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to metabolic properties for human CYP2C19 (Matsunaga et
al., 2002).

The monkey, the animal evolutionarily close to humans,
shows not only phenotypic but also physiological similarities
to humans in such biological circumstances as aging (Roth et
al., 2004), reproduction (Bellino and Wise, 2003), and neuro-
logical disease, including Parkinson’s disease (Takagi et al.,
2005). This resemblance can be partly explained by a rela-
tively high similarity (~97%) of protein sequences generally
seen between monkeys and humans (Magness et al., 2005).
For preclinical trials during drug development, monkeys,
especially macaques, are used as a large and nonrodent spe-
cies to evaluate drug effects because they generally show
pharmacokinetics more similar to humans than any nonpri-
mate models. However, it has become apparent that monkeys
are not always similar to humans in drug metabolism
(Stevens et al., 1993; Sharer et al., 1995; Guengerich, 1997,
Weaver et al., 1999; Bogaards et al., 2000; Narimatsu et al.,
2000). We hypothesized that this species difference was due
to the difference in the genetic components essential for drug
metabolism such as P450s between monkeys and humans. In
monkeys, information on the characteristics of drug-metab-
olizing enzymes is largely scarce, especially at molecular
level, preventing a deep understanding of drug metabolism.
Therefore, to test our hypothesis, we have identified a num-
ber of the cynomolgus monkey ¢cDNA clones for P450s; the
characterization of these clones is currently ongoing. Suc-
cessful drug development requires accuracy in the extrapo-
lation of drug metabolism and toxicity data from experimen-
tal animals to humans. Then characterization of these
cynomolgus P450s should help to better understand drug
metabolism in monkeys.

In this article, we report the isolation and characterization
of eynomolgus CYP2C76, a novel P450 with a low homology
to any human or monkey CYP2C ¢cDNAs. RT-PCR and im-
munoblotting indicated the expression of mRNA and protein
homologous to CYP2C76 in cynomolgus and rhesus monkeys
but not in humans. Moreover, the genomic analysis indicated
that the CYP2C76 gene was located at the end of the CYP2C
cluster in the macaque genome, the location of which corre-
sponded to an intergenic region in the human genome, sug-
gesting that the P450 homologous to CYP2C76 does not exist
in humans. The hepatic expression of CYP2C76 was higher
than any other CYP2Cs analyzed, indicating that this P450
was a major CYP2C in the monkey liver. CYP2C76 protein
was active in the metabolism of tolbutamide and testoster-
one. Because of its species specificity and functional impor-
tance, CYP2C76 might account for the species difference
occasionally seen in drug metabolism between monkeys and
humans.

Materials and Methods

Chemicals and Reagents. 4-Hydroxytolbutamide, 6c-hydroxy-
paclitaxel, 3-hydroxypaclitaxel, 4-hydroxy-S-mephenytoin, and 68-
hydroxytestosterone were purchased from Ultrafine Chemicals
(Manchester, UK). Pooled hepatic microsomes from human subjects
and male cynomolgus monkeys were both purchased from BD Gen-
test (Woburn, MA). Labeled [2-benzoyl ring-U-*#C]paclitaxel (2.23
MBqg/mg) was obtained from Sigma-Aldrich (St. Louis, MO), whereas
[ring-U-*Cltolbutamide (2.26 GBg/mmol), S-[4-*CImephenytoin
(9.42 MBqg/mg), and {4-**C]testosterone (2.11 GBg/mmol) were from
GE Healtheare (Little Chalfont, Buckinghamshire, UK). The radio-

chemical purities of these **C-labeled chemicals were >99%. Oligo-
nucleotides were synthesized by Sigma-Genosys (Ishikari, Japan).
All other reagents were purchased from Sigma-Aldrich unless oth-
erwise specified.

Tissue Samples and RNA Extraction. Tissue samples were
collected from individual monkeys, including six cynomolgus mon-
keys (three male and three female) and two male rhesus monkeys,
which were kept under the established guidelines and standard
procedures at Shin Nippon Biomedical Laboratories (Tokyo, Japan).
The study was approved by the local ethics committee. The tissue
samples from brain, lung, heart, liver, kidney, adrenal gland, small
intestine, testis, ovary, and uterus were frozen in liquid nitrogen
right after removal from animals to prevent potential RNA degrada-
tion. Orangutan and chimpanzee liver samples were kindly provided
by GAIN (Great Ape Information Network, Japan). The frozen tis-
sues were first ground with mortar and pestle and then processed in
TRIzol (Invitrogen, Carlsbad, CA) with a Polytron homogenizer (Ki-
nematica, Basel, Switzerland), followed by extraction of total RNA
according to the manufacturer’s instruction. After treatment with
DNase I (Takara, Tokyo, Japan), the RNA was purified using
GenElute Mammalian Total RNA Mini Kit (Sigma-Aldrich).

Cell Culture and RNA Extraction. COS1 cells from the Amer-
ican Type Culture Collection (Manassas, VA) was cultured as de-
scribed previously (Saito et al., 2001). RNA extraction from the cell
and the subsequent DNase 1 treatment were performed using
RNeasy Mini Kit (QIAGEN, Valencia, CA) according to the manu-
facturer’s protocol.

Cloning of CYP2C76 Homologous ¢cDNA in Other Primate
Species. RNA was extracted from liver (for rhesus monkey, orangu-
tan, and chimpanzee) and COS1 cell (for African green monkey). The
first-strand cDNA was generated in a mixture containing 1 ug of
total RNA, oligo (dT) or random primers, and Moloney murine leu-
kemia virus reverse transeriptase (Toyobo, Osaka, Japan) at 37°C for
1 h. The resultant cDNA was diluted 25-fold and used as a template
for the subsequent PCR. For human cDNA, the liver cDNA available
from BD Biosciences (San Jose, CA) was used. The amplification was
carried out using KOD Plus DNA polymerase (Toyobo) according to
the manufacturer’s protocol with the MJ Research thermal cycler
(MJ Research, Watertown, CA). PCR conditions include an initial
denaturation at 95°C for 2 min and 30 cycles of 95°C for 20 s, 55°C
for 20 s, and 72°C for 2 min, followed by a final extension at 72°C for
10 min. Among several different primer-pairs tested, a CYP2C76
homologous sequence for rhesus and African green monkeys was
successfully amplified by PCR using the following primer pairs:
mf27B9 (5rt2), 5'-CCCAGCAATGGATCTCITCA-3’, and mf27B9
(8polyA2a), 5'-TGCCTAGACAGGTAGATAGGAGTG-3’, for the rhe-
sus monkey; mf27B9 (5rt2) and mf27B9 (3ex4b), 5-GAAAAGTGG-
GATCACAGGGA-3’, for the African green monkey. After the addi-
tion of 3’ A-overhangs, the PCR products were cloned into vectors
using TOPO TA Cloning Kit (Invitrogen). The inserts were then
sequenced using ABI Prism BigDye Terminator v8.0 Ready Reaction
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA), fol-
lowed by electrophoresis with the ABI Prism 3730 DNA Analyzer
(Applied Biosystems).

Sequence Analysis. Raw sequence data were imported into
DNASIS Pro (Hitachi Software, Tokyo, Japan) for most sequence
analyses. After vector sequences and regions of sequence with unac-
ceptable quality were removed, the trimmed sequences were assem-
bled to the full-length sequence. A homology search was conducted
by the BLAST program (National Center for Biotechnology Informa-
tion). Multiple alignment of amino acid sequences was performed
with the ClustalW program; the resultant alignment was used to
create a phylogenetic tree using the PHYLIP program by default
parameter. The human and chimpanzee genome data were searched
for the sequence homologous to CYP2C76 by BLAT search (UCSC
Genome Bioinformatics). Likewise, the macaque genome data (Bay-
lor College of Medicine Human Genome Sequencing Center) were
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used to identify and analyze the genome sequences corresponding to
macaque CYP2Cs.

