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ReviewDrug-Metabolizing Enzymes and
Transporters: Expression in the
Human Prostate and Roles in
Prostate Drug Disposition
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Local biotransformation enzymes and transporter proteins
in tissues may exert a profound effect on drug pharma-
cokinetics in those tissues. Thus, the use of drugs for the
treatment of benign prostatic hyperplasia (BPH) and can-
cer of the prostrate may be influenced by high level ex-
pression of cytochrome P450 (CYP) phase I and phase II
conjugation enzymes and drug transporters. Phase I drug-
metabolizing enzymes detected in the human prostate in-
clude CYP, CYP1A1, CYP1A2, CYP1B1, CYP2C19,
CYP2D6, CYP3A5, and CYP4B1 in both normal and tu-
morous tissue; CYP1A1, CYP1A2, and CYP1B1 in BPH
tissues; and CYP1A1 and CYP1A2 in prostate cancer cell
lines and normal prostate epithelial cells. Epoxide hydro-
lase was also found in prostate tumor and nonneoplastic
tissue. Phase II metabolizing enzymes detected in the
prostate were glutathione S-transferases (GSTs) GST-a,
GST-m, and GST-p, and N-acetyltransferase (NAT) iso-
forms, NAT1 and NAT2. Prostate tissue contains the mul-
tidrug resistance protein (MRP) transporters MRP1,
MRP2, MRP3, and MRP4, and the multidrug resistance
(MDR)-1 protein (P-glycoprotein; P-gp). Metabolism of
drugs used in BPH (eg, finasteride and tamsulosin) and
anticancer agents have been examined in the liver or liver
preparations but not in the prostate or prostate tissue/cell
lines. Thus, the published data to date shows that the
prostate contains the major phase I and II drug-metabo-
lizing enzymes as well as drug transporters. Future studies
should examine the ability of the prostate to metabolize
drugs used in either BPH or prostate cancer and to gauge
the ability of the identified drug transporters to facilitate
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entry into or efflux from the prostate. Such studies could
identify the principal determinants of the local (prostate)
concentrations of these therapeutic agents when used in
either BPH or prostate cancer.

Use of pharmacologic agents in the treatment of benign
prostatic hyperplasia (BPH) and prostate cancer is well
established. Refinements to therapy with existing agents
and the development of safer and more effective agents
are complementary approaches for the optimization of
therapy. The therapeutic goals in BPH treatment are the
reduction of prostate volume, minimizing risk of acute
urinary retention and the prevention of BPH-related sur-
gery and deterioration of the quality of life of the patient.
In prostate cancer, drug therapy aims to inhibit the growth
of androgen-dependent tumors, to prevent their progres-
sion to the hormone-independent metastatic stage, and to
decrease morbidity and mortality in advanced disease.

Factors that influence intracellular drug concentrations
and the duration of drug action are important determi-
nants of success in the treatment of BPH and prostate
cancer. Rates of drug absorption and elimination are con-
trolled by biotransformation enzymes and transporter pro-
teins. The principal site of drug biotransformation is the
liver, but it is now clear that drug-metabolizing enzymes
are present in extrahepatic tissues, including the prostate
(Table 1), and may affect local rates of drug biotransfor-
mation. Similarly, drug transporters are widely distributed
in tissues and overexpression of these genes is associated
with drug resistance, especially in tumor cells, because of
the inability to maintain therapeutic drug levels.

Drug Biotransformation by Phase I and
Phase II Enzymes
Most drugs and other xenobiotics undergo biotransfor-
mation to products that are more water-soluble and more
efficiently excreted. In phase I reactions, a functional
group is introduced into the xenobiotic substrate (usually
by oxidation), resulting in a modest increase in hydro-
philicity. The most important phase I enzymes are the
cytochromes P450 (CYPs), a superfamily of hemopro-
teins found in the endoplasmic reticulum of the cell. In
phase II biotransformations, the phase I products are cou-
pled enzymically to highly polar endogenous moieties to
generate metabolites that are more readily excreted.
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Table 1. Expression of biotransformation enzymes and transporters in human prostate

Gene Product Expression Characteristic References

Phase I
CYP1A1 mRNA Williams et al, 2000
CYP1A2 mRNA Williams et al, 2000; Cui et al, 2000; Finnström et al, 2001
CYP1A protein Murray et al, 1995
CYP1B1 mRNA Williams et al, 2000; Finnström et al, 2001

protein Muskhelishvili et al, 2001; Carnell et al, 2004
CYP2C9 mRNA Klose et al, 1999
CYP2C19 mRNA Finnström et al, 2001
CYP2C protein Murray et al, 1995; Yokose et al, 1999
CYP2D6 mRNA Finnström et al, 2001
CYP3A4 mRNA Finnström et al, 2001
CYP3A5 mRNA Agundez et al, 1998; Yamakoshi et al, 1999; Finnström et al,

2001; Koch et al, 2002
CYP3A7 mRNA Finnström et al, 2001; Koch et al, 2002
CYP3A43 mRNA Domanski et al, 2001
CYP3A protein Murray et al, 1995
CYP4B1 mRNA Finnström et al, 2001
Epoxide hydrolase protein Murray et al, 1995

Phase II
N-acetyltransferases (NATs)

NAT1 mRNA Wang et al, 1999
NAT2 mRNA Wang et al, 1999; Cui et al, 2000

Glutathione S-Transferases (GSTs)
GST-a (GSTA) protein Tew et al, 1987; Di Ilio et al, 1990; Murray et al, 1995; Parsons

et al, 2001
GST-m (GSTM) mRNA Chetcuti et al, 2001

protein Tew et al, 1987; Di Ilio et al, 1990; Murray et al, 1995
GST-p (GSTP) protein Tew et al, 1987; Di Ilio et al, 1990; Sundberg et al, 1993; Mur-

ray et al, 1995; Cookson et al, 1997; Moskalul et al, 1997;
Sullivan et al, 1998; Montironi et al, 1999; Montironi et al,
2000

GST-u (GSTT) mRNA Elek et al, 2000

UDP-glucuronosyltransferases (UGTs)
UGT1A9 protein Albert et al, 1999
UGT2B15 mRNA Belanger et al, 1995

protein Chouinard et al, 2004
UGT2B17 mRNA Beaulieu et al, 1996

protein Barbier et al, 2000; Chouinard et al, 2004

Transporters
MRP1 (ABCC1) mRNA Schummer et al, 1999

protein Sullivan et al, 1998; DiPaola et al, 2001
MRP3 (ABCC2) mRNA Uchiumi et al, 1998; Lee et al, 1998
MRP4 (ABCC4) protein Lee et al, 1998
MRP mRNA Nooter et al, 1995

protein Sugawara et al, 1997
SLC22A3 mRNA Verhaagh et al, 1999

The multiplicity of the CYP system and the catalytic
versatility of these enzymes give rise to the broad range
of substrates that undergo phase I oxidation in tissues.
CYPs are a group of very similar enzymes that are sub-
divided into families (indicated by an Arabic numeral)
if they are at least 40% related at the amino acid level,
and into subfamilies (indicated by a capital letter) if they
are at least 55% related (Nelson et al, 1996). In general,
drug- and xenobiotic-metabolizing CYPs are restricted

to families 1–4, and CYPs from other families mediate
the oxidative biotransformation of physiologically im-
portant lipophilic substrates, including vitamins A and
D, bile acids, androgens, and other steroids. Phase II
enzymes include the N-acetyltransferases (NATs), which
conjugate oxidized metabolites of arylamines and en-
dogenous amines; glutathione S-transferases (GSTs),
which play a key role in the detoxification of reactive
electrophiles, including carcinogens or procarcinogens
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(Krishna and Klotz, 1994); and UDP-glucuronosyltrans-
ferases and sulfotransferases that catalyze the formation
of glucuronides and sulfates of phenolic and acidic me-
tabolites.

