP1A2 is well adapted for
the oxidation of relatively large aromatic compounds which is
conserved among all CYP1 members. Sansen et al. (12)
recently reported the crystal structure of CYP1A2 in complex
with a-naphthoflavone (ANF) which has been refined to
1.95 A (PDB ID: 2HI4). In the 2HI4 structure in complex
with ANF, the rather compact active site is closed without
clear solvent or substrate access channels with a relatively
small volume of the cavity of 375 A® (Fig. 1) (13) which is
44.2% larger than that of CYP2A6 (260 A%) (12).

The 2HI4 structure contains 12 a-helices designated A-L
and four p-sheets designated 1-4 (12). As observed with
other mammalian CYPs of known structure, the most
conserved regions are the core of the protein forming the
heme binding site and the proximal surface that is considered
to offer binding sites for cytochrome P450 reductase and
cytochrome bs. The most distinct regions between known
CYP structures are the portions that constitute the distal
surfaces of the substrate binding cavity, the helix B-C and F-
G regions, and the C-terminal loop following helix L. In the
2HI4 structure, the a-helical hydrogen-bonding manner is lost
at residues Val220 and Lys221, resulting in one helical turn in
the middle of helix F to unwind (12). Two water molecules fill
the space and thus form water-bridged contacts between
Val220 carbonyl oxygen and Thr223 O, and Lys221 carbonyl
oxygen and His224 amide nitrogen, respectively.

Sansen et al. (12) have reported that the substrate
binding cavity of CYP1A2 is lined by residues on helices F
and I that define a relatively planar binding platform on
either side. Helix I bends while it crosses the heme prosthetic
group, placing its residues in one flat side of the substrate
binding cavity. Coplanarity is thus formed through the Ala317
side chain, the Gly316-Ala317 peptide bond, and the
Asp320-Thr321 peptide bond. On the other side of the
cavity, the side chain of Phe226 of helix F forms a parallel
substrate binding surface. The active site cavity of CYP1A2 is
stabilized through a strong hydrogen-bonding interaction
between the side chain of Thr223 on helix F and the side
chain of Asp320 on helix I. Both Thr223 and Asp320 play a
role in forming an extensive network of hydrogen-bonded
water molecules and side chains, including Tyr189, Val220,
Thr498, and Lys500.

Our docking studies using the published crystal structure
of CYP1A2 by Sansen et al. (12) have identified Phe226,
Ala317, Gly316, Phel25, and Thr124 as the most important
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residues to influence the inhibitory potency of a series of
natural compounds from Chinese herbal medicines [Zhou SF,
et al. (2009) unpublished data]. Based on the structure of
2HI4, we have successfully docked two substrates (amitripty-
line and naproxen) and two competitive inhibitors (cipro-
floxacin and methoxsalen) into its active site (Fig. 2). The
distance from the site of metabolism of amitriptyline and
naproxen to the heme group is 4.73 and 3.22 A, respectively.
Both ciprofloxacin and methoxsalen are orientated above the
heme group.

SUBSTRATE SPECIFICITY OF HUMAN CYP1A2

Phenacetin, caffeine, and theophylline have been fre-
quently used as model substrates for evaluating the activity of
CYP1A2 in vivo (14). Industry investigators have used
phenacetin O-deethylation as the most common marker
reaction for CYP1A?2 activity in the in vitro study of 45%
new drugs (87 out of 194 studies) (15). Caffeine 3-demethy-
lation and ethoxyresorufin O-deethylation are also commonly
used marker reactions for CYP1A2. To a less extent, tacrine
(1,2,3,4-tetrahydro-9-aminoacridine, 1-hydroxylation), mela-
tonin (6-hydroxylation) and tizanidine (oxidation) are also
used as probes for CYP1A2 in vivo. For in vitro studies,
phenacetin (O-deethylation), 7-ethoxycoumarin (O-deethyla-
tion), and 7-ethoxyresorufin (O-deethylation) are commonly
used probes for determining CYP1A2 activity (16).

CYP1A2 metabolizes a variety of clinically important
drugs with variable contributions to their overall elimination
(Table IT) (17). Drugs that are markedly (>30% ) metabolized
by CYP1A2 include caffeine, clozapine, ropivacaine, olanza-
pine, tizanidine, theophylline, tacrine, aminopyrine, zolmi-
triptan, melatonin, propranolol, duloxetine, leflunomide,
promazine, verapamil, thioridazine, nabumetone, ropinirole,
and riluzole. CYP1A2 can metabolize some drugs to a minor
to moderate extent (10-30%), including mexiletine, para-
cetamol, flutamide, lidocaine, imipramine, paraxanthine,
propafenone, terbinafine, bortezomib, aminoflavone, 5,6-
dimethylxanthenone-4 acetic acid (a phase II anticancer
drug), trazodone, R-warfarin, R-acenocoumarol, propofol,
antipyrine, pentoxifylline, alosetron, furafylline, and tegafur.
In addition, CYP1A2 plays a minor role (<10%) in the
metabolism of fluvoxamine, pranidipine, zolpidem, thalido-
mide, cyclobenzaprine, naproxen, coumarin, ondansetron,
haloperidol, guanabenz, rofecoxib, efavirenz, bufuralol, cin-
narizine, flunarizine, azelastine, almotriptan, carvedilol, ami-
triptyline, nortriptyline, clomipramine, carbamazepine,
albendazole, methadone, amiodarone, and diphenhydramine.

CYP1A2 is involved in the metabolism of a number of
natural compounds, probably resulting in toxic metabolites
(17,18). Estragole is bioactivated to reactive metabolites by
CYP1A2, and CYP1A2 and 2C9 are the major enzymes
responsible for conversion of methyleugenol to 1’-hydrox-
ymethyleugenol (19). Aristolochic acids (AAs), naturally
occurring nephrotoxins, and rodent carcinogens found in
some herbal medicines have been associated with the
development of urothelial cancer in humans. Both CYP1A1
and 1A2 contribute to their activation (20).