Amplification of CYP2C76 Introns. All the introns were am-
plified from cynomolgus monkey genomic DNA by PCR with 5 pmol
each of forward and reverse gene-specific primers, 0.5 mM dNTPs, 2
mM MgCl,, and 1 unit of LA Taq polymerase (Takara) in a total
volume of 20 ul. The primers used to amplify introns 1 to 8 were
mf27B9 (5rt2), mf27B9 (5ex2a), mf27B9 (5ex3a), mf27B9 (Sexda),
mf27B9 (5ex5a), mf27B9 (5exBa), mf27B9 (5qrtl), or mf27B9 (5genl)
as a forward primer and mf27B9 (3ex2a), mf27B9 (3ex3a), mf27B9
(8ex4a), mf27B9 (3ex5a), mf27B9 (3exBa), mf27B9 (3ex7a), mf27B9
(3qrtl), or mf27B9 (3rtl) as a reverse primer, respectively. The
nucleotide sequence for each primer is listed below. Thermal cycler
conditions were as follows: 95°C for 2 min; 85 cycles of 85°C for 20 s,
55°C for 30 s, and 72°C for 5 min; and a final extension at 72°C for
20 min. After electrophoresis in 0.8% agarose gels, the PCR products
were gel-purified, cloned into vectors using TOPO XL Cloning Kit
(Invitrogen), and sequenced. Sequencing and sequence analysis were
performed as described above to determine the entire sequence of
each intron.

The sequences of oligonucleotide primers used are as follows:
mf27B9  (5ex2a), 5'-GTATTTTCTGGCCGAGGGAG-3'; mf27B9
(5ex3a), 5’-CGGCGTTTCTCTCTCATGGT-3'; mf27B9 (5exda), 5'-
GGGTTGTGTTCCCTGTAATGTC-3"; mf27B9 (5ex5a), 5'-CATCAG-
GAATCTCTGGACATC-3’; mf27B9 (5ex6a), 5'-CAGAGACAACAAG-
CACCACAA-3'; mf27B9 (5qrtl), 5'-CCCATGCAGTGACTCAAGAC-
3’; mf27B9 (5genl), 5’-GCCACTTCCTGGACGAAAG-3'; mf27B9
(3ex2a), 5'-CTCCCTCGGCCAGAAAATAC-3"; mf27B9 (3ex3a), 5'-
ATGCTTCCACCAGACACAAG-3'; mf27B9 (3ex4a), 5'-ACAGGGAA-
CACAACCCAGAA-3'; mf27B9 (8ex5a), 5'-CGAGGGTTATTGATGT-
CCAGAG-3'; mf27B9 (3ex6a), 5-GGAGCATCAGTCCATATCTCAT-
T-3'; mf27B9 (3ex7a), 5'-ATTGGTGGGGATGAGGTCAATA-3';
mf27B9 (3qrtl), 5'-AAGTGGCCAGGGTCAAACT-3'; and mf27B9
(8rtl), 5'-ACAGCCTTGCTCTGCAATC-3'.

Isolation and Analysis of Monkey BAC Clones. The BAC
clone containing the CYP2C genes was isolated by screening a rhesus
monkey BAC library (BACPAC, Oakland, CA) using the CYP2C75
and CYP2C76 ¢cDNAs as probes, because the BAC library was not
available for cynomolgus monkeys. Hybridization with the library
filters was carried out as recommended by the manufacturer using
the probes synthesized in the presence of [a-**P]dCTP (GE Health-
care) with the RadPrime DNA labeling system (Invitrogen). The
identified BAC clones were obtained from the BACPAC. The BAC
DNA was purified using DNA PhasePrep BAC DNA Kit (Sigma-
Aldrich). To identify the CYP2C genes contained in each BAC DNA,
the purified DNA was used as a template for the PCR with specific
primers for 5’ or 3 of each gene, 0.5 mM dNTPs, 2 mM MgCl2, and
1 unit of AmpliTaq Gold DNA polymerase (Applied Biosystems) in a

TABLE 1
Primers used for amplification of CYP2C-positive BAC clones

total volume of 20 ul. PCR conditions were as follows: 95°C for 10
min; 30 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 1 min; and
final extension at 72°C for 10 min. The different primer pairs were
initially designed at exons 1 and 9 of each gene, the location of which
was determined by comparing each cynomolgus ¢cDNA to the human
CYP2C genes. For the genes highly homologous to CYP2(C43 and
CYP2C75, the designed primers did not show a gene-specific ampli-
fication pattern. Therefore, the gene-specific indels were identified in
introns 1 and 8 of these genes by searching the macaque genome
data and the primers recognizing these indels were designed. The
sequences of primers used for the PCR are listed in Table 1. The
amplification pattern was examined to determine an arrangement of
the CYP2C genes in the genome as described previously (Gray et al.,
1995). For the same purpose, the DNA was also used for the BAC end
sequencing and for a restriction enzyme mapping with BamHI or
EcoRI as recommended by the BACPAC.

Real-Time RT-PCR. The primers and TagMan MGB probes spe-
cific for each gene (Table 2) were designed using Primer Express
software (Applied Biosystems). The 5 end of the probes was labeled
with 5-carboxyfluorescein fluorescence reporter dye. Reverse tran-
scriptase reaction was carried out using random primers as de-
scribed above. A twenty-fifth volume of the reaction mixture was
then used for the subsequent PCR that was carried out in a total
volume of 25 ul using TagMan Universal PCR Master Mix (Applied
Biosystems) with the ABI Prism 7700 sequence detection system
(Applied Biosystems) following the manufacturer’s protocol. Final
concentration of each primer set was 0.3 uM for CYP2C20 and
CYP2C43, 0.9 uM for CYP2C75, and 0.1 uM for CYP2C76. The final
concentration of the probes was 0.25 uM for all CYP2Cs. Thermal
cycler conditions for all reactions were 2 min at 50°C and 10 min at
95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
Standard curves were generated by serial 10-fold dilutions of a
plasmid for the corresponding ¢cDNA. The specificity of assays for all
CYP2C genes was confirmed by sequencing a single DNA band with
the expected size in agavose gels and by performing the highly
efficient amplification of cDNA plasmid for the target gene over that
of the other CYP2C genes. Relative expression level of each gene was
normalized to the 18S ribosomal RNA level measured using a pre-
developed kit available from Applied Biosystems. At least three
amplifications were performed for each gene,

Heterologous Expression of Four Recombinant CYP2Cs in
Escherichia coli. Protein expression of the four CYP2Cs was car-
ried out as described previously (Iwata et al., 1998). To enhance
protein expression, the eight residues of the N terminus were re-
placed with the corresponding ones of the modified bovine CYP17,
MALLLAVF (Barnes et al.,, 1991) by amplifying the open reading
frame of each cDNA with the primers listed in Table 3 using the KOD
Plus DNA polymerase. The forward and reverse primers contained

Sequence (5'—3")