Disposition of Drugs and Metabolites
Drug or metabolite conjugates are generally too hydro-
philic to diffuse out of the cell, and require transporter
proteins (pumps) to facilitate their removal. All human
transporters identified to date are members of the multi-
drug resistance protein (MRP) family of adenosine tri-
phosphate (ATP)-binding cassette (ABC) or solute carrier
(SLC) superfamilies. The majority of transporters in-
volved in the disposition of drugs and xenobiotics belong
to the ABC (P-glycoprotein [P-gp]) transporter family,
but some SLC transporters also participate. The driving
force for the efflux of drug conjugates against concentra-
tion gradients is ATP hydrolysis (Borst and Elferink,
2002). ABC (P-gp) transporters are encoded by the mul-
tidrug resistance-1 (MDR1) gene and are transmembrane
calcium-dependent efflux proteins of molecular weight of
approximately 150–200 kd, and have 2 ATP-binding do-
mains, with the exception of the recently described breast
cancer resistance protein BCRP/ABCG2 (Rocchi et al,
2000). The MRP family of ABC transporters consists of
at least 9 members. MRP1 and MRP2 exhibit the highest
potency and broadest resistance profiles regarding natural
product agents; MRP3 confers low levels of resistance to
etoposide; and MRP4 and MRP5 confer resistance to nu-
cleoside analogs and transport cyclic nucleotides. In con-
trast, SLC transporters are smaller proteins (50–100 kd)
and function by exchanging or cotransporting ions. Over-
expression of ABC transporter proteins, such as ABCB1
(also termed MDR1), in cancer cells is associated with
acquired multidrug resistance because of the capacity of
transporters to extrude anticancer drugs and decrease their
intracellular concentration (Ambudkar et al, 2003). This
review focuses on the role of drug-metabolizing enzymes
and transporter proteins in the biotransformation and dis-
position of drugs used in the management of prostate can-
cer and hyperplasia. The expression of these drug-metab-
olizing enzymes and drug transporters in the human pros-
tate is reviewed in terms of their likely functional impor-
tance. Targeting of biotransformation enzymes and
transporters in different therapeutic strategies is also dis-
cussed.

Drugs for BPH and Prostate Cancer: Biotransformation
and Transport
The commonly prescribed drugs for BPH include the 5a-
reductase inhibitors and the a-adrenoceptor antagonists.
The 5a-reductase inhibitors (eg, finasteride and dutaster-
ide) decrease the production of 5a-dihydrotestosterone,
the potent androgen-receptor agonist that is primarily re-

sponsible for prostatic enlargement (Boyle et al, 2004).
The a-adrenoceptor antagonists (eg, alfuzosin, tamsulo-
sin, doxazosin, indoramin, prazosin, and terazosin) relax
the smooth muscles of the prostate gland.

In prostate cancer, several approaches to androgen dep-
rivation are currently used. The steroidal antiandrogen,
cyproterone acetate, inhibits gonadotrophin secretion,
which decreases testosterone levels. Estrogens also act by
a central mechanism to inhibit the secretion of luteinizing
hormone–releasing hormone (LHRH), which, in turn, de-
creases serum testosterone concentrations. The nonsteroi-
dal antiandrogens, flutamide, bicalutamide, and nilutam-
ide, compete with androgens for binding to nuclear re-
ceptors in prostate cells (Dearnaley, 1994).

Cytotoxic agents used in chemotherapy for other can-
cers are also prescribed for their palliative effects in pa-
tients with prostate cancer. However, drug resistance is a
major problem, resulting in extremely low remission rates
from cytotoxic drug therapy. Anticancer drugs in current
use include docetaxel, paclitaxel, vincristine, vinblastine,
cyclophosphamide, doxorubicin, mitoxantrone, etoposide,
cisplatin, methotrexate, and 5-fluorouracil. Mitoxantrone
plus prednisone and docetaxel plus prednisone are drug
combinations approved for treatment of metastatic pros-
tate cancer (Dagher et al, 2004; Denmeade and Isaacs,
2004).

The antiprogestin, mifepristone, and the antiestrogen,
tamoxifen, are effective inducers of apoptosis that have
the potential to overcome intrinsic resistance of androgen-
independent prostate cancer cells (El Etreby et al, 2000).
Mifepristone has recently been found to be an effective
antiandrogen (Song et al, 2004).

Most studies of the metabolism of drugs used for the
management of BPH and prostate cancer have been un-
dertaken in liver fractions because the liver contains high
levels of enzyme activity. Such studies have provided de-
finitive information on the enzymes and transporters in-
volved in metabolism and transport of these pharmaco-
logic agents. To date, there are very few reports of drug
metabolism or drug transport in prostate fractions or pros-
tate-derived cells.

5a-Reductase Inhibitors
The in vitro oxidation of the 5a-reductase inhibitor finas-
teride used in BPH was studied in human liver micro-
somes and microsomes containing recombinant human
CYPs. Sequential v-oxidation of finasteride to its carbox-
ylic acid metabolite proceeded via the v-hydroxy and v-
carboxaldehyde intermediates and was mediated by
CYP3A (Huskey et al, 1995); other CYPs that were tested
were inactive. Another 5a-reductase inhibitor, dutasteride,
was reported to be metabolized by human CYP3A4 (An-
driole and Kirby, 2003) (Table 2).
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a-Adrenergic Antagonists
Tamsulosin, a potent a-antagonist used for the treatment
of BPH, is metabolized to o-ethoxyphenoxyacetate and
O-deethylated products by CYP3A4, and to m-hydroxy
and O-demethylated products by hepatic CYP2D6 (Ka-
mimura et al, 1998). Indoramin undergoes oxidation at
the 6-position of the indole ring by as yet unidentified
CYPs, followed by sulfonylation at the resultant 6-hy-
droxyl group; this metabolite is likely to be a transporter
substrate (Pierce, 1990). Prazosin is a potent inhibitor of
the human organic cation transporters (hOCT), hOCT1
and hOCT3 (SLC22A1 and SLC22A3, respectively), as
well as BCRP (ABCG2) (Ozvegy et al, 2001; Hayer-Zill-
gen et al, 2002). Doxazosin is transported by MDR1
(ABCB1), a process that is inhibited by digoxin (Takara
et al, 2002).

Anticancer Agents
A range of cytotoxic agents have been used for the treat-
ment of prostate cancer, with most undergoing CYP3A-
mediated oxidation to inactive metabolites, which is con-
sistent with the important role of these enzymes in the
oxidation of most pharmaceutical agents. Thus, vinblas-
tine and other vinca alkaloids, including vinorelbine and
vindesine, undergo CYP3A hydroxylation; in some cases,
a role for CYP3A has been inferred from inhibition of
other CYP3A substrate oxidations by the vinca alkaloids
(Zhou et al, 1993; Kajita et al, 2000).

Docetaxel metabolism requires CYP3A, with evidence
for involvement of both CYP3A4 and CYP3A5 (Shou et
al, 1998; Cresteil et al, 2002). There have been reports
that docetaxel metabolism is inhibited by coadministra-
tion with erythromycin, ketoconazole, nifedipine, mida-
zolam, and troleandomycin, and that it is induced by the
classic CYP3A inducers, dexamethasone and rifampicin
(Marre et al, 1996). Thus, docetaxel metabolism is likely
to be influenced by a wide range of coadministered drugs.
Interestingly, it was reported that docetaxel and paclitaxel
also inhibited CYP1B1 in vitro (Rochat et al, 2001). This
enzyme may only have a minor role in drug metabolism
but participates in carcinogen activation. Thus, it may be
speculated that docetaxel and paclitaxel may prevent the
conversion of chemical procarcinogens to toxic species,
but studies that are more extensive are now required to
test this hypothesis.

In contrast with docetaxel metabolism, which seems to
be extensively CYP3A-mediated, formation of the prin-
cipal 6a-hydroxylated metabolite of paclitaxel is cata-
lyzed by CYP2C8 (Cresteil et al, 1994; Rahman et al,
1994). CYP3A4 has a role in paclitaxel metabolism but
catalyzes the formation of only the minor p-hydroxy-
phenyl metabolite (Cresteil et al, 1994; Harris et al, 1994;
Kumar et al, 1994). The topoisomerase inhibitors etopo-

side and teniposide are also substrates of CYP3A4; thus,
catechol formation and etoposide 39-hydroxylation have
been shown to be highly correlated with midazolam ox-
idation pathways (Relling et al, 1994; Kawashiro et al,
1998).