CYP1A2 together with CYP1A1 and 1B1 play important
roles in the bioactivation of a variety of carcinogenic
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Table I. Identified Amino Acid Residues of CYP1A2 that may Play a Role in CYP1A2-Ligand Interactions by Mutagenesis and/or Molecular

Modeling Studies

Residue Possible location Assays References
Thr78 - Homology modeling (79)
Thr87 - Homology modeling (79)
Phe88 - Homology modeling (79)
Lys94 Helix B SDM (10)
Lys99 Helix B SDM (80)
Lys105 Helix B SDM (10)

Argl08 SRS1 Homology modeling (81)

SDM (82)

Phell4 SRS1 Homology modeling )
Thrl15 SRS1 (Helix B’) Homology modeling (83)
Ile117 SRS1 SDM Homology modeling ©)]

Aspl19 SRS1 (Helix B'-C) Homology modeling (83)

Thr124 SRS1 (Helix B'-C) SDM (11)

Homology modeling (83)
Ser126 SRS1 Random mutagenesis (84)
Ser129 SRS1 Random mutagenesis (84)

Argl3s Helix C SDM (10)

Argl36 Helix C SDM (10)

Argl37 Helix C SDM (80)
GlIn141 - Homology modeling (81)
His163 - SDM (85)
Phel81 - Homology modeling
Thr184 - Homology modeling
Phe186 - Random mutagenesis (84)
Phe205 - Homology modeling 9)

Thr223 SRS2 (Helix F) SDM (11)

Homology modeling (83)

Glu225 SRS2 Random mutagenesis (84)

Phe226 SRS2 Homology modeling 9)

SDM (84,86)
Random mutagenesis (84)

Val227 - SDM (11)
Lys250 SRS3 SDM 87)

Arg251 SRS3 SDM (87)
Lys253 SRS3 SDM 87)

Asn259 SRS3 Homology modeling (79)

Phe266 - Homology modeling (79)

Asn312 SRS4 SDM 11

Asp313 SRS4 (Helix I) Homology modeling (81,83)

SDM (82)

Gly316 SRS4 (Helix I) Homology modeling (83)
Glu318 SRS4 (Helix I) SDM (10,88-92)
Glu319 SRS4 (Helix I) SDM (10,88-91)

Asp320 SRS4 (Helix I) Random mutagenesis (84)

Thr321 SRS4 (Helix I) Homology modeling (81)

SDM (82)

Val322 SRS4 Random mutagenesis (84)

Phe330 - Homology modeling (79)

Leu382 SRS5 SDM (11)

Homology modeling (83)

Pro383 SRS5 Homology modeling (83)

Thr385 SRS5 Homology modeling (81)

SDM (82)
Random mutagenesis (84)
11e386 SRS5 Random mutagenesis (84)

Lys401 - SDM (10)
Tyrd37 - Homology modeling (79)
Lys440 - SDM (10)
Lys453 - SDM (10.80)

ArgdSs - SDM (10.80)

Argd56 Near heme Homology modeling (83)
Tle462 Helix L SDM and homology modeling )
Lys463 Helix L SDM (10)
Tyrd95 Near strand p4-1 Homology modeling (83)

Thr501 - Homology modeling ©)]

SDM (84,36)

SDM site-directed mutagenesis, SRS substrate recognition sequence
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Fig. 1. The structures of human CYP1A2 in complex
with ANF (PDB ID=2HI4; a and ¢) or caffeine b.
The distance from the metabolic site of caffeine to the
heme is 4.34 A

polycyclic aromatic hydrocarbons [PAHSs, e.g., benzo[a]pyr-
ene (B[a]P)], heterocyclic aromatic amines/amides (e.g.,
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine and 2-amino-
3,4-dimethylimidazo[4,5-f]quinoline), and mycotoxins found in
some grains such as aflatoxin B1 (AFB;) and the specificity of
the substrates often overlaps (21). AFB, is a potent hepato-
toxin and procarcinogen in a number of animals and is
associated epidemiologically with a high incidence of primary
hepatocellular carcinoma in humans. The critically reactive
metabolite of AFB, is the exo 8,9-epoxide formed by a two-
electron oxidation mainly catalyzed by CYP3A4, with contri-
bution from CYP1A2 and other CYPs (22). Oxidation of the
chemicals by CYP1A1 and 1A2 serves as an initial step in the
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conversion of the substrates to more polar metabolites,
resulting in increased excretion.

Moreover, CYP1A2 metabolizes several important en-
dogenous substrates, such as melatonin, bilirubin, uropor-
phyrinogen, estrone and estradiol, and arachidonic acid (17).
CYP1Al, 1A2, and 1B1 6-hydroxylate melatonin, with minor
contribution from CYP2C19 (23). CYPA2 catalyzed uropor-
phyrinogen oxidation to form uroporphyrin (24). In addition,
CYP1A2, 1A1, and 3A4 are involved in the metabolism of
estradiol and estrone (25).

INDUCTION OF CYP1A2 THROUGH AROMATIC
HYDROCARBON RECEPTOR (AHR)

CYP1A2 and 1A1 are highly inducible at both mRNA
and protein levels by a variety of chemicals, smoking, and
several dietary factors (26,27). Many potent inducers of
CYP1A1 such as 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), 3-methylcholanthrene, and p-naphthoflavone are
also potent inducers of CYP1A2. However, rifampicin, a
prototypical inducer of CYP3A, is only a weak inducer of
CYP1A2 (28).

