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Summary. Membrane transporters play a pivotal role in drug absorption in the
inteslinal tract and in drug distribution to brain and other lissues, as well as in the
elimination of toxic metabolites from cells. However, at present, little is known
about the foxicogenomic and pharmacogenomic significance of drug transporters.
In 1992, Ishikawa first proposed a new concept of the “phase II[” detoxification
system by emphasizing the biological importance of ATP-dependent transporters,
GS-X pumps, for elimination of glutathione S-conjugates in our body (Trends
Biochem Sci 7: 463-468, 1992). Since that time, more than 40 different human
ATP-binding cassette (ABC) transporter genes have been discovered, and some of
them have been documented to be critically involved in Iranspori of drugs and
metabolites. This review summarizes the toxicogenomic aspects of ABC
transporters and the potential mechanisms underlying their gene expression.

Key words. ABC Transporters, Phase 111 detoxification system, Drug metabolism,
Oxidative stress, Nuclear receptors

Paradigm shift of drug discovery strategy

In the last decade of the 20th century, the development of high throughput
screening (HTS) and combinatorial chemistry technologies accelerated the drug
discovery process. In the 21st century, emerging genomic technologies (ie.,
bioinformatics, functional genomics, and pharmacogenomics) are shifting the
paradigm for drug discovery and development. However, the attrition of drug
candidates in preclinical and development stages is a major problem in drug
development. In about fifty percent of cases, this attrition is due to toxicity and
poor pharmacokinetics (e.g., limited absorption, low plasma concentration levels,
high rates of clearance). Because of increasing costs of genome-based drug
discovery, pharmaceutical companies have begun to seriously re-evaluate their
current strategies of drug discovery and development.

Hitherto we have been developing on a unique approach to pharmaco-
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genomics and toxicogenoniics in diug discovery research.  Our strategy sprang
from the realization that, in the near future, the processes of diug discovery and
development will be dramatically changed by the introduction of new research
technologies such as bioinformatics, functional genomtics, and pharmacogenomics
and their use to identify both classical drug targets {e.g., enzymes, membrane-
bound receptors, and fon channels) and novel drog targets (e.g., cellular
components of signal transduction, nuclear receptors, mRNA, and DNA). As a
result organ-specific drug targeting and delivery will become increasingly
impoitant in ensuring Lhe site selectivity and phammacelogical activity and
reducing the toxic effects of new molecular diug candidates aimed at those targets.

Importance of drug transporters

Accumulating evidence strongly suggests that drmug transpoders are critically
mvolved in drug absorption, distribution and elimination, thereby affecting drug
concentrations at the target site. In this context, both drug transporters and drug
metabolizing enzymes can determine the pharmacokinetic profiles and overall
pharmacological effects of drugs.  Fig. 1 schematically illustrates the function of
drug transporters in influx and efflux of drugs, as well as in elimination of toxic
mctabolites from cells.

Pharmacological effect

/ : Target cell
Drug targst

1 Transporter
Drug Mataholsm
A A > B
. o+
Transporter ., o~

..‘ ‘..
O Unexpected largat

N B

Transporter
Side effect

Fig. . Drug transporters and drug metabolizing enzymes in the drug-targeting cell.

Drug transporters expressed in epithelial cells of the small intestine and in brain
capillary endothelial cells greatly affect the oral bioavailability of dmgs and diug
penetration into the central nervous system. Many of drug transporters belong to
the ABC transporter family. This family of human ABC transporters is now known
to contain about 50 members, most of whose genes have been identified and
sequenced {[shikawa et al. 2000a; Ishikawa et al. 2001).
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ABCB1 (P-glycoprotein, MDR1), ABCC1 (GS-X pump, MRPI1), ABCC2
{cMOAT, MRP2), and ABCG2 (BCRP, ABCP), in particular, are gaining
attention for their involvement in drug absorption by the small intestine and drug
penetration into the brain; they are expressed in a variety of normal cells and
organs, and its modulation in these tissues can influence the activity and
bicavailability of drugs. In the intestine, for instance, modulation of ABCBI may
control the degree of drug uptake after drug ingestion. At the blood-brain barier,
high ABCB1 expression levels can limit the uptake of desired drugs into the brain;
conversely, low ABCBlactivity can lead to abnommally increased accumulation
and undesirable side effects. ‘

ABC transporters in phase Il detoxification system

Metabolism of xenobictics including drugs is widely referred to phase I and 11
systems, where phase I includes oxidation of xenobiotics and phase 1l deals with
the conjugation of phase [ products (Fig. 2). The oxidative metaboism in the phase
I system is mediated by cytochrome P-450 (CYP) or flavin mixed-function
oxidase. Some of activated xenobiotics can interact with DNA and/or proteins in
cells to cause toxic effects, In the phase Il system, on the other hand, activated
hydrophobic xencbiotics are converted into hydrophilic forms via conjugation
reactions with glutathione, sulfate or glucuronide. This phase II metabolism is
regarded as the detoxification process of xenobiotics. However, in some cases, the
phase II system is a crilical step in the formation of genotoxic electrophiles.
Furthurmore, accumulation of the resulting metabolites in cells can lead to a
decrease in the detoxification activity of the phase II system. Therefore, the phase
1] system must take a task to eliminate Phase IT metabolites from cells. Several
ABC transporters, including ABCBL, ABCCI1, ABCC2 and ABCG2, are
considered to be major players in the phase Il detoxification system (Ishikawa
1992; Ishikawa et al. 2000b.)