Oxidation of the oxazaphosphoramides, cyclophospha-
mide, ifosfamide, and trofosfamide, involves CYP3A, but
the significance of this involvement is quite complex be-
cause CYP3A oxidation is a bioactivation process. In the
case of cyclophosphamide, 4-hydroxylation produces the
active cytotoxic agent, phosphoramide mustard, as well
as the ancillary product, acrolein, which possesses sig-
nificant toxicity (Gurtoo et al, 1981; Sladek et al, 1988;
Murray et al, 1994; Huang et al, 2000). A more recent
study also implicated CYP2C gene products, especially
CYP2C9 and CYP2C19, in the activation of oxazaphos-
phorines (Chang et al, 1997), although their contribution
in vivo needs to be confirmed and the potential impact of
variant genes should be considered. CYP2B6 has been
shown to make a substantial contribution to formation of
the neurotoxic metabolite of ifosfamide (Huang et al,
2000).

Tegafur is a prodrug that undergoes CYP2A6-depen-
dent 59-hydroxylation to generate 5-fluorouracil, the ac-
tive cytotoxic agent (Daigo et al, 2002). The defective
alleles *4C and *11 have less than 50% of the catalytic
competence of the wild-type *1 allele. Roles for CYP1A
and CYP2C8 have also been suggested (Komatsu et al,
2000), although the relative contributions of the enzymes
remain to be determined. However, as an extrahepatic
CYP, CYP1A1, in particular, may well contribute to local
activation in tissues such as the prostate. In similar fash-
ion to these agents, dacarbazine requires 3-N-demethyl-
ation by CYP1As, and possibly also CYP2E1, for its cy-
totoxic action (Reid et al, 1999; Long and Dolan, 2001).
CYP1A2 seems to be the major catalyst, but, again,
CYP1A1 may be operative in extrahepatic tissues.

Antiandrogens
CYP1A2 and CYP1B1 catalyze the biotransformation of
the antiandrogen flutamide to its 2-hydroxylated metab-
olite (Shet et al, 1997). Although CYP3A4 makes only a
minor contribution to this pathway (Shet et al, 1997), it
was implicated in the formation of a reactive metabolite
that may be associated with flutamide hepatotoxicity
(Berson et al, 1993). It has been speculated that alter-
ations in CYP1A2 function in the prostate may contribute
to the decreased flutamide effectiveness that has been not-
ed in some patients.

Other Hormonal Agents
Tamoxifen and toremifene are oxidized by CYPs to phar-
macologically active and inactive metabolites and also to
reactive products with genotoxic potential (Boocock et al,
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2002; Crewe et al, 2002). Several CYPs seem to be in-
volved in these pathways, with the oxidation of tamoxifen
as the prototypic agent in this class being particularly well
studied; biotransformation of toremifene has been less
well investigated (Kim et al, 2003). Studies in nonhuman
systems have strongly implicated CYP3A and CYP2C as
targets for inhibition by tamoxifen metabolites (Reidy and
Murray, 1989); similar inhibitory processes with human
CYPs may give rise to clinically relevant drug interac-
tions. There is a major role for CYP3A4 in the a-hy-
droxylation (genotoxic product) and N-demethylation (in-
active product) of tamoxifen; CYP2D6 and CYP1A also
contribute to N-demethylation, whereas 4-hydroxylation
to the active product primarily involves CYP2D6 and
CYP2B6 (Boocock et al, 2002; Crewe et al, 2002). Fac-
tors that influence CYP3A, CYP2B6, and CYP1A activity
(including induction and inhibition) and CYP2D6 activity
(such as genetic polymorphism and enzyme inhibition)
greatly affect tamoxifen action.

The antiprogestins, mifepristone, lilopristone, and on-
apristone, are CYP3A4 substrates (Heikinheimo, 1997;
Jang and Benet, 1997; Khan et al, 2002). CYP3A5 also
oxidizes mifepristone (Khan et al, 2002) in a process that
leads to mechanism-based inactivation of enzyme; inter-
estingly, CYP3A4 was not susceptible to inactivation by
this agent. Thus, protracted inhibition of CYP3A5, but
not CYP3A4, may occur after mifepristone administra-
tion. Khan et al (2002) also showed that CYP3A4 oxi-
dized mifepristone by monodesmethylation and dides-
methylation as well as C-oxidation, whereas CYP3A5
only formed the N-desmethyl metabolite.

Transport Processes for Drugs Used in BPH and
Prostate Cancer
As well as their requirement for biotransformation before
elimination, a large number of anticancer agents are sub-
strates of the P-gp transporter (MDR1/ABCB1), including
vinblastine and other vinca alkaloids (Bruggemann, 1992;
Zhou and Rahmani, 1992; Garrigues et al, 2002), taxanes
(Shirakawa et al, 1999), mifepristone, and possibly also
lilopristone, onapristone (Jang and Benet, 1997), and eto-
poside (Shapiro and Ling, 1998). Some anticancer agents
do not require oxidation but are transporter substrates.
Methotrexate is transported by MRP1–4 (ABCC1 to
ABCC4; Chen et al, 2002) and BCRP (ABCG2; Chen et
al, 2003; Doyle and Ross, 2003), whereas mitoxantrone
is another substrate of ABCG2 (Doyle and Ross, 2003;
Cooray et al, 2004).

Biotransformation Enzymes and Drug Transporters in
the Prostate
The detection of several CYPs and transporters in prostate
tissue, as well as the responsiveness of some of these
genes to coadministered drugs or after exposure to envi-
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ronmental chemicals may be highly significant. Local
metabolic processes may contribute to keeping the con-
centration of agents used in the management of prostatic
conditions to subtherapeutic levels. This may give rise to
emergence of drug-resistant cells and result in the failure
of therapy.

Phase I Drug-Metabolizing Enzymes in the Prostate
There is differential expression of drug-metabolizing en-
zymes in the human prostate (Table 1). Some enzymes
(CYP3A4 and CYP3A7) are detected in normal tissue or
the benign tissue at the margin surrounding tumors but
are absent from neoplastic tissue (Finnström et al, 2001).

CYP1A, CYP2C, and CYP3A, as well as epoxide hy-
drolase, have been detected in prostate epithelium and
in prostate tumor cells (Murray et al, 1995). Finnström
et al (2001) described the expression pattern of CYP
gene transcripts in tissue specimens from BPH and pros-
tate cancer patients. CYP1A2, CYP1B1, CYP2C19,
CYP2D6, CYP3A5, and CYP4B1 were detected in nor-
mal and tumor samples, but CYP3A4 was only present
in normal samples. Of the CYPs measured, CYP1A1,
CYP2C9, CYP2E1, and CYP4A11 were not detected by
these investigators (Finnström et al, 2001). Similarly,
CYP2C but not CYP3A, was detected in normal prostate
epithelium and in neoplastic prostate tissue by immu-
nohistochemistry (Yokose et al, 1999). CYP2C9 mes-
senger RNA (mRNA) was detected in the prostate, but
mRNA for CYP2C8, CYP2C18, and CYP2C19 were ab-
sent (Klose et al, 1999). In contrast to the report of Yo-
kose et al, CYP3A5 has been detected in the prostate
(Agundez et al, 1998; Yamakoshi et al, 1999; Finnström
et al, 2001). CYP1A, CYP2C, CYP2D, and CYP3A are
important catalysts of drug biotransformation. As dis-
cussed in the section on metabolism of prostate drugs,
these CYPs are involved in their biotransformation. In-
deed, Agundez et al (1998) reported that the Michaelis
constants (Kms) for CYP3A substrate oxidation in the
prostate were similar to those in liver, notwithstanding
the much lower Vmax values, reflecting the lower level
of protein expression.