CYP1A2 is induced through AhR-mediated transactiva-
tion following ligand binding and nuclear translocation
(Fig. 3), but the extent of induction is generally lower than
that of CYP1A1 (29). AhR is a ligand-activated transcription
factor and a basic helix-loop-helix (bHLH) protein belonging
to the Per-Arnt-Sim (PAS, where Per stands for Drosophila
period clock protein, Arnt refers to AhR nuclear translocator,
and Sim is Drosophila single-minded protein) family of
transcription factors (26,27). The bHLH motif is located in
the N-terminal of the protein and is a common entity in a
variety of transcription factors. Members of the bHLH
superfamily have two functionally distinctive and highly
conserved domains (30). The first is the basic region (b)
which is involved in the binding of the transcription factor to
DNA, while the second is the helix-loop-helix (HLH) region
which facilitates protein—protein interactions. AhR contains
two PAS domains, PAS-A and PAS-B, which are stretches of
200-350 amino acids that exhibit a high sequence homology
to the protein domains that were found in the Drosophila
genes period (Per) and single-minded (Sim) and in Arnt. The
AhR exists as cytoplasmic aggregates bound to two 90-kDa
heat-shock proteins (Hsps), the cochaperone prostaglandin E
synthase 3 (p23), and a 43-kDa immunophilin-like protein
hepatitis B virus X-associated protein 2 (XAP2, also called
AhR interacting protein 1, AIP1; or AhR-associated protein
9, ARA9) (31). These other proteins are involved in the
correct folding and stabilization of AhR. Upon binding a
ligand, after the replacement of its associated molecule with
Arnt to form a heterodimer with release of 90 kDa HSPs,
AhR translocates into the nucleus (Fig. 3). This heterodimer
interacts with a 5-GCGTG-3’ DNA sequence, the core
binding motif of the xenobiotic response element or dioxin
response element of the target genes, located and present in
multiple copies in the upstream region of the CYPIAI gene
promoter. The AhR-regulated genes include CYPIAI, 1A2,
1B1, 251, UGTIAI, 1A6, and GSTAI (32). The regulation of
expression of CYP1A1/1A2 is complex because gene tran-
scription not only involves the AhR but also a number of
transcription factors, and is potentially influenced by the
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Fig. 2. The docking of two substrates (amitriptyline and naproxen) and two competitive inhibitors
(ciprofloxacin and methoxsalen) into the active site of CYP1A2 (PDB ID=2HI4). The distance from the
site of metabolism of amitriptyline and naproxen to the heme group is 4.73 and 3.22 A, respectively

actions of transcriptional coactivators and corepressors. AhR-
mediated signaling pathways provide a first line of defense
against potentially toxic environmental contaminants. How-
ever, induction of metabolic processes by the AhR can also
produce highly carcinogenic metabolites, creating a link
between AhR activation and chemical carcinogenesis.

Induction of CYP1A1/1A2 is generally a means of
maintaining the homeostasis of the chemical environment in
cells by increasing the metabolic clearance of substrates.
Since CYP1A1/1A2 catalyzes the metabolic activation of
PAHs and heterocyclic aromatic amines/amides to ultimate
carcinogens, it is expected that induction of the enzyme is
detrimental in humans exposed to high levels of PAHs and
heterocyclic aromatic amines/amides such as by cigarette
smoking. Induction of the enzyme in humans exhibits large
variations; high inducibility may impose additional risk for
lung cancer to individuals who are smokers. Furthermore,
CYP1A2 can metabolize a range of substrates; induction of
the enzymes by one substrate may increase the metabolism of
other chemicals (for instance, clinical drugs), resulting in
unexpected drug—drug interactions.

INHIBITION OF CYP1A2 AND CLINICAL
RELEVANCE

Several therapeutic drugs including carbamazepine,
dihydralazine, furafylline, isoniazid, rofecoxib, clorgyline,
thiabendazole, and zileuton are mechanism-based inhibitors

of CYP1A2 (17). In addition, desethylamiodarone also
inactivated CYP1A2 but amiodarone inactivated CYP3A4
only (33). The metabolite of thiabendazole, 5-hydroxythia-
bendazole, is also a mechanism-based inhibitor of CYP1A2
(34). Antofloxacin, an 8-NH, derivative of levofloxacin, was
found to be a mechanism-based inhibitor of rat CYP1A2 (35).
Oltipraz, a chemo-protective agent, is a competitive and
mechanism-based inhibitor of CYP1A2 (36). trans-Resvera-
trol inactivates CYP1A2, but not CYP1A1 (37).

Typical competitive CYP1A2 inhibitors are relatively
small molecules often containing methyl, chloro, or fluoro
substitutions such as tolfenamic acid, ciprofloxacin, furafyl-
line, and fluvoxamine. These compounds can fit well into the
active site of CYP1A2. ANF is commonly used as selective
inhibitors for CYP1A2 in reaction-phenotyping studies
(38,39). ANF is a potent competitive inhibitor of CYP1A2
with K; values of 1-50 nM (38,39). Fluvoxamine, a selective
serotonin reuptake inhibitor (SSRI), was a very potent and
selective CYP1A2 inhibitor with K; of 0.035-0.24 uM (40).
Other SSRIs, including fluoxetine, norfluoxetine, sertraline,
and paroxetine, also inhibited CYP1A2-mediated 7-ethoxyr-
esorufin O-deethylase activity (41). The fluoroquinolone
antibiotics such as levofloxacin, ciprofloxacin, moxifloxacin,
gatifloxacin, caderofloxacin, and antofloxacin are weak to
moderate inhibitors of CYP1A2 (42-44).