Gene
Forward Reverse
CYP2C20
5 ATGGAACCTTTTGTGGTCCTG GAAAGATTTGCAGATGTCCTTAAC
3’ TTTGTGCAGGAGAGGGALCTT ACGAGGGTGGCAGAGAAAT
CYP2C43
5 TCTTGAAGCTGGGTATTGGTC AGGTGGATCACAAGGTCAGG
3’ GGATARAATTATCCTCRAAATCCTC CATCAAAGGTCACAGAATAAAGG
CYP2C75
5’ TTGTTGCCTTTTCTCCATCA CACGGTTAAACCATCTTTCACA
! GTTAAAGGAGATAATGAGCCACAG GGAAAGATGTGTTTGCTTCCAC
CYP2C18-like
5 GTGAAAGCCCACAGTTTTCTTAC CTCATGTCCTTAACATCTAACTGC
! TGACATCACCCCCATTGC TGTGGGTTGACAAGTCAGAG
CYP2C76
5’ CCCAGCAATGGATCTCTTCA TGGCACCAAGCATTTATCTC
3’ CTTGCCTGTGTGTCAACCAT ATTGGAATGGATTTTGAAGGA
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Ndel and Xbal sites, respectively, so that after restriction enzyme
digestion, the PCR products can be easily cloned into the pCW vector
(Barnes, 1996), in which the human reductase ¢cDNA has been al-
ready accommodated (Iwata et al., 1998). The resultant construct for
CYP2C20, CYP2C43, CYP2C75, or CYP2C76 was used to transform
DH5« competent cells (Invitrogen). Thereafter, sequence and orien-
tation of each insert were confirmed by sequencing. To express
proteins, the bacteria cells grown overnight in Luria-Bertani broth
were diluted 100-fold and cultured in the presence of 200 pg/ml
ampicillin for 6 to 12 h at 30°C in the modified Terrific broth (Iwata
et al., 1998) until the optical density at 600 nm reached approxi-
mately 0.6 to 0.8. Isopropyl-B-D-thiogalactoside was then added to
the culture at a final concentration of 1.5 mM. After 16 to 20 h, the
cultured cells were harvested and cell membrane fraction was pre-
pared as described previously (Daigo et al., 2002). The content of
each CYP2C protein in the membrane preparation was determined
by Fe?* - CO versus Fe?* difference spectra, according to the method
described by Omura and Sato (1964) using the U-3000 spectropho-
tometer (Shimadzu, Kyoto, Japan). The concentration of NAPDH.-
P450 reductase was also measured as reported previously (Iwata et
al., 1998; Daigo et al., 2002).

Drug-Metabolizing Activity of the Partially Purified Prep-
arations of Monkey CYP2Cs. All the recombinant CYP2C proteins
were analyzed for their activities to metabolize drugs with four
substrates prototypical for human P450s, including paclitaxel, tol-
butamide, S-mephenytoin, and testosterone. To prepare the reaction
mixture, [**Clpaclitaxel (6 M), [*4Cltolbutamide (100 M), [**C]S-
mephenytoin (50 pM), or [**Cltestosterone (50 uM) was preincu-
bated in a 100 mM sodium phosphate buffer solution, pH 7.4, with
hepatic microsomes (1 mg/ml) or the partially purified recombinant
CYP2Cs (200 pmol/ml) at 37°C for 5 min. This was followed by the
addition of a NADPH regenerating system containing 1.3 mM
NADP*, 3.3 mM glucose 6-phosphate, 0.4 U/ml glucose-6-phosphate
dehydrogenase, and 3.3 mM magnesium chloride in 100 mM sodium
phosphate buffer, pH 7.4, so that the metabolic reaction was initiated

TABLE 2
Primers and probes used for real-time RT-PCR

Gene and Primer/Probe Sequence (5' — §’)

CYP2C20
Forward TTTCTGGAAGAGGCATTTTGC
Reverse TCCATCTCTTTCCATTGCTGG
Probe AACGGACTTGGAATCA
CYP2C43
Forward GCCATTTCCCACTGTTTGAAA
Reverse GCAGCGTCATGAGGGAGAA
Probe ACAATTCCAAATCTTCT
CYP2C75
Forward TTCCATTGGCTGACAGAGCTAA
Reverse CCGCAGTGTCATGAGGGAA
Probe CGATTCCAAATCCT
CYP2C786
Forward TGGCCGAGGGAGTTTTCC
Reverse AGAGAGAAACGCCGAATTTGC
Probe CCAAGGATTCGGAGTTA
TABLE 3

Primers used to construct plasmids for protein expression

at a final concentration of 1 mg of protein/ml or 200 pmol of P450/ml.
After incubation at 37°C for 15 min (paclitaxel and testosterone), 45
min (S-mephenytoin), or 60 min (tolbutamide), the reaction was
quenched by adding an equal volume of 100% methanol soclution. For
the recombinant CYP2Cs, the incubation was carried out for 30 min
with all the tested substrates. The reaction-terminated samples were
centrifuged, the aliquots of the supernatant were evaporated to
dryness, and the residue was dissolved in 15 ul of methanol. The
analysis of 6a-hydroxypaclitaxel and 3-hydroxypaclitaxel was per-
formed as reported previously (Fujino et al., 2001). Aliquots (~2 ul)
of the supernatant were spotted onto TLC plates (Silicagel 60F254,
20 X 20 cm; Merck, Darmstadt, Germany) and developed with tolu-
ene-acetone-formic acid [60:39:1 (v/v/v)] to 12 ¢cm in a horizontal TLC
chamber that was saturated with solvent vapor. The analysis of
6p-hydroxytestosterone was carried out as follows: supernatant was
applied to TLC plates and developed with dichloromethane-acetone
[4:1 (v/v)] to 16 cm. The measurement of 4-hydroxytolbutamide was
performed as reported previously (Ludwig et al., 1998). In brief, the
supernatant was spotted and developed with toluene-acetone-formic
acid [60:39:1 (v/v/¥)] to 10 cm. The assay for S-mephenytoin 4-hy-
droxylase activity was also performed according to a previous report
(Shimada et al., 1985). The spotted supernatant was developed with
chloroform-methanol-28% ammonium [90:10:1 (v/v/¥)] to 12 ecm. The
TLC plates were dried and placed in contact with a phosphor imag-
ing plate for 12 h. The amounts of unchanged drug and metabolites
were determined using the BAS-2500 (Fuji Photo Film Co., Tokyo,
Japan). The radioactive metabolites were positively identified by a
comparison of R, values using authentic unlabeled standard.

Immunoblotting. Polyclonal antibodies raised to CYP2C76 were
produced by NeoMPS (San Diego, CA) using specific peptides for this
protein. In brief, a peptide specific for CYP2C76 (Fig. 1) was de-
signed, synthesized, purified, coupled through the terminal cysteine
thiol with a keyhole limpet hemocyanin, and used to immunize New
Zealand white rabbits. The recombinant P450 proteins (1.0 pmuol
each) were run in 10% SDS polyacrylamide gels and transferred to
Hybond-P filters (GE Healthcare). The filters were immunoblotted
with the rabbit anti-CYP2C76 (1:250) and the donkey anti-rabbit
IgG conjugated with horseradish peroxidase (SantaCruz Biotechnol-
ogy, Santa Cruz, CA). To detect protein disulfide isomerase (PDI) as
a loading control, rabbit anti-PDI (1:200, SantaCruz Biotechnology)
was also used. A specific band was visualized using an ECL Western
blotting detection reagent (GE Healthcare) according to the manu-
facturer’s instructions.