The polymorphically distributed CYP2D6 has also
been detected in the prostate (Agundez et al, 1998). Ac-
tivity (N-demethylation of dextromethorphan) was ap-
proximately 10% of that in liver. It will now be of interest
to determine whether the extensive range of allelic vari-
ants of CYP2D6 also give rise to the same range of tran-
scripts in the prostate that have been detected in liver.

A novel member of the CYP3A subfamily, CYP3A43,
was detected in the adult liver, kidney, pancreas, and pros-
tate by polymerase chain reaction (PCR)/agarose gel elec-
trophoresis. Domanski et al cloned and expressed this en-
zyme in a heterologous cell system, but its role in drug

metabolism has yet to be elucidated (Domanski et al,
2001).

Phase II Drug-Metabolizing Enzymes in the Prostate
GST-a, GST-m, and GST-p have been detected in non-
neoplastic prostate epithelium but only GST-a and GST-
m were detected in prostate tumors (Murray et al, 1995).
Conjugation of 1-chloro-2,4-dinitrobenzene with reduced
glutathione as well as Western blot analysis indicated the
presence of subunits from each of the major classes of
GSTs in normal and BPH prostate tissue (Tew et al, 1987;
Di Ilio et al, 1990). Indeed, expression of GST-p has also
been reported on a number of occasions (Cookson et al,
1997). GST-p was highly expressed in basal epithelial
cells but was present only at a very low level in acinar
epithelial cells (Cookson et al, 1997), and was absent in
the prostate cancer precursor, prostatic intraepithelial neo-
plasia (PIN), and in prostate carcinoma, in agreement with
the reports of other investigators (Murray et al, 1995; Sul-
livan et al, 1998). GST-p predominates in basal cells and
secretory acinar epithelium of normal and BPH tissues,
but is consistently absent in incidental prostate cancer
cells, in PIN, and in malignant prostate tumor. GST-p is,
however, frequently expressed in other cancers.

Expression of NAT1 and NAT2 isoforms in BPH tis-
sues by in situ hybridization has also been noted (Wang
et al, 1999). Transcripts of NAT1 and NAT2 were de-
tected in the glandular prostate epithelium, whereas the
loose connective tissue and the capillary vessels of the
stroma, which surround the glandular prostate, did not
show any significant hybridization signal for these en-
zymes (Wang et al, 1999).

Drug Transporters in the Human Prostate
MRP1 (ABCC1) expression was high in early stage pros-
tate tumors and increased with more severe (Gleason and
surgical) stages/categories of pathology (Sullivan et al,
1998). Several other groups also examined drug trans-
porters in the prostate. Uchiumi et al (1998) reported min-
imal expression of canalicular multispecific organic anion
transporter (cMOAT)-2/MRP3 (ABCC3) as well as of
cMOAT1/MRP2 (ABCC2) in the prostate, compared with
liver. Lee et al (1998) isolated a cDNA that encodes
ABCC4 (also known as MRP4) by a degenerate PCR ap-
proach. The MRP4 expression pattern was examined in a
range of human tissues by hybridization analysis; of all
of the tissues examined, transcript levels were highest in
the prostate (Lee et al, 1998). The subcellular localization
of ABCC4 was assessed in transfected cells and in pros-
tate tissue by immunohistochemistry; ABCC4 protein
was localized primarily in the basolateral plasma mem-
brane of tubuloacinar cells of prostate tissue. Based on
this location, it was suggested that one function of
ABCC4 might be to efflux xenobiotics/toxins out of pros-
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tatic epithelial cells into the stroma to protect the prostatic
fluid (Lee et al, 2000). Kawai et al also detected MDR1
(ABCB1) in both benign and malignant prostate cells
while clarifying the possible role of the transporter protein
P-gp in the intrinsic drug resistance of prostate cancer
cells (Kawai et al, 2000). Similar findings were reported
by David-Beabes et al (2000). In nonmalignant prostate
glands, ABCB1 expression in the epithelial cells was
highest in the inner rather than in the outer zone. It was
suggested that intrinsic drug resistance may be related to
overexpression of MDR1.

Drug Resistance in the Prostate: Role of
Biotransformation Enzymes and Transporter Proteins
Drug resistance in tumor cells has been associated with
altered expression of transporter proteins and drug-me-
tabolizing enzymes. Thus, overexpression of these genes
enables the target cells to keep intracellular drug concen-
trations low. CYP overexpression may be particularly rel-
evant to the susceptibility of prostate cells to therapeutic
regimens. Ly et al (1999) demonstrated that prostate cells
were resistant to the antiproliferative effects of 1a, 25-
dihydroxyvitamin D3 and tested the hypothesis that this
may be because of enhanced activity of CYP24 (a vitamin
D3 hydroxylase). Coadministration of liarozole, an inhib-
itor of CYP-dependent vitamin D and vitamin A hydrox-
ylation, effectively restored the sensitivity of the cells to
1a, 25-dihydroxyvitamin D3 (Ly et al, 1999). In a similar
strategy, coadministration of the imidazole, ketoconazole,
and of imidazole-based steroidal derivatives decreased an-
drogen production in LNCaP cells by inhibiting the
CYP17 hydroxylase, which is a critical enzyme in the
production of androgens from C21 precursor steroids
(Klus et al, 1996). This is analogous to treatment of cells
with antiandrogens such as flutamide, but which targets
an earlier step in androgen biosynthesis.

The antimycotic ketoconazole has been evaluated for
the management of hormone-refractory prostate cancer; a
recent trial yielded favorable results (Wilkinson and Cho-
dak, 2004). Ketoconazole blocks both testicular and ad-
renal androgen biosynthesis by inhibiting CYP enzymes
involved in steroidogenesis (Pont et al, 1982). Like sim-
ilar strategies to inhibit androgen production, the use of
potent CYP inhibitors to target steroidogenic pathways
may be viable, although the nonselectivity of ketocona-
zole as a broad-spectrum CYP inhibitor will most likely
preclude its widespread use. These reports establish that
nondrug-metabolizing CYPs in prostate cells may have
critical roles in homeostasis and offer potentially valuable
and novel approaches to the treatment of prostate disor-
ders using selective inhibitors.

The transporter MRP1 (ABCC1) seems to have a role
in cellular resistance to the antiandrogen flutamide (Grzy-
wacz et al, 2003). In the MRP-1 overexpressing cell lines

(KB4D–10 and PC-3-ADR) intracellular flutamide and
hydroxyflutamide concentrations are extremely low.
Overexpression of MRP-1 in resected prostate cancer tis-
sue (Sullivan et al, 1998) may shed light on the in vivo
significance of the resistance of cultured cells to antian-
drogens. Inhibition of MRP-1 (eg, by leukotriene D4,
buthionine sulfoximine, and VX-710) may be of value in
management of prostate cancers with antiandrogens
(Grzywacz et al, 2003).

MRP3 (ABCC3) was investigated in the prostate cell
lines PC-3, P/CDP5 (cisplatin resistant) and P/CDP5-R
(cisplatin-sensitive revertant); there was no specific
change in cellular levels with decreasing accumulations
of cisplatin (Uchiumi et al, 1998). The drug transporter
MRP4 (ABCC4) conferred resistance to short-term meth-
otrexate treatment (Lee et al, 2000).

Single nucleotide polymorphisms (SNPs) were identi-
fied in MRP1–4 (ABCC1 to ABCC4) genes, among many
others (Saito et al, 2002). Various mutations in MDR1,
MRP1, and MRP2 were observed (Ito et al, 2001), where-
as polymorphisms in MRP3 displayed interethnic differ-
ences in incidence (Lang et al, 2003). To date, more than
28 SNPs have been found in MDR1 (Sakaeda et al, 2003),
although the functional impact of these variants remains
largely unclear. However, increasing evidence implicates
such genetic polymorphisms in interindividual differences
in activities of drug transporters.

Role of Biotransformation in Chemical Carcinogenesis in
the Prostate
Because drug-metabolizing enzymes are involved in the
activation of carcinogens and mutagens, several studies
have evaluated the association between their expression
and the expression of gene variants as risk factors for
carcinogenesis. Thus, polymorphisms have been proposed
as genetic biomarkers for susceptibility to some forms of
cancer, for instance, NAT2 polymorphism is proposed as
a biomarker for prostate cancer because it has a proven
association with more clinically advanced and patholog-
ically aggressive disease (Hamasaki et al, 2003).