o \

Phase | Phase II Phase Rl
Oxidation Conjugation Elimination
Xenobiotics " ATP\A>_
A » B » ral G
i ADP, Pi
kI
DNA ««uspe Toxic effects

k Proteins )

Fig. 2. Schematic illustration of phase I, TI, and III detoxification systems.
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Regulation of ABC transporter gene expression

Gene regulation of drug metabolizing enzymes and drug transporters is of great
interest to understand the molecular mechanisms of drug response and toxic
events, Recent studies have revealed that hydrophabic ligands and several nuclear
receptors are involved in induction or down-regulation of cylochrome P-450
isoforms and ABC transporters (Chawla et al. 2001) (Table 1). While the gene
regulation of drug metabolizing enzymes, such as cytochrome P-450, glucuronide
transferases and glutathione transferases, have been well characterized, studies on
the molecular mechanisms underlying the induction and down-regulation of drug
transporters have just starled most recently.

Table 1. Nuclear receptor-ligand interaction and expression of cytochrome P-450 (CYP)
isoforms and ABC transporters.

Ligand Nuclear receptor CYP ABC transporter
Kenobiotics CAR CYP2B(+) ABCC3 (+)
Phenobarbital CYP2C (+)

Xenobiotics SXR/FXR CYP3A(+) ABCB1 (+)

Steroids CYP2C (+) ABCC2 (+)

Bile acids FXR CYP7A1(-) ABCB11 (+)
CYPEB1 (-)

Oxysterols LXRa,B CYP7AL () ABCA1 (+)

ABCG1 (+), ABCG4 (+)
ABCGS (+), ABCGS (+)

Fatty acids PPARq CYP4AL (+) ABCD2 (+), ABCD3 {(+)
Fibrates CYP4A3 (+) ABCB4 (+)

Fatty acids PPARS ? ?
Carboprostacyclin

Eicosanoids PPARy - CYP4AB (+) ?
Thiazolidinediones

Retinoic acids RARa,B,Y CYP26A1 (+) ABCG4 (+)

1,25(CH),- VDR CYP24 (+) ?

vitamin D, CYP27B1 (-)

(+) up-repulation; (-) down-regulation.
Our previous studies have demonstrated that ABCC1 expression was up-

regulated by heavy metals, oxidative stress and interleukin 1t (Ishikawa et al.
1996; Yamane et al. 1998; lkegami et al. 2000). The ABCC1 gene contains core
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consensus sequences for ARE (antioxidant response element) and AP-1 {activalor-
protein-1) binding site (Fig. 3). These sequences were also found in the 5’
flanking sequence of a gene encoding the active subunit of g-glutamyleysteine
synthetase (g-GCS), a rate limiting enzyme of glutathione biosynthesis. 1t is
important to note that the ABCCI gene encodes the GS-X pump which transport a
variety of glutathione conjugates. Coordinated up-regulation of ABCC1 and g
GCS genes was frequently observed in human colorectal cancers as well as in
various cancer cell lines (Kuo et al 1996). Involvement of those core consensus
sequences in the induction of ABCC1 and g-GCS in normal cells and tissues
remains to be elucidated.

Human ABCC1 gene {Chromosome 16p13.1)

[ERE] [GrE][aF2] | [5P-1
. Trarsetiplion
—
T T T T T T T T T T T T
- 1000 - B0 - 500 - 409 - 200 &

Base pair

Human ¥GCS gene (Chromasome 8p12)

[NE-& [aRE] BP3] [EpRE] [4P-1  [EAT Bax)[TATA Bax]
Teanscription
—
] T [ T T T T LI
- 1000 -800 - 600 - a0 -

T I 1

20 o
Base paw
Fig, 3. Polential regulation sites in the promotor regions of human ABCCI and g-GCS
genes.  CRE, cyclic AMP response element; ERE, estrogen response element, GRE
glucocorticoide response element, XRE, xenobiotic response elements, EpRE, Electrphile
response element; CAT box, CCAAT box.

Genetic polymorphism of ABC transporters

The effects of drug transporters on the pharmacokinetic profile of a drug depend
on their expression and functionality. Indeed, the expression of drug transporters
can be modulated by endogenous and exogenous factors, including drugs,
themselves. It is also now known that inherited differences among individuals may
also affect drug efficacy and toxicity. Such inherited differences include genetic
polymorphisms in drug targets and drug-metabolizing enzymes, as well as in drug
transporters. Hitherto, pharmacogenetics, the field dealing with such inherited
differences and their effect on pharmacokinetics, has significantly contributed to
our understanding of genetic causes underlying differences in drug metabolism
(e.g., cytochrome P-450 mediated drug metabolism). In fact, recent technological
advances allowing massive molecular sequencing have in turn allowed a
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consortium of researchers to identify single nucleotide polymorphisms (SNPs) as
one possible cause of vadable drug response among individuals. The SNP
consortivm plans to complete a high-density map of SNPs and make it openly
available to the public (hitp:/snp/eshlforg). In Japen, on the other hand, the
Phanna SNP consorlium (PSC) consisting of 43 pharmaccutical companies is
cumrenily investigating SNPs of drug metabolizing enzymes and drug transporters
to oblain insight into the cause of individual differences in dmg response
(Gushima 2001, Ishikawa et al. 2001). In this context, it would become
increasingly important to carefully examine the clinical significance, if any, of
polymorphisms of drug transporter genes in light of both pharmacokinetic and
toxicogenomiic aspects.
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