Immunohistochemistry. The sections of cynomolgus monkey
liver were immunostained with the anti-CYP2C76 antibody after the
standard procedure. In brief, the primary antibodies were diluted
50-fold and applied to the sections at 4°C overnight. The bound
antibodies were detected using the EnVision+ System (Dako North
America, Ine., Carpinteria, CA) and liquid diaminobenzidine (Dako
North America) according to the manufacturer’s instruction. Slides
were counterstained with Harris hematoxylin. As a negative control,
rabbit preimmune serum was used instead of primary antibodies. To
validate immunohistochemical specificity, the antibodies were pre-
incubated at 4°C overnight with excess amount of the CYP2C76

Bold letters show the modified N-terminal sequence, and underline indicates the Ndel or Xbal restriction site for forward or reverse primers, respectively.

c¢DNA and Direction

Sequence (5" — 3')

CYP2C20

Forward

Reverse
CYP2C43/CYP2C75

Forward

Reverse
CYP2C76

Forward

Reverse

GGAATTCCATATGGCTCTGTTAPTAGCAGTTTTTCTCTGTCTCTCCTTTGTGC
GCTCTAGACAGATGGGCTAGCATTCTTCA

GGAATTCCATATGGCTCTGTTATTAGCAGTTTTTCTCTGTCTCTCCTGTTTGC
GCTCTAGACCAGACCATCTGCTCTTCTT

GGAATTCCATATGGCTCTGTTATTAGCAGTTTTTATTTGTCTTTCTTGTCTGAT
GCTCTAGACTAGCAGCCAGACACTTCA
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specific peptide (0.05 mg/ml) and this mixture was used in place of
primary antibodies for immunohistochemistry.

Results

Identification of Cynomolgus CYP2C c¢DNAs.
CYP2C76, along with CYP2C20, CYP2C43, and CYP2CT5,
was originally identified as a unique cDNA clone by search-
ing our in-house EST database that was established using
a full-length ¢cDNA library prepared from the cynomolgus
monkey liver (Y. Uno, Y. Suzuki, Y. Sakamoto, H. Sano, K.
Hashimoto, S. Sugano, and I. Inoue, unpublished data).
Among these, the se-quences newly identified in cynomolgus
monkey, CYP2C43, CYP2C75, and CYP2C76, have been de-
posited to GenBank under accession numbers of DQ0748086,
DQO74805, and DQO74807, respectively. The CYP2(C76
cDNA contained the open reading frame of 489 amino acids
(Fig. 1). The deduced amino acid sequence showed primary
sequence structures common to CYP2C molecules, including
a highly hydrophobic N terminus, heme-binding region, and
six potential substrate recognition sites (Gotoh, 1992). Blast
analysis using the deduced amino acid sequences showed
that CYP2C76 had only ~71% identity to any human
CYP2Cs, whereas CYP2C20, CYP2C43, and CYP2C75 were
~92% homologous to human CYP2C (Table 4). This, together
with a phylogenetic comparison of CYP2C amino acid se-
quences among mammalian species (Fig. 2), indicated possi-
bilities that the CYP2C76 might be monkey-specific or that
the human ortholog has not been isolated. To examine the
latter possibility, we attempted to identify the sequence ho-
mologous to CYP2C76 in humans and other primate species
by RT-PCR using gene-specific primer pairs. RNA samples
used were from humans, the great apes (chimpanzee and
orangutan), and Old World monkeys (cynomolgus, rhesus,
and African green monkeys). The amplification was seen for
Old World monkeys, and sequences of the PCR products were
determined (data not shown). These CYP2C76 homologous
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sequences were =99% identical to each other, reflecting evo-
lutionary closeness of these species. In contrast, the amplifi-
cation with the human, chimpanzee, and orangutan samples
showed no detectable bands in agarose gels (data not shown).
Moreover, searching human and chimpanzee genome data-
bases by BLAT (UCSC Genome Bioinformatics) showed no
potential CYP2C genome sequence =90% homologous to the
CYP2C76, raising the possibility that the CYP2C76 is mon-
key-specific.

Genomic Organization of the Monkey CYP2C Locus.
To confirm the species specificity for CYP2C76, the location
of the CYP2C76 in the genome was determined by analyzing
rhesus monkey CYP2C BAC clones. The CYP2C-positive
clone was used for PCR as a template with gene-specific
primers that were assigned at the 5’ and 3’ ends of each
cynomolgus CYP2C ¢DNA. During the course of this study,
the genome sequence data of the rhesus monkey became
available and was used to confirm that the designed primers
could be used for the rhesus monkey. The analysis of the data
identified the genome sequence highly homologous to human
CYP2C18. Therefore, the primers specific for this CYP2C18-
like gene were also designed and used for amplification with
the BAC clones. The amplification pattern of each gene,
together with the end-sequencing and the restriction enzyme
mapping of the BAC clones, indicated that the five CYP2C

TABLE 4
Amino acid identity among human and monkey CYP2Cs
CYP2C20 CYP2043 CYP2C75 CYP2C76
o

CYP2C8 92 78 76 70
CYP2C9 78 93 93 71
CYP2C18 77 81 81 72
CYP2C19 79 91 92 72
CYP2C20 78 77 70
CYP2C43 94 71
CYP2C75 71
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Fig. 1. Multiple alignment of amino acid sequences deduced from eynomolgus monkey CYP2C ¢cDNAs. The putative heme-binding region characteristic
of P450 protein is boxed with broken line. The broken and solid lines above the sequences indicate regions modified for protein expression and the six
putative substrate recognition sites, respectively. The location of the peptide sequences used to raise the anti-CYP2C76 antibodies is boxed with solid
line. Asterisks and dots under the sequences indicate identical amino acids and conservatively changed amino acids, respectively.
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genes together form a gene cluster in the monkey genome
similar to humans (Fig. 3). Moreover, CYP2C76 was located
at the end of the cluster, corresponding to the intergenic
region adjacent to the CYP2C cluster in the human genome.
These results strongly support the idea that CYP2C76 is
expressed in monkeys but not in humans.

Gene Structure of CYP2C76. To determine the gene
structure of CYP2C76, long PCR amplification was per-
formed with the genomic DNA of cynomolgus monkey as a
template. Gene-specific primers were designed on each exon
to amplify each intron. The sequences of the PCR products
were determined as described above and assembled into the
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entire intron. The CYP2C76 gene spanned approximately
19.6 kb and contained nine exons, as has been described for
all human CYP2C genes. Sizes of exons and introns ranged
from 142 to 693 base pairs and from 937 to 4307 base pairs,
respectively (Table 5). All exons were flanked by GU and AG
dinucleotides consistent with the consensus sequences for
splice junctions in eukaryotic genes, with the exception of the
5' splice site for intron 8, where GU was replaced by GC.

Tissue Distribution of Gene Expression. To analyze
the expression of cynomolgus CYP2C20, CYP2C43,
CYP2C75, and CYP2C76, real-time RT-PCR was performed
with gene-specific primers and TaqgMan MGB probes using
RNAs prepared from brain, lung, heart, liver, kidney, adre-
nal gland, small intestine, testis, ovary, and uterus. All the
four CYP2C genes were expressed predominantly in the liver
with some extrahepatic expression (Fig. 4). Among these
CYP2Cs, the expression level of CYP2C76 was the highest,
indicating that CYP2C76 is a major CYP2C in the monkey
liver.

Drug-Metabolizing Activities of Monkey Recombi-
nant CYP2Cs. The activity of monkey CYP2Cs to metabolize
drugs was characterized by incubating partially purified re-
combinant CYP2Cs with NADPH-regenerating system in the
presence of the radiolabeled substrates typical for human
CYP2Cs, paclitaxel, tolbutamide, S-mephenytoin, and testos-
terone. The results showed that CYP2C20 was involved only
in the metabolism of paclitaxel among the four substrates
examined, similar to the metabolic properties observed for
human CYP2C8 (Fig. 5A). Tolbutamide was metabolized by
CYP2C75 and CYP2C76 (Fig. 5B), whereas S-mephenytoin
was only weakly metabolized by CYP2C43 and CYP2C75
(Fig. 5C). Testosterone was efficiently metabolized by all the
four CYP2Cs except for CYP2C20, in which the metabolites
generated were different (Fig. 5D). It is noteworthy that all
three P450s capable of metabolizing testosterone generated
one common but unknown metabolite. In addition, the 6p3-
hydroxylation of testosterone and the 3-hydroxylation of pac-
litaxel, both of which are mediated by CYP3A4 in humans,
were not observed in the presence of CYP2Cs. Our results
indicate that each monkey CYP2C has the characteristic
substrate specificity.