Epidemiologic studies have implicated an association
between the intake of charbroiled (barbecued) beef meat
and the incidence of prostate cancer (Williams et al, 2000;
Ferguson, 2002). Meat cooked in this way contains food-
derived mutagens that are activated by CYPs to proximate
mutagenic species that bind to DNA. Thus, CYPs oxidize
2-amino-3-methylimidazo[4,5-f]quinoline and 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) to hydrox-
ylated products that are activated further by NAT-conju-
gating enzymes to reactive DNA-binding intermediates
(Turesky et al, 1991). Such adducts may escape DNA
repair processes, leading to permanent damage to genetic
material. Biotransformation enzymes clearly have a major
role in promutagen bioactivation as well as in the meta-
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bolic conversion of drugs to inactive and active metabo-
lites.

Ingestion of chargrilled meat also results in induction
of CYP1A enzymes (Fontana et al, 1999). CYP1A1 con-
tributes significantly to metabolic activation of heterocy-
clic and aromatic amines and polyaromatic hydrocarbons.
CYP1A2 was postulated to activate carcinogens in BPH
tissue, and polymorphisms in the gene have been impli-
cated in prostate cancer (Murata et al, 2001). Metastatic
prostate cell lines (LNCaP, DU145, and PC-3) showed
constitutive expression of CYP1A1 and CYP1A2. Incu-
bation with benzo[a]pyrene only induced CYP1A1 and
CYP1A2 expression in androgen-dependent cell lines, for
instance, LNCaP and 1542-CP3TX. Thus, it was sug-
gested that aromatic (aryl) hydrocarbon receptor ligands
contribute to the development and progression of prostate
cancer by upregulating CYPs that activate hydrocarbons
to their ultimate carcinogenic metabolites (Sterling and
Cutroneo, 2004).

Metabolism of carcinogens by CYPs has also been
linked to initiation of cancer, for instance, in the esoph-
agus (Murray et al, 1994b; Nakajima et al, 1996) and
stomach (Murray et al, 1998), where CYP1B1 is over-
expressed. The significance of CYP1B1 expression in
prostate tumor cells, however, needs further scrutiny. A
possible association between prostate cancer and the de-
fective alleles of CYP2D6, which are responsible for the
poor metabolizer phenotype has been suggested (Febbo
et al, 1998).

Both CYP3A4 and CYP3A5 have been shown to play
a minor role in the activation of food-derived heterocyclic
amines (Windmill et al, 1997). The CYP3A4-V allele was
associated with a higher tumor to lymph node metastasis
stage (TNM) and Gleason grade (Rebbeck et al, 1998).
CYP3A4*1B was associated with markers of advanced
disease (Keshava et al, 2004; Tayeb et al, 2004; Zeigler-
Johnson, 2004). CYP3A43 has been associated with fa-
milial prostate cancer. Indeed, the variant CYP3A43*3
has been linked to the severity of prostate cancer (Zeigler-
Johnson, 2004).

CYP4B1 mediates the activation of arylamines by N-
hydroxylation (Windmill et al, 1997). High expression of
CYP4B1 increases the risk of bladder tumor (Imaoka et
al, 2000), and may be associated with prostate cancer risk.
Indeed, there is a high coincidence of prostate cancers in
patients with bladder cancer (Kinoshita et al, 2004).

GST-a and GST-p have been shown to inhibit adduc-
tion of activated PhIP metabolites to DNA in cell-free
systems (Nelson et al, 2001). Loss of GST-p is proposed
to be significant in the development and progression of
prostate cancer, because a striking decrease in the ex-
pression of the gene GSTP1 may be relevant for prostate
carcinogenesis (Lee et al, 1994). Hypermethylation of
GSTP1 CpG islands was reported to be responsible for

the loss of expression of this gene in human prostate can-
cer cells (Lin et al, 2001), an extremely frequent change
in prostatic carcinoma (Santourlidis et al, 1999). Thus, a
screening test based on GSTP1 methylation is proposed
as an adjunct to serum screening tests and digital rectal
examination to identify men at increased risk of harboring
cancer despite a negative biopsy and to discriminate pros-
tate carcinoma from BPH (Chu et al, 2002; Gonzalgo et
al, 2002; Harden et al, 2003). In addition, the genotypes
of GSTs, especially the Val-allele of GSTP1, were asso-
ciated with familial prostate cancer risk (Nakazato et al,
2003). GSTM1 and GSTT1 have also been implicated in
prostate cancer (Murata et al, 2001).

Conclusions and Future Perspectives
There is sufficient evidence that enzymes active in phase
I and phase II metabolism of xenobiotics are expressed
in the prostate. The pharmacokinetics of drugs with high
affinity to the prostate gland may be significantly affected
by the presence of drug-metabolizing enzymes. However,
the extent of the contribution of the prostate to drug me-
tabolism in vivo, as well as the clinical relevance of the
presence of drug-metabolizing enzymes, have to be ex-
plored in further studies. Identification of individuals at
high risk of susceptibility to prostate cancer through de-
tection of polymorphic drug-metabolizing enzymes is un-
derway to complement other diagnostic procedures, with
a view to prevention and early treatment of prostate can-
cer.

As with drug-metabolizing enzymes, the protective role
of transporter proteins in the prostate is evident, though
their organ-specific role has not been fully elucidated. An
understanding of the function of transporter genes may
eventually explain individual differences in susceptibility
to BPH and prostate cancer, as well as in response to
pharmacotherapy. Identification of specific transporters
that play a role in the disposition of a drug can be a
valuable tool in optimizing efficacy. Reversal agents that
can modulate drug resistance mediated by transporters are
now being developed. The development of molecules that
inhibit transporters that are expressed at high levels in the
prostate may also optimize drug efficacy.
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Finnström N, Bjelfman C, Söderström T, Smith G, Egevad L, Norlen B,
Wolf C, Rane A. Detection of cytochrome P450 mRNA transcripts in
prostate samples by RT-PCR. Eur J Clin Invest. 2001;31:880–886.

Fontana R, Lown K, Paine M, Fortlage L, Santella R, Felton J, Knize M,
Greenberg A, Watkins P. Effects of a chargrilled meat diet on ex-
pression of CYP3A, CYP1A, and P-glycoprotein levels in healthy
volunteers. Gastroenterology. 1999;117:89–98.

Garrigues A, Loiseau N, Delaforge M, Ferte J, Garrigos M, Andre F,
Orlowski S. Characterization of two pharmacophores on the multidrug
transporter p-glycoprotein. Mol Pharmacol. 2002;62:1288–1298.

Gonzalez F, Gelboin H. Role of human cytochromes P450 in the meta-
bolic activation of chemical carcinogens and toxins. Drug Metab Rev.
1994;26:165–183.

Gonzalgo M, Pavlovich C, Lee S, Nelson W. Prostate cancer detection
by GSTP1 methylation analysis of postbiopsy urine specimens. Clin
Cancer Res. 2002;9:2673–2677.

Grzywacz M, Yang J, Hait W. Effect of the multidrug resistance protein
on the transport of the antiandrogen flutamide. Cancer Res. 2003;63:
2492–2498.

Gurtoo H, Marinello A, Struck R, Pahl B, Dahms R. Studies on the
mechanism of denaturation of cytochrome P450 by cyclophosphamide
and its metabolites. J Biol Chem. 1981;256:11691–11701.

Hagenauer B, Salamon A, Thalhammer T, Kunert O, Haslinger E, Klinger
P, Senderowicz A, Sausville E, Jager W. In vitro glucuronidation of
the cyclin-dependent kinase inhibitor flavopiridol by rat and human
liver microsomes; involvement of UDP glucuronosyltransferases 1A1
and 1A9. Drug Metab Dispos. 2001;29:407–414.