Some natural compounds can inhibit CYP1A2 and 1AL.
Rutaecarpine, evodiamine, and dehydroevodiamine are qui-
nazolinocarboline alkaloids isolated from Evodia rutaecarpa,



Zhou et al.
o
by
(=)
=

01=¢
01-¢
0c-01
01=¢
STO01
01=¢
01=¢

01=¢
01-¢
0¥-0¢
01=¢
0201
01-¢
01=¢
SS—0v
01=¢
01=¢
01-¢
01=¢
S6
01-¢
SCO0I1
01-¢
01
01=¢
0S-0¥
0c-01
01=¢
0¢-01
01-¢
01=¢
ST-01
0201

uone[AY)oWap- pueL UOHBPIXO-A/
UONR[AXOIPAY-Z PUB -DIDJ
UONB[AY}oWAP-() PuUe UOTIB[AXOIPAH-9

UONB[AXOIPAY-¢ pue UOT)R[AYIQP-N
a3eAespd puoq O—N

uone[AXoIpAH

uone[AXoIpAH
uone[Ayjowop-N
uonejAyjowop-N
uone[AYIowWap-0
uone[Ax[eop-N
uOne[AXOIPAY-N

uoneAyIowap-O
UONBIAXOIPAH-7
uone[Ayeap-N
uone[AXoIpAy-{ pue -7

uone[AYIoOWIP-0

uone[AX0IpAH-§ pue -/,
UONB[AXOIPAH-9 pue ‘-G “
uone[Ayjowop-N

uone[AXoIpAY [AYION-9
UONR[AYIOWIP-N

UONB[AXOIPAH-/

UONBPIXO-A PUB UONRAY)IWAP-N
uonejAyjowap-N

uone[Ay[eop-N

UONRIAYIOWIP-() pPuUe UONB[AXOIPAH-Y
uone[AXoIpAH-¢ pue -
uone[Ayjowop-N

uone[AXOIpAH-, T

uoneUI30IPAYSP PUE UOTBU0IOQI
uonejAyjowop-N

UONR[AXOIPAY-{ pUR - PUB UONR[AY}OWIP-N/
UuonB[AXOIPAH-0T

uone[Ayjowop-N

UONRIAXOIPAH-E

uoneAyloop-N

UONB[AXOIPAY pue UOTR[A[BOP-N

uoneAyIouwap-N
UONB[AXOIPAH-{
(TOd VN w1oj 0) UOHEPIXQ
UONBIAXOIPAH-9

juessardopnuy
3nip sruyiAyLrenuy’
ouourioy [eauld
juessardopnuy
3nup onoyIsoue [BJO] puk JMUYIAYLIRNUY
juage AIojewIWRPUI-IUE SUIAJIPOW-SBISI(]
103e[Npow A-103dodor
pojeanoe-1ojerojijord owosixorad 9A19[9S
103e[NpOow A-103dod01
pareanoe-1ojerdjroid owosrxorad 9A109[0S
juessordopriue OIOAdII]T,
Snip onoudAy
(JuoSe 100UBONUE SB) I0JIQIYUI OSBUIY QUISOIA) [qV-10g
Snap onoyoAsdnuy
(earsuarrodAynue) isruoge 101dedaroudrpy-co
JuoSe SneWYISenuy
TdSS
juowiean) 100ued djeisold 10j usfoipuenue [EPIOIAIS-UON
urwe)sIynuy
soAndooenuod [BIO Ul PIOId)S
(Juouryean) 100ULD 10J) I0JIQIYUI OSBULY
Qursoi1A) 103dooa1 10308] YIMoI3 Tewropidg
1031qIyUI 9sB)dLIOSURI) 9SIOADI IPISOI[ONU-UON
juessaxdopnuy
Snup ourwue)sIYruUy
3nup 100uRINUY
juessaoxdopnue JI[OAdLL],
juode 1e0ueonUE St punodwod [eInjeN
Snip onoyoAsdniue [eordAyy
juessordopriue OIOAdII]T,
Snup ourwue)sIYruUy
yoorg-9g
JUBS[NAUODIUY
juenuns SNO
yoorg-9g
(eworoAw odnnu jo judounEBaI) I0J) I0IQIYUI QWIOSEII0I]
urwre)siynuy
3nip o1se3[eUY
juessoxrdopniue OIOAdII]T,
3nip o1se8[eUY
JuUaSe I90UBdNUY
Snup osruyAyrrenuy
(owoIpuAs [omoq [qeILLIT
10J) 1stuogejue £ H-G 9ANI[OS
(ouresdiu jo juounjeorn) 10y) 103dooar
A1/d1 ] [{-G JO 1SIUOSE OAI}I9[9S
3ni1p onuIweylUL 9[OZEPIUIZUS] Y
3nip orsaedeuy
jue[n3eodnue [eI0

ULIOSUBTIA
QUIIQIXIIN
UIuOJR[IIA

surnoidey
ouresopry
opruoungo|

86194

08679-dX
oururexdruy

uordipuy
qrunew]
[oprradore g
Zuaqeueno
aul[jAyein,g
QUIWIEXOAN]]
oprureingy
Qurzireunyg
[otpensy

quunoprg
ZuoIAe)g
aunexong
sururerpAyuoydr(y
PIoE J1}O0R H-oUOUYIUBX[AYIOWI-9 G
sunidezuaqodL)
ULIewno))
surdezol)
sururexdruor)
QuIZLIRUUID)
[O[IpaAIE]y
ourdozeweqre)
Quloge)
[oreanyng
qruozaliog
Qunse[ezy
sunAdnuy
aunfidinrury
sunAdoururyy