Immunoblotting and Immunohistochemistry. The
peptide specific for CYP2C76 was synthesized and used to
raise anti-CYP2C76 antibodies. To investigate the specifi-
city of the antibodies, immunoblotting was performed using
the recombinant proteins, including monkey CYP2C20,
CYP2C43, CYP2C75, and CYP2C76, in addition to human

TABLE 5
Sequences at each exon-intron boundary of CYP2C76
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CYP2C8, CYP2C9, CYP2C18, and CYP2C19. Among these
proteins, the antibodies detected a single ~50-kDa band only
in CYP2C76 (Fig. 6A), indicating the immunospecificity of
the antibodies. The immunoblotting for CYP2C76 was also
carried out with liver microsomes prepared from five primate
species: human, chimpanzee, orangutan, and cynomolgus
and rhesus monkeys. A signal of the expected size was clearly
detected only with liver microsomes from cynomolgus and
rhesus monkeys (Fig. 6B), coincided well with the results of
the gene expression pattern of CYP2C76.

To determine the cellular localization of the CYP2C76 pro-
tein, the cryosections prepared from the cynomolgus monkey
liver were stained with the anti-CYP2C76 antibodies. Strong
staining was seen in the cytoplasm of hepatocytes but not in
the cells lining the bile duct or the vein (Fig. 7A). Little or no
staining was seen after peptide blocking (Fig. 7B) or with
preimmune serum (Fig. 7C), indicating that the staining was
specific for CYP2C76.

46 [—1cYP2c20
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Fig. 4. Tissue distribution of CYP2C gene expressions in cynomolgus
monkeys. Real-time RT-PCR was performed with each probe and primer
set specific for CYP2C20, CYP2C43, CYP2C75, and CYP2C76 using the
RT products generated from total RNA of ten tissues. Expression level of
each CYP2C gene was normalized to 18S rRNA level and represents the
average * S.D. from at least three independent experiments. For graphic
representation, the expression level of CYP2C76 for liver was adjusted to
1, and all other values were compared with the CYP2C76 level in liver.

Exon and intron sequences are indicated in small and capital letters, respectively. The dinucleotide sequence at the highly conserved GU-AG motif is underlined.

Exon Exon Size 3’ Splice Site 5' Splice Site Intron Size

bp bp
1 220 AAGCATGgtaagtatg 4148
2 163 tttttgeagCTAGCAA GGATTCGgtatgettc 1436
3 150 tgttgatagGAGTTAT ACCAATGgtgtttgtt 2221
4 161 tgtttgtagCATCTCC GATACAGgtaaggeca 1259
5 178 teetttcagCTCTACA GGAAAAGgtacaatgt 937
6 142 cattgetagGAAAAAC ATCTCAGgtatgatca 1046
7 188 ccttgecagCTAAAGT TCCAAAGgtgagagat 4307
8 142 ctttttcagGGCACAA TCAGCAGgcaagcaag 2172
9 =693 aatttttagGAAAAAG

bp, base pairs.
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Discussion

Monkeys have been employed in the preclinical studies of
drug metabolism because they are believed to show a meta-
bolic profile similar to that of humans. However, a different
pattern is occasionally seen in drug metabolism between
monkeys and humans (Stevens et al., 1993; Sharer et al.,
1995; Guengerich, 1997; Weaver et al., 1999; Bogaards et al.,
2000; Narimatsu et al., 2000). The molecular mechanism(s)
behind this phenomenon remains unclear, partly as a result
of the lack of detailed information on the genes and molecules
responsible for drug metabolism in monkeys. In this study, to
understand a possible cause responsible for this species dif-
ference, we identified a ¢cDNA for CYP2C76 and character-
ized along with other CYP2C cDNAs encoding CYP2C20,
CYP2C43, and CYP2C75 in cynomolgus monkeys. We inves-
tigated species specificity and tissue distribution of gene
expression, in addition to genomic.organization and meta-
bolic properties.

The CYP2C subfamily has been known to be diverged in
each species during evolution (Nelson et al., 1996, 2004),
indicating that species specificity and orthologous relation-
ship must be determined cautiously for the CYP2C subfam-
ily. In this report, gene and protein expression pattern,
genomic organization, and metabolic properties suggest that
CYP2C76 does not seem to have the ortholog in humans.
During the preparation of this article, a partial cDNA se-
quence for rhesus CYP2C76 was reported under GenBank
accession number CX078602 as one of the clones identified by
EST sequencing (Magness et al., 2005). In their report, PCR
using gene-specific primers with the genomic DNA from sev-
eral primate species showed the amplification in macaques

A B

Tolbutamide—

Paclitaxel — ’ ’ - e -

3-OH—
60-OH— i OH —
3., 60-OH— # | 4aH
Origin —. Origin—
1 2 3 4 5 D
Unknown —.

Testosterone — ’ . E 3 . .

but not in humans, further supporting our results. A definite
conclusion could be made when a complete sequence of the
monkey genome will be available.

The highly homologous CYP2C genes tend to be located
near each other within the gene cluster, whereas CYP2C44,
least homologous to other subfamily members, is located
~4 X 10° bases away from the mouse CYP2C gene cluster
(Nelson et al., 2004). In contrast, CYP2C76 (also least iden-
tical to any other CYP2C genes and thus placed outside the
CYP2C group in the phylogenetic tree) is located within but
on the edge of the CYP2C cluster in the monkey genome,
similar to the mouse CYP2C70 gene. The outer location prob-
ably did not allow CYP2C76 for efficient crossover, resulting
in the lower identity to other CYP2C subfamily members as
has been proposed for CYP2C44 and CYP2C70 (Nelson et al.,
2004). It is of great interest to know how CYP2C76 has arisen
after human and Old World monkeys diverged from a com-
mon ancestor around 25 million years ago (Kumar and
Hedges 1998). Sequencing the CYP2C cluster of the closely
related primate species should give an insight into this ques-
tion.

Transcript variants influence the function of the P450
genes. Two transcript variants of CYP4F3 contain either
exon 3 or exon 4 generated through alternative splicing,
leading to the high varieties of the synthesized proteins to
accommodate different substrates as well as tissue specificity
in gene expression (Christmas et al., 2001). In contrast, we
identified a transcript variant for CYP2C76 that lacks one of
the exons, probably because of alternative splicing, which
does not seem to have functional importance because of the
premature termination codon (PTC) generated (data not