Hamasaki T, Inatomi H, Katoh T, Aono H, Ikuyama T, Muratani T, Mat-
sumoto T. N-acetyltransferase-2 gene polymorphism as a possible bio-
marker for prostate cancer in Japanese men. Int J Urol. 2003;10:167–
173.

Harden S, Guo Z, Epstein J, Sidransky D. Quantitative GSTP1 methyl-
ation clearly distinguishes benign prostatic tissue and limited prostate
adenocarcinoma. J Urol. 2003;169:1138–1142.

Harris J, Rahman A, Kim B, Guenguerich F, Collins J. Metabolism of
taxol by hepatic microsomes and liver slices: participation of cyto-
chrome P450 3A4 and an unknown P450 enzyme. Cancer Res. 1994;
54:4026–4035.

Hayer-Zillgen M, Bruss M, Bonisch H. Expression and pharmacological
profile of the human organic cation transporters hOCT1, hOCT2 and
hOCT3. Br J Pharmacol. 2002;136:829–836.

Heikinheimo O. Clinical pharmacokinetics of mifepristone. Clin Phar-
macokinet. 1997;33:7–17.

Huang Z, Roy P, Waxman D. Role of human liver microsomal CYP3A4
and CYP2B6 in catalyzing N-dechloroethylation of cyclophospha-
mide and ifosfamide. Biochem Pharmacol. 2000;59:961–972.

Huskey S, Dean D, Miller R, Rasmusson G, Chiu S-HL. Identification
of human cytochrome P450 isozymes responsible for the in vitro ox-
idative metabolism of finasteride. Drug Metab Dispos. 1995;23:1126–
1135.

Imaoka S, Yoneda Y, Sugimoto T, Hiroi T, Yamamoto K, Nakatani T,
Funae Y. CYP4B1 is a possible risk factor for bladder cancer in hu-
mans. Biochem Biophys Res Commun. 2000;277:776–780.

Ito S, Ieiri I, Tanabe M, Suzuki A, Higuchi S, Otsubo K. Polymorphism
of the ABC transporter genes, MDR1, MRP1 and MRP2/cMOAT, in
healthy Japanese subjects. Pharmacogenetics. 2001;11:175–184.

Jang G, Benet L. Antiprogestin pharmacodynamics, pharmacokinetics,
and metabolism: implications for their long-term use. J Pharmaco-
kinet Biopharm. 1997;25:647–672.

Jang G, Wrighton S, Benet L. Identification of CYP3A4 as the principal
enzyme catalyzing mifepristone (RU 486) oxidation in human liver
microsomes. Biochem Pharmacol. 1996;52:753–761.

Kajita J, Kuwabara T, Kobayashi H, Kobayashi S. CYP 3A4 is mainly
responsible for the metabolism of a new vinca alkaloid, vinorelbine,
in human liver microsomes. Drug Metab Dispos. 2000;28:1121–1127.

Kamimura S, Oishi S, Matsushima H, Watanabe T, Higuchi S, Hall M,
Wood S, Chasseaud L. Identification of cytochrome P450 isozymes
involved in metabolism of the alpha 1-adrenoceptor blocker tamsu-
losin in human liver microsomes. Xenobiotica. 1998;28:909–922.

Kawai K, Sakurai M, Sakai T, Misaki M, Kusano I, Shiraishi T, Yatani
R. Demonstration of MDR1 P-glycoprotein isoform expression in be-
nign and malignant human prostate cells by isoform-specific mono-
clonal antibodies. Cancer Lett. 2000;150:147–153.

Kawashiro T, Yamashita K, Zhao X, Koyama E, Tani M, Chiba K, Ishi-
zaki T. A study on the metabolism of etoposide and possible inter-
actions with antitumor or supporting agents by human liver micro-
somes. J Pharmacol Exp Ther. 1998;286:1294–1300.

Keshava C, McCanlies E, Weston A. CYP3A4 polymorphisms—potential
risk factors for breast and prostate cancer: a HuGE review. Am J
Epidemiol. 2004;160:825–841.

Khan K, He Y. Differential oxidation of mifepristone by cytochromes
P450 3A4 and 3A5: selective inactivation of P450 3A4. Drug Metab
Dispos. 2002;30:985–990.

Kim S, Suzuki N, Santosh Laxmi Y, Rieger R, Shibutani S. Alpha-hy-
droxylation of tamoxifen and toremifene by human and rat cyto-
chrome P450 3A subfamily enzymes. Chem Res Toxicol. 2003;16:
1138–1144.

Kinoshita Y, Singh A, Rovito P, Wang C, Haas G. Double primary cancers
of the prostate and bladder: a literature review. Clin Prostate Cancer.
2004;3:83–86.

Klose TS, Blaisdell JA, Goldstein JA. Gene structure of CYP2C8 and
extrahepatic distribution of the human CYP2Cs. J Biochem Mol Tox-
icol. 1999;13:289–295.

Klus GT, Nakamura J, Li JS, Ling YZ, Son C, Kemppainen JA, Wilson
EM, Brodie AM. Growth inhibition of human prostate cells in vitro
by novel inhibitors of andogen synthesis. Cancer Res. 1996;56:4956–
4964.

Koch I, Weil R, Wolbold R, Brockmoller J, Hustert E, Burk O, Nuessler
A, Neuhaus P, Eichelbaum M, Zanger U, Wojnowski L. Interindivid-
ual variability and tissue-specificity in the expression of cytochrome
P450 3A mRNA. Drug Metab Dispos. 2002;30:1108–1114.

Komatsu T, Yamazaki H, Shimada N, Nakajima M, Yokoi T. Roles of
cytochromes P450 1A2, 2A6, and 2C8 in 5-fluorouracil formation
from tegafur, an anticancer prodrug, in human liver microsomes. Drug
Metab Dispos. 2000;28:1457–1463.

Krishna D, Klotz U. Extrahepatic metabolism of drugs in humans. Clin
Pharmacokinet. 1994;26:144–160.

Kumar G, Walle U, Walle T. Cytochrome P450 3A mediated human liver
microsomal taxol 6a-hydroxylation. J Pharmacol Exp Ther. 1994;
268:1160–1165.

Lang T, Hitzl M, Burk O, Mornhinweg E, Keil A, Kerb R, Klein K,
Zanger U, Eichelbaum M, Fromm M. Genetic polymorphisms in the
multidrug resistance-associated protein 3 (ABCC3, MRP3) gene and
relationship to its mRNA and protein expression in human liver. Phar-
macogenetics. 2004;14:155–164.

Lee K, Belinsky M, Bell D, Testa J, Kruh G. Isolation of MOAT-B, a
widely expressed multidrug resistance-associated protein/canalicular
multispecific organic anion transporter–related transporter. Cancer
Res. 1998;58:2741–2747.

Lee K, Klein-Szanto J, Kruh G. Analysis of the MRP4 drug resistance
profile in transfected NIH3T3 cells. J Nat Cancer Inst. 2000;92:1934–
1940.

Lee W, Morton R, Epstein J, Brooks J, Campbell P, Bova G, Shsieh W,



149Obligacion et al · Drug-Metabolizing Enzymes and Transporters

Isaacs E, Nelson W. Cytidine methylation of regulatory sequences
near the p-class glutathione S-transferase gene accompanies human
prostatic carcinogenesis. Proc Nat Acad Sci U S A. 1994;91:11733–
11737.

Li M, Ittmann MM, Rowley DR, Knowlton AA, Vaid AK, Epner DE.
Glutathione S-transferase pi is upregulated in the stromal compart-
ment of hormone independent prostate cancer. Prostate. 2003;56:98–
105.

Lin X, Tascillar M, Lee W, Vles W, Lee B, Veeraswamy R, Asgari K,
Freije D, Van Rees B, Gage W, Bova G, Isaacs W, Brooks J, DeWeese
T, De Marzo A, Nelson W. GSTP1 CpG island hypermethylation is
responsible for the absence of GSTP1 expression in human prostate
cancer cells. Am J Pathol. 2001;159:1815–1826.

Long L, Dolan M. Role of cytochrome P450 isoenzymes in metabolism
of O(6)benzyl-guanine: implications for dacarbazine activation. Clin
Cancer Res. 2001;7:4239–4244.