(887989DSN) duoOAEgOUIIY
Quolepolruy

UoIIsSoly

ueydiowy

9lozepuaqry

(Toureyooered) uoydourue)ody
[OIRWNOJ0UIY/ -3

A%) TVIdAD 4q
uonnqrIuod pajewnsy

(s)Kemyed orjoqelo|N

sse[o Sniq

drensqng

486

TVIdAD Uewny] jo sajensqng se sgni edrur) °II dqeL



487

Structure, Function, Regulation and Polymorphism of CYP1A2

SAAD JO saseqelep Umo Ino pue (L) JIpudy woIj are eje(q ‘paredwod are
TVIdAD JO SIOZI[OQ}OW JAISUAIXD pue 10od 219ym saIpnis onoudgooewreyd pue ‘sarpoqriue £1031qIyul JO/pue SIOJQIYUI [EIIWAYD JuISn SOIPNYS UONIQIYUI UO PAseq SI UONNQLIIUOD UOTBWINSI o], ,

1031qIyuI oye}dnolr uruojoIds

QATIOIAS JYSS ‘FnIp AIojRWWIRPUI-TIUE PIOIIS-UOU (7J/SN ‘OSBPIXO QUIUBOUOW (OV/JA ‘OSBUIZAXO00[IAd Y () ‘WAISAS SNOAIdU [BI)UD SN ‘SISOIOS [eIdje] JydorjoAwe §7y SUONRIAQIQQY

$9-0¢

SI=S
S9-0¢

0y—0¢
01-¢

08-SL
05-0¢
S¢01
S¢01
Sr—0¢
01-¢
98
0c-01
08
01=¢
0y—0¢
01-¢
01-¢

01-¢
SI=¢

uone[AXOIpAH-9
uone[AXOIPAH-¢ pue -7
uone[AXoIpAY Fury

UONEPIXO- PUB UOTJR[AY}OWOpP-N
uone[AXoIpAYy Jury

uone[Aylowap-0-,

uone[AxoIpAH-Q] pue - -9
uone[Ayjowop-N

Uuone[AXOIPAH- ¥

UONIBPIXO-N PUB ‘UONRIAN[BIP ‘UONBIAXOIPAH]

UONRAY)IOUWdP-A PUE UONBPIXOJ[NS-C
uone[Ayjowop-N

uone[AXOIPAY-9 pue -G ‘-,G
UONBPIXO UIBYD 9PIS pUB UONRIAYISWIP-A/

uone[Ay[eap-nN
uone[AXOIPAY-/ pue ‘-4 -7 -

uonejAyjowp-A
uoneIAXOIPAH-¢

uone[AyIeop-N

uone[AXOIPAH-G
uone[A[edp- pue uone[AX0IPAY-G
‘- K[qissod pue ‘uone[AXOIpAY-N
uonejAdoidosisop-n
uone[AXOIpAH-
uone[AY[esop-A pue UONB[AXOIPAH-S
UOIBPIXOJ[NS-G PUB UOHBIAYIOWP-\
uone[AX0IPAY [AYION
uoneAyleop-0
uoneIAYIOWIP-/ SUIYIUBY
uone[AXOIPAH-8
uone[AXOIpAH-§ pue -/
UuONB[AXOIPAY-/ PUE - PUEB ‘UOT)R[AY}QUWP-N\
uone[AXoIpAH-O
UOTIBPIX0-)) PUB UOTB[AXOIPAY-N
uone[Axo1pAy sneydiy
uone[Ay}oWop-O
UONRIAYIOWIP-A/ PUB ‘UONB[AXOIPAY-§ ‘UOTIBPIXO-N\

JUBXE[II QIS

3nap onoyoAsdnue [eordlry

3nap onoudAy ourdezerpozuaq-uoN
(oureIdiu jo juauwrjean) Iojy)

10)dooor AVELT I1-G JO S)STUOTE 9ATIOI[OS
(ewryise Jo juoun)eaI) I0J)

aseuadAxodrf-g jo 1oyquyur ogadg
(Juoge A10jRWIMIRYUI-JUE UR)

10J1QIYUI ¢-OSBULy Snue[

jue[ngeodnUE [BIO

I9300[q [oUURYD WNId[ED)

ononip surreds-wnisse}oq

juessardopniuy

JUBXE[OI QIS

3nip snoyoAsdnuy

10)R[IPOYIUOIG
(ewopeAw opdnnu jo

jusunean) 10j) judde omooIguenuy

juoge eSunynuy

(Snipoid &) Snip 1oouBOIHUY

(oseasIp s JoWIOYZ[Y JO JUSU)EAI) I0])
JIOJIQIYUI 9SBIAISAUI[OYD Funoe A[[enus)

(oseosIp s uosuryIed jo JUU)EAI} I0])
101qIUUr g-OVIAL 2[qISISASLIT 9AL[9S
Snip onoyisoue [€20]

(oseosIp s, uosuryIed jo JUdU)eAI} I0])
jstuoge ourwredop our03Io-UON

(3o3yrew oy} woiy
UMBIPYIIM) IONQIYUT T-XOD AATIOS

STV JO juowear) 10} Judde djeweIn[snuy
1001g-9

JuoSe 2AIBpPIS

3nip oruyAyLienuy

3nap onoydAsdnuy

I9Y00[q [UURYD WNIO[R))

Snap orsadeuy

UOTJBOIPNE[D JUINIULIAIUI 18I} 0} pasn SnIp v
juenuns SNO

(onowornue) isiuodejue 103dooar €] H-G UIUOJ0IAS IANII[AS
Snap onoydAsdnue TeordA1y

juessaoxdoprue JIAdLL],

Qouopuadop ounooru Jurear) 10j Juady
dIVSN

dIVSN
juessaxdopnuy

QUIWR[0ZEX0Z
ourdojoz
woprdjoz

ueydirujoz
uomoZ

(I-XANVI) 1€1d-THM
ULIRJICAN -}

[uederop
QuUAIdWERLL],
Quopozei],

aurpruezly,
suizepLony,
aurAydoay ],

opruopliey
QuyeuIqIo],

(oeINOIONY-G
-[AueinjoipAye1}al) mje3ay,

QuLde],

oursoes
oureoeardoy

orormurdoy
QIX009J0Y

aloznyry
[ojouexdoig
[ojodoig
suoudjedoig
Quizewold
surdipruelg
unadeudyd
aur[AJIxojuag
suryjuexered
uoIIsuRpuUQ
aurdezue[O
ourA)dinioN
QUNOdIN
QuojownqgeN
uoxoxdeN
ourdezeyny