L B N

Fig. 5. High-performance liquid chro-
matography chromatograms after incu-
bation of recombinant CYP2Cs with
human CYP2C substrates. The reac-
tion was performed using 1 mg/ml mon-
key hepatic microsomes or 200 pmol/m]
the recombinant P450 in the presence
of 6 uM paclitaxel (A), 100 uM tolbut-
amide (B), 50 pM S-mephenytoin (C),
or 50 pM testosterone (D). The incuba-
tion time was 15 and 60 min for the
microsomes and 30 min for the recom-
binants, respectively. Lanes 1 to 5 indi-
cate the monkey hepatic microsomes,
CYP2C20, CYP2C43, CYP2C75, and
CYP2C76, respectively. Results are
representative of three independent ex-
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shown). The PTC mRNAs can be subjected to a rapid degra-
dation by nonsense-mediated decay (NMD) when PTCs are
located more than 50 nucleotides before the last exon-exon
junction (Holbrook et al., 2004). NMD is responsible for
the degradation of the transcript variants generated by the
CYP3A5*%3 allele, which can explain the difference in the
expression levels of mRNAs between this and other genotype
groups (Kuehl et al., 2001; Busi and Cresteil, 2005). More-
over, at least one third of alternative transcripts in humans
were identified as PTC mRNAs, potential targets for RNA
decay pathway through NMD (Lewis et al., 2003). Because
gene expression is not completely diminished by NMD, ex-
pression levels remained would vary considerably between
RNA isoforms, cell types, and even individuals (Holbrook et
al., 2004). Therefore, together with the effect of SNPs on
alternative splicing, the transcript variant of CYP2C76 we
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Fig. 6. Immunoblotting using the anti-CYP2C76 antibodies. The recom-
binant P450s (1.0 pmol of P450/lane) or liver microsomes (15 ug) were
electrophoresed, transferred to polyvinylidene difluoride filters, and im-
munoblotted using anti-CYP2C76 antibodies. Each figure shows the rep-
resentative image of three independent experiments. A, to investigate the
specificity of the anti-CYP2C76 antibodies, the recombinant P450s were
analyzed, including CYP2C20, CYP2C43, CYP2C75, and CYP2C76 for
cynomolgus monkeys, and CYP2C8, CYP2C9, CYP2C18, and CYP2C19
for humans. B, to examine the presence of CYP2C76-homologous protein
in other primate species, immunoblotting was performed with liver mi-
crosomes from humans, chimpanzee, orangutan, and rhesus and cyno-
molgus monkeys. PDI was used as a loading control.
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identified, if subjected to NMD, could increase functional
complexity of this gene.

CYP2C76 showed characteristic metabolic properties com-
pared with CYP2C20, CYP2C43, and CYP2C75. CYP2C76
was critically involved in the metabolism of tolbutamide and
testosterone, the metabolic properties of which are different
from the other monkey CYP2Cs analyzed. CYP2C76, as a
species-specific CYP2C enzyme, certainly adds the complex-
ity to drug metabolism in monkeys and might account for the
species difference in drug metabolism between monkeys and
humans. Indeed, we have revealed that the CYP2C76 is at
least partly responsible for the difference between monkeys
and humans in the metabolism of a currently prescribed
drug (Y. Uno, Y. Suzuki, Y. Sakamoto, H. Sano, K. Hashi-
moto, S. Sugano, and I. Inoue, unpublished observations).
Further investigation of CYP2C76 on metabolic activity for a
variety of substrates will help to better understand drug
metabolism in monkeys and species difference between mon-
keys and humans.

The species difference of drug metabolism has been a major
issue in drug development, because the results obtained with
experimental animals need to be extrapolated to humans.
The analysis for the capacity of hepatic microsomes from
several animal species to metabolize drugs revealed that
some differences occur in monkeys for the metabolism of
marker substrates compared with humans (Sharer et al.,
1995; Weaver et al., 1999; Bogaards et al., 2000). Tolbut-
amide hydroxylase activity is at least 8-fold lower in cyno-
molgus monkeys than humans (Sharer et al., 1995; Weaver
et al., 1999), in contrary to our expectation because of mon-
key CYP2C75 and CYP2C76 exhibiting activities toward this
substrate. This discrepancy might be due to the lower enzy-
matic activities of these enzymes compared with CYP2CO.
However, other factors also need to be considered, such as
genetic polymorphisms in individuals, from which the cDNA
sequence used for protein expression was derived, because as
in humans, monkeys have a diverse genetic background.
Considering that even a single amino acid substitution can
alter the enzymatic activity of P450s (Guengerich, 1997),
nonsynonymous single nucleotide polymorphisms might
have reduced the activity of CYP2C75 and CYP2C76. To
examine this possibility, the genetic polymorphisms in
CYP2C76 and other CYP2C genes must be identified and
characterized.

Understanding the species difference and the mechanisms
behind it is an inevitable task to improve the accuracy in
extrapolating the animal data to humans. To accomplish this
goal, advancing genomic techniques such as EST or genome

Fig. 7. Immunohistochemical stain-
ing of CYP2C76 protein in the liver.
Sections were immunostained with
anti-CYP2C76 antibodies (A), anti-
CYP2C76 antibodies preincubated
with blocking peptide (B), or preim-
mune serum (C). Strong positive
staining was observed in hepatocytes,
but not in the cells lining the bile duct
(arrow) or the vein (arrowhead). Little
or no staining was observed after pep-
tide blocking or with preimmune se-
¢ rum. Results are representative of
' *  two independent experiments. The
magnification is 20X for all pictures.
The scale shown by solid line indi-
cates 100 pm.
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sequencing, microarray, and comparative genomics should be
helpful because they can identify genomic components spe-
cific for each animal species including genes, transcripts, and
regulatory elements. The ESTs specific for cynomolgus and
rhesus monkeys have been identified by our and other groups
(Magness et al., 2005), including CYP2C76. Further identifi-
cation and characterization of monkey-specific ESTs will
help to better understand the species uniqueness of monkeys
in drug metabolism.

In conclusion, we have identified cynomolgus CYP2C76,
which does not have the corresponding gene in the human
genome. CYP2C76 contains nine exons and is located in a
single CYP2C cluster in the monkey genome, similar to the
human CYP2C genes. Our data show that CYP2C76 is pre-
dominantly expressed in the liver, and its expression level is
the greatest among the four CYP2C genes analyzed. More-
over, CYP2C76 has a characteristic metabolic profile differ-
ent from the other CYP2Cs. From these observations, we
conclude that cynomolgus CYP2C76 is a major CYP2C con-
tributing substantially to overall drug-metabolizing activity
in the liver.
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Abstract Purpose: An antitumor camptothecin derivative
CPT-11 has proven a broad spectrum of solid tumor
malignancy, but its severe diarrhea has often limited its
more widespread use. We have demonstrated from a rat
model that intestinal f-glucuronidase may play a key
role in the development of CPT-11-induced delayed
diarrhea by the deconjugation of the luminal SN-38
glucuronide, and the elimination of the intestinal mi-
crofiora by antibiotics or dosing of TJ-14, a Kampo
medicine that contains S-glucuronidase inhibitor baica-
lin, exerted a protective effect. In the present study, we
assessed the efficacy of several potential treatments in
our rat model to clarify which is the most promising
treatment for CPT-11-induced delayed diarrhea. Meth-
ods and results: Oral dosing (twice daily from days —1 to
4) of streptomycin 20 mg/kg and penicillin 10 mg/kg
(Str/Pen), neomycin 20 mg/kg and bacitracin 10 mg/kg
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(Neo/Bac), both of which inhibited almost completely
the fecal f-glucuronidase activity, or TJ-14 1,000 mg/kg
improved the decrease in body weight and the delayed
diarrhea symptoms induced by CPT-11 (60 mg/kg i.v.
from days 1 to 4) to a similar extent. The efficacy was
less but significant in activated charcoal (1,000 mg/kg
p.o. twice daily from days —1 to 4). In a separate
experiment using rats bearing breast cancer (Walker
256-TC), TJ-14, Neo/Bac, and charcoal at the same dose
regimen improved CPT-1l-induced intestinal toxicity
without reducing CPT-11’s antitumor activity. In con-
trast, oral dosing (twice a day) of cyclosporin A (50 mg/
kg), a P-glycoprotein and cMOAT/MRP2 inhibitor or
valproic acid (200 mg/kg), a UDP-glucuronosyltranfer-
ase inhibitor, exacerbated the intestinal toxicity without
modifying CPT-11's antitumor activity. Conclusions:
The result clearly demonstrated the ability of Neo/Bac,
Str/Pen, and TJ-14, less but significant ability of acti-
vated charcoal, to ameliorate CPT-11-induced delayed-
onset diarrhea, suggesting the treatments decreasing the
exposure of the intestines to the luminal SN-38 are
valuable for improvement of CPT-11-induced intestinal
toxicity. In contrast, the treatments affecting the biliary
excretion of CPT-11 and its metabolites might have
undesirable results.