Ly L, Zhao X, Holloway L, Feldman D. Liarazole acts synergistically
with 1 alpha, 25-dihydroxyvitamin D3 to inhibit growth of DU145
human prostate cells by blocking 24-hydroxylase activity. Endocri-
nology. 1999;140:2071–2076.

Marre F, Sanderink G, de Sousa G, Gaillard C, Martinet M, Rahmani R.
Hepatic biotransformation of docetaxel (Taxotere) in vitro: involve-
ment of the CYP3A subfamily in humans. Cancer Res. 1996;56:
1296–1302.

May-Manke A, Kroemer H, Hempel G, Bohnenstengel F, Hohenlochter
B, Blaschke G, Boos J. Investigation of the major human hepatic
cytochrome P450 involved in 4-hydroxylation and N-dechloroethyl-
ation of trofosfamide. Cancer Chemother Pharmacol. 1999;44:327–
334.

Montironi R, Mazzucchelli R, Pomante R, Thompson D, da Silva V,
Vaught L, Bartels P. Immunohistochemical expression of pi class glu-
tathione S-transferase in the basal cell layer of benign prostate tissue
following chronic treatment with finasteride. J Clin Pathol. 1999;52:
350–354.

Montironi R, Mazzucchelli R, Stramazzotti D, Pomante R, Thompson D,
Bartels PH. Expression of pi-class glutathione S-transferase: two pop-
ulations of high grade prostatic intraepithelial neoplasia with different
relations to carcinoma. Mol Pathol. 2000;53:122–128.

Moskaluk CA, Duray PH, Cowan KH, Linehan M, Merino MJ. Immu-
nohistochemical expression of pi-class glutathione S-transferase is
down-regulated in adenocarcinoma of the prostate. Cancer. 1997;79:
1595–1599.

Murata M, Watanabe M, Yamanaka M, Kubota Y, Ito H, Nagao M, Katoh
T, Kamataki J, Kawamura J, Yatani R, Shiraishi T. Genetic polymor-
phisms in cytochrome P450 (CYP) 1A1, CYP1A2, CYP 2E1, gluta-
thione S-transferase (GST) M1 and GSTT1 and susceptibility to pros-
tate cancer in the Japanese population. Cancer Lett. 2001;165:171–
177.

Murray G. The role of cytochrome P450 in tumour development and
progression and its potential in therapy. J Pathol. 2000;1992:419–
426.

Murray G, Shaw D, Weaver R, McKay J, Ewen S, Melvin W, Burke M.
Cytochrome P450 expression in oesophageal cancer. Gut. 1994a;35:
599–603.

Murray G, Taylor M, Burke M, Melvin W. Enhanced expression of cy-
tochrome P450 in stomach cancer. Br J Cancer. 1998;77:1040–1044.

Murray G, Taylor V, McKay J, Weaver R, Ewen S, Melvin W, Burke M.
The immunohistochemical localization of drug-metabolizing enzymes
in prostate cancer. J Pathol. 1995;177:147–152.

Murray M, Butler A, Stupans I. Competitive inhibition of human liver
microsomal cytochrome P450 3A-dependent steroid 6 beta-hydrox-
ylation activity by cyclophosphamide and ifosfamide in vitro. J Phar-
macol Exp Ther. 1994b;270:645–649.

Muskhelishvili L, Thompson PA, Kusewitt DF, Wang C, Kadlubar FF. In

situ hybridization and immunohistochemical analysis of cytochrome
P450 1B1 expression in human normal tissues. J Histochem Cyto-
chem. 2001;49:229–236.

Nakajima T, Wang R, Nimura Y, Pin Y, He M, Vainto H, Murayama N,
Aoyama T, Iida F. Expression of cytochrome P450s and glutathione
S-transferase in human oesophagus with squamous-cell carcinomas.
Carcinogenesis. 1996;17:1477–1481.

Nakayama M, Bennett C, Hicks J, Epstein J, Platz E, Nelson W, De
Marzo A. Hypermethylation of the human glutathione S-transferase-
pi gene (GSTP1) CpG island is present in a subset of proliferative
inflammatory atrophy lesions but not in normal or hyperplastic epi-
thelium of the prostate: a detailed study using laser-capture microdis-
section. Am J Pathol. 2003:923–933.

Nakazato H, Suzuki K, Matsui H, Koike H, Okugi H, Ohtake N, Takei
T, Nakata S, Hasumi M, Ito K, Kurokawa K, Yamanaka H. Associa-
tion of genetic polymorphisms of glutathione-S-transferase genes
(GSTM1, GSTT1 and GSTP1) with familial prostate cancer risk in
Japanese population. Anticancer Res. 2003;23:2897–2902.

Nelson C, Kidd L, Sauvageot J, Isaacs W, De Marzo A, Groopman J,
Nelson W, Kensler T. Protection against 2-hydroxyamino-1-methyl-6-
phenylimidazo[4,5-b]pyridine cytotoxicity and DNA adduct formation
in human prostate by glutathione S-transferase P1. Cancer Res. 2001;
61:103–109.

Nelson DR, Koymans L, Kamataki T, Stegeman JJ, Feyereisen R, Wax-
man DJ, Waterman MR, Gotoh O, Coon MJ, Estabrook RW, Gunsalus
IC, Nebert DW. P450 superfamily: update on new sequences, gene
mapping, accession numbers and nomenclature. Pharmacogenetics.
1996;6:1–42.

Nishimura M, Yaguti H, Yoshitsugu H, Naito S, Satoh T. Tissue distri-
bution of mRNA expression of human cytochrome P450 isoforms
assessed by high-sensitivity real-time reverse transcription PCR. Yak-
ugaku Zasshi. 2003;123:369–375.

Nooter K, Westerman AM, Flens MJ, Zaman GJ, Scheper RJ, van Win-
gerden KE, Burger H, Oostrum R, Boersma T, Sonneveld P. Expres-
sion of the multidrug resistance-associated protein (MRP) gene in
human cancers. Clin Cancer Res. 1995;1:1301–1310.

Ozvegy C, Litman T, Szakacs G, Nagy Z, Bates S, Varadi A, Sarkadi B.
Functional characterization of the human multidrug transporter,
ABCG2, expressed in insect cells. Biochem Biophys Res Commun.
2001;285:111–117.

Parsons JK, Nelson CP, Gage WR, Nelson WG, Kensler TW, De Marzo
AM. GSTA1 expression in normal, preneoplastic, and neoplastic hu-
man prostate tissue. Prostate. 2001;49:30–37.

Pierce D. A review of the clinical pharmacokinetics and metabolism of
the alpha 1-adrenoceptor antagonist indoramin. Xenobiotica. 1990;20:
1357–1367.

Pont A, Williams P, Azhar S, Reitz R, Bochra C, Smith E. Ketoconazole
blocks testosterone synthesis. Arch Intern Med. 1982;142:2137–2140.

Rahman A, Korzekwa K, Grogan J, Gonzalez F, Harris J. Selective bio-
transformation of Taxol to 6a-hydroxytaxol by human cytochrome
P450 2C8. Cancer Res. 1994;54:5543–5546.

Ramzi D, Li N, Abraham S, Rahman A, Sridhara R, Pazdur R. Approval
summary: docetaxel in combination with prednisone for the treatment
of androgen-independent hormone refractory prostate cancer. Clin
Cancer Res. 2004;10:8147–8151.

Rebbeck T, Jaffe J, Walker A, Wein A, Malkowicz S. Modification of
clinical presentation of prostate tumors by a novel genetic variant in
CYP3A4. J Nat Cancer Inst. 1998;90:1225–1229.

Reid J, Kuffel M, Miller J, Rios R, Ames M. Metabolic activation of
dacarbazine by human cytochromes P450: the role of CYP1A1,
CYP1A2, and CYP2E1. Clin Cancer Res. 1999;5:2192–2197.

Reidy G, Murray M. In vitro inhibition of hepatic steroid hydroxylation
by tamoxifen, a series of tamoxifen analogues and related compounds.
Biochem Pharmacol. 1989;38:195–199.