488

e Ligand

CYP1A1
CYP1B1
CYP1A2
CYP2§1
UGT1A1
UGT1AG

Fig. 3. A schematic illustration of the aromatic hydrocarbon receptor (AhR)-mediated
induction of phase I and phase II drug metabolizing enzymes and drug transporters such as
human CYP1Al, 1B1, 1A2, and 2S1, UGT1A1 and 1A6, and MDR1/ABCB1. The AhR
exists as cytoplasmic aggregates bound to two 90-kDa heat-shock proteins (Hsps), the
cochaperone p23 and a 43-kDa immunophilin-like protein hepatitis B virus X-associated
protein 2 (XAP2). Upon binding a ligand, after the replacement of its associated molecule
with AhR nuclear translocator (Arnt) to form a heterodimer with release of 90-kDa heat-
shock proteins, AhR translocates into the nucleus. This heterodimer interacts with a 5'-
GCGTG-3' DNA sequence, the core binding motif of the xenobiotic response element
(XRE) or dioxin response element of the target genes encoding CYP1A1, 1B1, 1A2, and

Zhou et al.

2S1, and uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1) and UGT1A6

which has been used in traditional Chinese medicine for the
treatment of gastrointestinal disorder, headache, and hyper-
tension. They are all inhibitors of CYP1A1 and 1A2, with
rutaecarpine being the most potent (45). Tanshinone I,
tanshinone IIA, and cryptotanshinone extracted from the
commonly used Chinese herbal medicines Salvia miltiorrhiza
(Danshen) are potent competitive inhibitors of CYP1A2, with
K; of 0.48, 1.0, and 0.45 pM, respectively (46). Because of the
potential effects on drug disposition and inhibition of
toxicological processes, natural products such as flavonoids
are the focus of much current interest, from the perspectives
of both nutrition and pharmacotherapy. These natural com-
pounds may be involved in the prevention of malignant
transformation by reducing the formation of carcinogens
through inhibition of enzymes such as CYP1Al and 1A2,
both of which are known to be involved in carcinogen
activation.

Overall, CYP1A2 is subject to reversible and/or irrevers-
ible inhibition by a number of drugs, natural substances, and
other compounds. Competitive inhibitors of CYP1A2 can
readily fit into the active site of CYP1A2. The inhibitory
potency of compounds for CYP1A2 is determined by their
physico-chemical features. It appears that planar molecules
with a small volume to surface area are the most potent
inhibitors of CYP1A2. Inactivation and reversible inhibition
of CYP1A2 by drugs may cause important drug interactions.

PHENOTYPES OF CYPIA2 KNOCKOUT MICE

The Cypla2™"~ mice are viable and fertile; histologic
examination of 15-day embryos, newborn pups, and 3-week-

old mice revealed no abnormalities (47). Cyplal and Cyplbl
mRNA levels appeared unaffected by loss of the Cypla2
gene and inducibility of Cyplal by dioxin was not altered by
the absence of Cypla2 (48). When the muscle relaxant
zoxazolamine (a known substrate for Cypla2 (49)) was
administered to the Cypla2”  mice, they exhibited
dramatically lengthened paralysis times relative to the
Cypla2*’* wild-type animals, and the Cypla2*/~
heterozygous mice showed an intermediate effect. Using
Cypla2” mice, it was found that 87% of caffeine clearance
depended on Cypla2 in this species (50). Notably, Cypla2™~
mice exhibit increased toxicity from some compounds that are
predominantly Cypla2 substrates. By cDNA microarray
approach, it has been found that at least 15 genes are up- or
down-regulated (51). The gene exhibiting the greatest down-
regulation was insulin-like growth factor binding protein-1,
showing only 12% expression of that in the wild-type mouse.
These altered genes are associated with cell-cycle control,
insulin action, lipogenesis, and fatty acid and cholesterol
biosynthetic pathways. Histologically, the Cypla2™'~ mouse
exhibited an approximately 50% decrease in lipid stored in
hepatocytes, and 50% increase in lipid present in interstitial
fat-storing cells compared with that in the wild-type (52).
These data suggest that CYP1A2 might have additional
hepatic endogenous functions heretofore not revealed.

POLYMORPHISMS OF CYPIA2 AND CLINICAL
IMPACT

There are wide interindividual differences (10- to 200-
fold) in CYP1A2 (also called phenacetin O-deethylase)
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expression and activity (7). Approximately 15- and 40-fold
interindividual variations in CYP1A2 mRNA and protein
expression levels have been observed in human livers (2). These
findings may reflect a genetically determined difference in
constitutive and/or inducible CYPIA2 gene expression. Unim-
odal, bimodal, and trimodal distributions of CYP1A2 activity
when measured by caffeine urinary metabolic ratios have been
observed in different study populations (10). The frequency of
poor metabolizers in non-smokers was 5% in Australians, 14%
in Japanese, and 5% in Chinese (8). There is also marked racial
difference in CYP1A2 activity. Swedes had a 1.54-fold higher
CYP1A2 activity than Koreans (53). A lower CYP1AZ2 activity
has been found in Asian and African populations compared to
Caucasians (54). Environmental factors have been thought to
influence the interindividual differences in CYP1A?2 activity and
expression. Cigarette smoking and intake of oral contraceptive
steroids are well-established inducers of CYP1A2 activity.
However, it has been suggested that approximately 35% to
75% of the interindividual variability in CYP1A?2 activity is due
to genetic factors (55). There is a large variability in the
clearance of drugs that are mainly metabolized by CYP1A2.
Identification of genetic, epigenetic, and environmental factors
that regulate CYP1A2 expression and activity can assist in the
optimization of therapeutic regimens of drugs that are mainly
eliminated by CYP1A2.