Keywords CPT-11 - Irinotecan - Diarrhea -
f-Glucuronidase

Introduction

Irinotecan hydrochloride (CPT-11), a water-soluble
semisynthetic derivative of camptothecin, is an inhibitor
of DNA topoisomerase I enzyme by its main active
metabolite SN-38 [1, 2], and a promising antitumor
agent, approved worldwide for use in patients with ad-
vanced colorectal cancer [3, 4], lung cancer [5, 6], and
malignant lymphoma [7]. One of the major dose-limiting
toxicities of CPT-11 therapy is unpredictable and severe
diarrhea, especially delayed-onset severe diarrhea [inci-




dence of National Cancer Institute (NCI) grade 3 or 4
diarrhea is 20-40%] [8, 9]. It has limited the further
evaluation of more aggressive antitumor regimens using
CPT-11 [4, 5, 7, 10]. The great interpatient variations in
the severity of diarrhea, the pharmacokinetics [11-16],
and the efficacy of conventional antidiarrhea agents [5,
17, 18] make it difficult to understand the mechanisms of
CPT-11-induced diarrhea, although preclinical and
clinical studies have yielded some critical insight into
the mechanisms and advances in treatment of the
CPT-11-induced side effects [9].

CPT-11 is hydrolyzed by carboxylesterase to form
the active metabolite SN-38 [19]. SN-38 is further
conjugated to an inactive glucuronic acid conjugate
(SN-38 glucuronide) by UDP-glucuronosyltransferase
UGTI1Al, the same isoenzyme responsible for glucu-
ronidation of bilirubin, and excreted into the bile with
other major component CPT-11 and SN-38 by P-gly-
coprotein (P-gp) and canalicular multispecific organic
anion transporter/multidrug resistance-associated pro-
tein 2 (cMOAT/MRP2) [20-24]. SN-38 glucuronide may
be deconjugated by f-glucuronidase produced by the
intestinal microflora, releasing SN-38. The SN-38
deconjugated may largely be responsible for the accu-
mulation of SN-38 in the intestine [25-27].

We have first demonstrated from a rat model that
B-glucuronidase produced by microflora in the large
intestine may play a key role in the development of CPT-
11-induced delayed-onset diarrhea by the deconjugation
of the SN-38 glucuronide, and administration of anti-
biotics exerted a protective effect against the diarrhea by
completely inhibiting the pS-glucuronidase activity,
thereby decreasing the exposure of the large intestine to
the luminal SN-38 [28, 29]. Furthermore, we reported
that TJ-14 or TJ-114, a Chinese herbal medicine that
contains f-glucuronidase inhibitor baicalin, also exerted
a protective effect on the delayed-onset diarrhea in the
same model [30].

Based on our findings, several nonclinical and clinjcal
studies to alleviate CPT-11-induced diarrhea have been
performed especially focusing on the attenuating anti-
proliferating activity of SN-38 excreted into the intestinal
lumen via the bile acid. Up to date, various attractive,
and promising treatments for attenuating CPT-11-in-
duced diarrhea, including (1) inhibition of intestinal f-
glucuronidase using Kampo medicine TJ-14 [31] or other
antibiotics neomycin or bacitracin [32, 33], (2) prevention
of intestinal transport (re-absorption) of SN-38 and/or
CPT-11 by oral alkalization [34, 35] or by adsorbing of
these compounds using activated charcoal [36, 37}, or
various nonspecific treatments for cancer chemotherapy-
induced diarrhea [9], have been clinically demonstrated.
However, since these studies were performed under dif-
ferent experimental conditions with each other, no one
can expect which is the most promising and effective
treatment for CPT-11-induced delayed diarrhea.

To address the question, we compared the antidiar-
rhea activity of the several potential treatments on CPT-
11-induced diarrhea in our rat model.
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Methods
Reagents

CPT-11 (Topotecin® Injection, Yakult Honsha, Tokyo,
Japan); penicillin G, streptomycin, and valproic acid
(Sigma, St Louis, MO, USA); neomycin, bacitracin, and
cyclosporin A (Wako Pure Chemicals, Tokyo, Japan);
activated charcoal (Iwaki Seiyaku, Tokyo, Japan); and
TJ-14 (Hange-Shasin-To, Tsumura, Tokyo, Japan) were
commercially purchased. All the potential antidiarrhea
agents were dissolved and/or suspended in distilled wa-
ter for oral administration (Fuso Pharmaceutical
Industries, Osaka, Japan) as a volume of 10 or 20 ml/kg.

RPMI1640 medium (Invitrogen Corp.; Carlsbad,
CA, USA) and fetal bovine serum (FBS; Hyclone Lab-
oratories Inc.; Logan, UT, USA) were also commer-
cially purchased.

Animals

The experiment was conducted using male Wistar rats
(Japan SLC, Hamamatsu, Japan) weighing about 150-
180 g (n=4-5). The animal room was maintained at a
temperature of 23+2°C and a relative humidity of
55£15% with a 12-h light-dark cycle. A commercial
animal chow (F-2, Funabashi Farms, Funabashi, Japan)
and tap water were freely available throughout the
acclimatization and experimental periods.

Experimental schedule

Animals were intravenously administered CPT-11
(60 mg/kg) from the tail vein once a day (a.m.) for four
consecutive days (from days 1 to 4). In the following
three antibiotic groups, 2 mg streptomycin and 1 mg
penicillin, 2 mg neomycin, or 2 mg neomycin per ml of
drinking water was administered from 5 days before the
start of CPT-11 administration and throughout the
experiment (days —5 to 4), respectively, to aspire com-
plete individual antibiotic efficacy. Antibiotics (Str/Pen,
streptomycin 20 mg/kg and penicillin 10 mg/kg; Neo,
neomycin 20 mg/kg; Neo/Bac, neomycin 20 mg/kg and
bacitracin 10 mg/kg), TJ-14 (1,000 mg/kg), or activated
charcoal (1,000 mg/kg) were orally administered twice a
day (a.m. and p.m.) from the day before (day —1) to
4 days after the start of CPT-11 injection. Under the
CPT-11’s regimen adopted [60 mg/kg i.v. once daily for
consecutive 4 days (days 1-4)], the diarrhea monitored
throughout days 5-8 was similar to human diarrhea in
terms of being resistant to conventional antidiarrhea
agents [38]. Diarrhea, the onset which was on or after day
5, was defined delayed diarrhea. The severity of delayed
diarrhea and the daily body weight were monitored, and
the results were used as an index of intestinal toxicity.
The severity of delayed diarrhea was scored as follows:

~274-




496

e Normal (0, normal stool)

Slight (1, slightly wet stool without staining of the
coat)

Moderate (2, wet and unformed stool with moderate
perianal staining of the coat)

Severe (3, watery stool with severe staining of the coat
around the anus)

The total diarrhea score area under the score-day curve
during days 5-9, and the mean score at each day were
calculated. Watery diarrhea which appeared within
about 2 h after the administration of CPT-11 was de-
fined acute diarrhea. Before the start of CPT-11
administration on day 1, the fecal B-glucuronidase
activity was determined by a modification of the pro-
cedure of Akao et al. [39], and the fecal pH using pH
meter (HM-50G, Toa Electrics, Tokyo, Japan) after
homogenization of the samples in 0.9% physiological
saline.