150 Journal of Andrology · March/April 2006

Relling M, Nemec J, Schuetz E, Schuetz J, Gonzalez F, Korzekwa K. O-
demethylation of epipodophyllotoxins is catalyzed by human cyto-
chrome P450 3A4. Mol Pharmacol. 1994;45:352–358.

Rocchi E, Khodjakov A, Volk EL, Yang CH, Litman T, Bates SE, Schnei-
der E. The product of the ABC half-transporter gene ABCG2 (BCRP/
MXR/ABCP) is expressed in the plasma membrane. Biochem Biophys
Res Commun. 2000;271:42–46.

Rochat B, Morsman J, Murray G, Figg W, McLeod H. Human CYP1B1
and anticancer agent metabolism: mechanism for tumor-specific drug
inactivation. J Pharmacol Exp Ther. 2001;296:537–541.

Saito S, Iida A, Sekine A, Miura Y, Ogawa C, Kawauchi S, Higuchi S,
Nakamura Y. Identification of 779 genetic variations in eight genes
encoding members of the ATP-binding cassette, subfamily C (ABCC/
MRP/CFTR). J Hum Genet. 2002;47:147–171.

Sakaeda T, Nakamura T, Okumura K. Pharmacogenetics of MDR1 and
its impact on the pharmacokinetics and pharmacodynamics of drugs.
Pharmacogenomics. 2003;4:397–410.

Santourlidis S, Florl A, Ackermann R, Wirtz H, Schulz W. High fre-
quency of alterations in DNA methylation in adenocarcinoma of the
prostate. Prostate. 1999;39:166–174.

Schummer B, Siegsmund M, Steidler A, Toktomambetova L, Kohrmann
KU, Alken P. Expression of the gene for the multidrug resistance-
associated protein in human prostate tissue. Urol Res. 1999;27:164–
168.

Shapiro A, Ling V. The mechanism of ATP-dependent multidrug transport
by P-glycoprotein. Acta Physiol Scand. 1998;643:227–234.

Shet M, McPhaul M, Fisher C, Stallings N, Estabrook R. Metabolism of
the antiandrogenic drug (flutamide) by human CYP1A2. Drug Metab
Dispos. 1997;25:1298–1303.

Shirakawa K, Takara K, Tanigawara Y, Aoyama N, Kasuga M, Komada
F, Sakaeda T, Okumura K. Interaction of docetaxel (‘‘Taxotere’’) with
human P-glycoprotein. Jpn J Cancer Res. 1999;90:1380–1386.

Shou M, Martinet M, Korzekwa K, Krausz K, Gonzalez F, Gelboin H.
Role of human cytochrome P450 3A4 and 3A5 in the metabolism of
taxotere and its derivatives: enzyme specificity, interindividual distri-
bution and metabolic contribution in human liver. Pharmacogenetics.
1998;8:391–401.

Sladek N. Metabolism of oxazaphosphorines. Pharmacol Ther. 1988;37:
301–355.

Song L, Coghlan M, Gelmann E. Antiandrogen effects of mifepristone
on coactivator and corepressor interactions with the androgen receptor.
Mol Endocrinol. 2004;18:70–85.

Sterling KJ, Cutroneo K. Constitutive and inducible expression of cyto-
chromes P450 (CYP1A1 and CYP1A2) in normal prostate and pros-
tate cancer cells. J Cell Biochem. 2004;91:423–429.

Sugawara I, Akiyama S, Scheper RJ, Itoyama S. Lung resistance protein
(LRP) expression in human normal tissues in comparison with that
of MDR1 and MRP. Cancer Lett. 1997;112:23–31.

Sullivan GF, Amenta PS, Villanueva JD, Alvarez CJ, Yang JM, Hait WN.
The expression of drug resistance gene products during the progres-
sion of human prostate cancer. Clin Cancer Res. 1998;4:1393–1403.

Sundberg AG, Nilsson R, Appelkvist EL, Dallner G. Immunohistochem-

ical localization of alpha and pi class glutathione transferases in nor-
mal human tissues. Pharmacol Toxicol. 1993;72:321–331.

Takara K, Kakumoto M, Tanigawara Y, Funakoshi J, Sakaeda T, Okumura
K. Interaction of digoxin with antihypertensive drugs via MDR1. Life
Sci. 2002;70:1491–1500.

Tew K, Clapper M, Greenberg R, Weese J, Hoffman S, Smith T. Gluta-
thione S-transferases in human prostate. Biochim Biophys Acta. 1987;
926:8–15.

Turesky RJ, Lang NP, Butler MA, Teitel CH, Kadlubar FF. Metabolic
activation of carcinogenic heterocyclic aromatic amines by human
liver and colon. Carcinogenesis. 1991;12:1839–1845.

Uchiumi T, Hinoshita E, Haga S, Nakamura T, Tanaka T, Toh S, Furukawa
M, Kawabe T, Wada M, Kagotani K, Okumura K, Kohno K, Akiyama
S, Kuwano M. Isolation of a novel human canalicular multispecific
organic anion transporter, cMOAT2/MRP3, and its expression in cis-
platin-resistant cancer cells with decreased ATP-dependent drug trans-
port. Biochem Biophys Res Commun. 1998;252:103–110.

Verhaagh S, Schweifer N, Barlow DP, Zwart R. Cloning of the mouse
and human solute carrier 22a3 (Slc22a3/SLC22A3) identifies a con-
served cluster of three organic cation transporters on mouse chro-
mosome 17 and human 6q26-q27. Genomics. 1999;55:209–218.

Wang C, Debiec-Rychter M, Schut H, King C, Haas G. N-acetyltransfer-
ase expression and DNA binding of N-hydroxyheterocyclic amines in
human prostate epithelium. Carcinogenesis. 1999;20:1591–1595.

Wilkinson S, Chodak G. An evaluation of intermediate-dose ketoconazole
in hormone refractory prostate cancer. Eur Urol. 2004;45:581–585.

Williams J, Martin F, Muir G, Hewer A, Grover P, Phillips D. Metabolic
activation of carcinogens and expression of various cytochromes P450
in human prostate tissue. Carcinogenesis. 2000;21:1683–1689.

Windmill K, McKinnon R, Zhu X, Gaedigk A, Grant D, McManus M.
The role of xenobiotic metabolizing enzymes in arylamine toxicity
and carcinogenesis: functional and localization studies. Mutat Res.
1997;376:153–160.

Yamakoshi Y, Kishimoto T, Sugimura K, Kawashima H. Human prostate
CYP3A5: identification of a unique 59-untranslated sequence and char-
acterization of purified recombinant protein. Biochem Biophys Res
Commun. 1999;260:676–681.

Yao D, Ding S, Burchell B, Wolf C, Friedberg T. Detoxication of vinca
alkaloids by human P450 CYP3A4-mediated metabolism: implica-
tions for the development of drug resistance. J Pharmacol Exp Ther.
2000;294:387–395.

Yokose T, Doy M, Taniguchi T, Shimada T, Kakiki M, Horie T, Matsuzaki
Y, Mukai K. Immunohistochemical study of cytochrome P450 2C and
3A in human non-neoplastic and neoplastic tissues. Virchows Arch.
1999;434:401–411.

Zeigler-Johnson C, Fiebel T, Walker A, Wang Y, Spangler E, Panossian
S, Patacsil M, Aplenc R, Wein A, Malkowicz S, Rebbeck T. CYP3A4,
CYP3A5, and CYP3A43 genotypes and haplotypes in the etiology
and severity of prostate cancer. Cancer Res. 2004;64:8461–8467.

Zhou X, Rahmani R. Preclinical and clinical pharmacology of vinca al-
kaloids. Drugs. 1992;44(suppl 4):1–16.

Zhou X, Zhou-Pan X, Gauthier T, Placidi M, Maurel P, Rahmani R. Hu-
man liver microsomal cytochrome P450 3A isozymes mediated vin-
desine biotransformation. Biochem Pharmacol. 1993;45:853–861.