To date, more than 15 variant alleles (*/B to *16) and a
series of subvariants of the CYPIA2 gene have been
identified (Fig. 4; http://www.imm.ki.se/CYPalleles, access
date 12 June 2009), and 177 SNPs have been found in the
CYPIA2 upstream sequence, six introns and seven exons in
NCBI dbSNP (http://www.ncbi.nlm.nih.gov/, access date 12
June 2009). CYPIA2*1A is referred to as the wild type
(reference). Among the SNPs located in seven exons, there
are 22 non-synonymous that change amino acid sequence.

In addition, there are several SNPs identified in the 5'-
flanking region and intron 1 of CYPIA2 (56). Aitchison et al.
(56) identified several SNPs in the 5’-flanking region of
CYPIA2, including —3594T>G, —3598G>T, and —3605insT.
The —3594T>G SNP had a 1.72% frequency in 174 Cauca-
sians. In the 5’-flanking region, reported SNPs in Japanese
include —3860G>A, —3598G>T, —3594T>G, —-3113G>A,
—3053A>G, —2847T>C, 2808A>C, 2667T>G, and —2467delT
(57,58). In intron 1, SNPs including —739T>G, —729T>G,
—733G>C, —587A>G, —367C>T, —163C>A, and —99C>T have
been reported. ~163C>A in intron 1 is present with consider-
able frequencies in most populations examined. —3860G>A,
—-3113A>G, —2464delT, —739T>G, and —729C>T have been
found with different frequencies in various ethnic groups
(57).

The most extensively studied polymorphisms are
—3860G>A (CYPIA2*IC), —2467delT (*ID), —-739T>G
(*1E), and —163C>A located in intron 1 (*/F), which were
first reported in a Japanese population. Of the polymorphic
CYPIA?2 alleles showing variability in the promoter region,
CYPIA2*]IC, *ID, *1F, and *1K have been associated with
altered enzyme activity. The CYPIA2*IC allele contains
—3860G>A in the 5’-flanking region of CYPIA2, which was
first found in Japanese with a frequency of 23.3% (27/116)
(59). This allele was reported to cause decreased enzyme
activity as measured by the rate of caffeine 3-demethylation
in smokers of Japanese (n=50), probably due to decreased
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inducibility and expression of the enzyme (59). The
CYPIA2*IF allele (i.e., —163C>A in intron 1) is common
with high and comparable frequencies in various population
studies (58,60-62). Sachse et al. (60) first reported this SNP in
a healthy German population comprising 185 non-smokers
and 51 smokers (n=236). The frequency of this SNP in
German Caucasians was 67.8%, with 45.8% being homozy-
gotes (108/236) for —163A/A and 44.1% being heterozygotes
(104/236) for —163C/A. In Japanese, the frequency of
—163C>A is high (62.8%) (57). This SNP had a frequency
of 55.9% in Swedes (61). The —163C>A in intron 1 caused
increased enzyme activity when measured by molar ratios of
17X/137X in plasma compared with the A/C and C/C
genotypes in 51 German-Caucasian smokers (10). Smokers
(n=51) with the —=163C/C (n=5) or —163C/A (n=24) genotype
had a 67.1% and 55.7% lower CYP1AZ2 activity, respectively,
compared with those with the —163A/A genotype (n=22)
(0.82 and 0.88 vs 1.37; p=0.008).

CYPIA2*1] (—163C>A; —739T>G) and *IK (—163C>A,;
=739T>G; —729C>T, all located in intron 1) have been first
detected in Ethiopian non-smokers (63). The —=739T>G had a
frequency of 3.2% in Japanese, while the =729C>T SNP was
not found in the Japanese population (57). The CYPIA2*IK
haplotype was associated with 40% lower inducibility in vitro,
and non-smokers heterozygous for */K had significantly
lower CYP1A2 activity compared with the wild type (63).
The —729C>T SNP, which was responsible for a lower activity
of *IK, abolishes a binding site for an Ets nuclear factor,
resulting in highly decreased CYP1A2 expression and caf-
feine metabolism (63). CYPIA2*]K was found to be rare in
Swedes (0.3%) and absent in Koreans (61). Thus, the effect
of CYPIA2*¥1K could not be shown in these populations.

CYPIA2*2 carries a 63C>G mutation that causes a
Phe21Lleu substitution, which was first detected from one
subject out of 157 Chinese subjects with an allele frequency of
0.32% (64). Its functional impact is unknown. The *2 allele
was absent in British (n=114) (65) and Italian populations
(n=500) (66). The CYPIA2*3 contains 2385G>A in exon 4
causing Asp348Asn and the synonymous 5347T>G
(Asn516Asn), with a frequency of 1% in French population
(67). The *4 allele contains 2499A>T in exon 5 leading to
Ile386Phe. The *5 allele entails 3497G>A in exon 6 leading to
Cys406Tyr. The *6 contains 5090C>T in exon 7 resulting in
Argd31Trp (67). All these alleles (*3—*6) were first detected
in a French population with very low frequencies (<0.5-
1.0%). CYPIA2*7 contains a 3533G>A mutation at the splice
donor site of intron 6. This mutation was found in a 70-year-
old patient who had very high plasma concentrations of
clozapine when administered at normal dose. This SNP
caused RNA splicing defect and led to loss of CYP1A2
activity.

There are significant ethnic differences in the distribution
of common and rare CYPIA2 SNPs and haplotypes
(Table III). The —3860G>A (*IC) SNP is less prevalent in
Caucasians than in Asians (0.21-0.25) (58). The frequency of
*]C was significantly lower in the Turkish population (0.04)
(68) than in Japanese (0.21) (58) and Chinese (0.25), while
the frequency of *IC was relatively equal in the Turkish and
Egyptian populations (0.07) (69). The frequency of the
—2467delT (CYPIA2*ID) allele is lower in Caucasians
compared with Asians and Africans. The allelic frequency
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Fig. 4. Important alleles of CYPIA2 in humans

of the *ID allele is 4.1-7.9% in Caucasians (65,70), while the
—2467T deletion appeared at much higher frequencies of
42.0-43.8% in Japanese (57,58) and of 40% in Egyptians (69).
In Turkish, the frequency of *ID is very high (92%) (68). The
—739T>G SNP (CYPIA2*IE and *IG) was frequent in
Ethiopians (0.10) (63), Saudi Arabians (0.096) (63), and
Japanese (0.082) (58). However, British (65), German-
Caucasian (70), Spaniard (63), Turkish (68), and Egyptian
(69) populations had a low frequency for this allele (0.0044,
0.016, 0.017, 0.01, and 0.03, respectively).

A number of clinical studies have been conducted to
examine the impact of CYPIA2 polymorphisms on drug
clearance and drug response. For example, Obase et al. (71)
examined the effect of genetic polymorphisms in the 5'-
flanking region to intron 1 of the CYPIA2 gene on
theophylline metabolism in Japanese asthmatic patients (n=
75) and healthy volunteers (n=159). Among asthmatic

patients, theophylline clearance was significantly lower in
patients with the polymorphism at site —2964G>A whose
genotype was G/A or A/A than in those whose genotype was
G/G (G/A or A/A vs G/G=0.029 vs 0.034 L/h/kg). Therapeu-
tic drug monitoring may be needed in patients with the A
allele at site —2964 in the CYPIA2 gene, because theophylline
clearance is lower in these patients, particularly in young
asthmatic individuals. Resistance to clozapine therapy due to
low plasma drug levels has been reported in smoking
schizophrenic patients harboring the —163A/A (CYP1A2*IF)
genotype (72,73). Eap et al. (72) reported four smoking
patients who did not respond to clozapine therapy at usual
dosage and found these individuals were ultra-rapid metab-
olizers of CYP1AZ2 carrying the *IF allele. On the other hand,
higher plasma concentrations of clozapine and its metabolite
N-desmethylclozapine have been observed in patients carry-
ing two CYPIA2 variants associated with reduced enzyme
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activity (—3860A, —2467del, —163C, —739G, and/or —729T)
compared with those with one or none (74).

Both smoking and CYP2D6 genotype, but not CYP2C9
genotype, can affect thioridazine plasma levels (75). The
mean steady-state plasma concentration of trazodone was
significantly lower in smokers than in non-smokers (76).
Subjects with —163A/A or —163C/A genotype had lower
plasma melatonin concentrations after administration of 6 mg
melatonin compared with —163C/C carriers (77). A recent
study in patients with rheumatoid arthritis (n=105) revealed
that the CYPIA2*IF (—-163C>A) allele affected the risk for
leflunomide-induced organ toxicities (78). Patients with
—163C/C genotype had a 9.7-fold higher risk for overall
leflunomide-induced toxicity compared with patients with the
CYPIA2*IF C/A or A/A genotype.

CONCLUSIONS AND FUTURE PERSPECTIVES

CYP1A2 is one of the major hepatic CYPs in human
liver that metabolizes about 15% of clinical drugs such as
clozapine, theophylline, tacrine, and zolmitriptan. CYP1A2 is
one of the major enzymes that bioactivate a number of
procarcinogens. This enzyme also metabolizes several impor-
tant endogenous compounds such as steroids, retinols,
melatonin, uroporphyrinogen, and arachidonic acids, suggest-
ing its potential role in some physiologic processes in addition
to xenobiotic metabolism. Because CYP1A2 has a relatively
small active center due to several surrounding aromatic
residues, its substrates and inhibitors are usually small,
lipophilic, and planar molecules. The elucidation of the
CYP1A2 crystal structure has provided deep insights into
the mechanism for the interaction of ligands with CYP1A2.
The structure has offered clear clues on how CYP1A2
exhibits its substrate specificity. This information may help
with the design of new drugs with minimal interaction with
CYP1A2.

There is an increasing number of clinical drug interac-
tions caused by CYP1A2 induction and/or inhibition and
timely identification of these drug interactions is important in
clinical practice. The interaction may be substrate and
inhibitor dependent and thus caution should be taken when
conducting in vitro—in vivo extrapolation. Polymorphisms of
CYP1A2 may alter drug clearance and drug response and
thus dosage adjustment and therapeutic drug monitoring for
drugs with a narrow therapeutic index may be required.
There are increased pharmacogenetic studies on the impact
of common CYPIA2 polymorphisms on drug clearance and
response, but the evidence is still preliminary. The clearance
of several drugs may be altered by the genotype of CYPIA2
and thus patients’ response to these drugs may vary
considerably. More well-designed studies are warranted to
explore the genotype—phenotype relationships of CYPIA2 in
terms of drug clearance and response. Personalized pharma-
cotherapy and individualized dosing of drugs would need
incorporation of both genetic and environmental factors.

The pharmaceutical industry is likely to screen drug
candidates regarding their CYP1A2-binding properties early
in drug development. Such candidates may be dropped if they
have poor pharmacokinetic properties and where alternatives
are available. This candidate selection might eventually lead
to a less relevant role of this enzyme for newer drugs.

Zhou et al.
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