In a separate experiment, the effects of several po-
tential antidiarrhea treatments on CPT-11-induced
antitumor activity and diarrhea were evaluated using
rats bearing breast cancer. The rat breast cancer cell line
Walker 256-TC cells were obtained from Cell Resource
Center for Biomedical Research, Tohoku University
(Miyagi, Japan) and were cultured in vitro in RPMI1640
medium supplemented with 10% (v/v) fetal bovine ser-
um. The cultures were grown at 37°C in a 5% C0,-95%
air atmosphere, and the passages were performed twice a
week. The Walker 256-TC cells (1x10° cells/0.1 ml) were
inoculated subcutaneously into the right flank of rats.
When the mean estimated tumor volume reached about
300 mm? on day 7 after tumor inoculation, the rats were
randomly divided into experimental groups (five rats per
group) to have the similar mean estimated tumor vol-
ume, and were given CPT-11 at the same regimen
mentioned above with the following potential antidiar-
rhea compounds. (1) TJ-14 1,000 mg/kg, (2) activated
charcoal 1,000 mg/kg, (3) Neo/Bac, neomycin 20 mg/kg
and Dbacitracin 10 mg/kg—these three treatments
showed an obvious antidiarrhea activity in the normal
rats in the present study, (4) cyclosporin A 50 mg/kg, (5)
valproic acid 200 mg/kg. Both cyclosporine A and
valproic acid had been expected to enhance CPT-11’s
antitumor activity with reduced intestinal toxicity be-
cause both increase the area under plasma concentra-
tion—time curve of SN-38 by lowering biliary excretion
of SN-38 or by inhibiting SN-38 conjugation. All these
compounds were orally administered twice daily (a.m.
and p.m.) for days —1 to 4, except that Neo/Bac group
received 2 mg neomycin per ml of drinking water from
5 days before the start of CPT-11 administration. The
estimated tumor volume was measured 4, 7, and 10 days
after the start of CPT-11 administration, and the
severity of delayed diarrhea and the daily body weight
were also monitored.

The estimated tumor volume was calculated using the
formula:

-275-

L x W?

2 3
where L and W represent the length and the width of the
tumor mass, respectively.

All experimental procedures were performed in
accordance with the in-house guidelines of the Institu-
tional Animal Care and Use Committee of Daiichi
Pharmaceutical Co., Ltd. '

The estimated tumor volume (mm?) =

Results
Fecal pH and S-glucuronidase activity in normal rats

On day 1 (6 days after the start of antibiotics adminis-
tration), the fecal pH and f-glucuronidase activity in the
control group were 6.42 and about 190 nmol/min/mg
protein, respectively. The fecal pH in the treatment
groups was similar to that in the control group, except
for Str/Pen group in which the fecal pH was 7.20. The
fecal B-glucuronidase activities in Str/Pen and Neo/Bac
treated groups were reduced to less than approximately
10% of the control group. The fecal B-glucuronidase
activity of Neo group was also reduced but it remained
in about 20% of the control group. The fecal f-glucu-
ronidase activities in TJ-14 and activated charcoal
groups had somewhat higher values as compared with
that of the control group but it was not a statistically
significant change (Fig. 1).

Effects on CPT-11-induced body weight loss
and diarrhea symptoms in normal rats

Following the i.v. administration of CPT-11 (60 mg/kg
once daily for the consecutive 4 days: days 1-4), body
weight decreased from day 2 and reached a nadir on day
8, being about 23% decrease as compared with the ini-
tial value (day 1). No diarrhea was present during the
first 2 days, but acute watery diarrhea occurred on days
3 and 4 within 1-2 h after CPT-11 injection. Thereafter,
diarrhea was chronically present during days 5-8 (de-
layed diarrhea).

Each treatment had little or no effect on CPT-11-
induced decrease in body weight during days 2-3. On or
after day 4, either treatment inhibited the decrease in
body weight, and improved the delayed diarrhea symp-
toms. Str/Pen, Neo, Neo/Bac, and activated charcoal,
but not TJ-14, also inhibited the acute watery diarrhea
that appeared on days 3 and 4. There was an obvious
difference of the effectiveness among the treatments. In
consideration of the changes of body weight and
diarrhea score, the rank order for beneficial effect
on CPT-1l-induced intestinal toxicity was Str/
Pen = TJ-14 = Neo/Bac > activated charcoal > Neo
(Figs. 2, 3).
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Fig. 1 The pH and f-glucuronidase activity of the feces on the day
(day 1) of the start of CPT-11 (60 mg/kg, once daily for 4 days)
injection in normal rats. Antibiotics, except for bacitracin, were
administered in drinking water from 5 days (day —5) before the
start of CPT-11 injection. Each data represents the mean of 4-5
animals. **P <0.01 versus CPT-11 group (Dunnett test). Str/Pen
streptomycin (2 mg/ml) and penicillin (1 mg/ml) in drinking
water + streptomycin 20 mg/kg and penicillin 10 mg/kg p.o.;
Neo neomycin (2 mg/ml) in drinking water + neomycin 20 mg/
kg p.o.; Neo/Bac neomycin (2 mg/ml) in drinking water + neo-
mycin 20 mg/kg and bacitracin 10 mg/kg p.o.; TJ-14 TIJ-14
1,000 mg/kg p.o. Charcoal activated charcoal 1,000 mg/kg p.o

Effects on CPT-11-induced antitumor activity
and intestinal toxicity (body weight loss and diarrhea
symptoms) in rats bearing breast cancer

The mean estimated tumor volume in the vehicle control
group increased linearly and reached about 10,000 mm?>,
which was approximately 30-fold its initial mean esti-
mated tumor volume of 300 mm?>, on day 10. CPT-11
(60 mg/kg once daily for the consecutive 4 days: days 1—
4) showed moderate but significant reduction of the
mean estimated tumor volume on days 4 and 7, but its
antitumor effect was no longer apparent (not significant)
on day 10. The body weight decreased from day 2 and
reached a nadir on day 6, being about 15% decrease as
compared with the initial value (day 1). No diarrhea was
present during the first 2 days, but acute watery diarrhea
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Fig. 2 Effects of several agents on CPT-11-induced body weight
loss in rats. CPT-11 was given intravenously at a dose of 60 mg/kg
once daily for four consecutive days (days 1-4). The agents were
orally administered twice daily from the day before to 4 days after
the start of CPT-11 injection. In addition, antibiotics, except for
bacitracin, were administered in drinking water from 5 days before
to 4 days after the start of CPT-11 injection. The change in body
weight was calculated on the basis of that on day 1. Each point
represents the mean of 4-5 animals. The abbreviations are referred
in Fig. 1. *P<0.05, **P<0.01 versus CPT-11 group (Dunnett test)
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Fig. 3 Effects of several agents on CPT-11 (60 mg/kg i.v., once
daily for 4 days)-induced delayed diarrhea symptoms in rats. The
agents were orally administered twice daily from the day before to
4 days after the start of CPT-11 injection. In addition, antibiotics,
except for bacitracin, were administered in drinking water from
5 days before to 4 days after the start of CPT-11 injection. Each
data represents the mean of 4-5 animals. The abbreviations are
referred in Fig. 1. **P<0.01 versus CPT-11 (Wilcoxon rank sum
test)
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occurred on days 3 and 4 within 1-2 h after CPT-11
injection. Thereafter, diarrhea was chronically present
during days 6-7 (delayed diarrhea).

TJ-14, Neo/Bac, and activated charcoal inhibited the
decrease in body weight, and improved the delayed
diarrhea, but had no effect on the antitumor effect of
CPT-11. Neo/Bac, but not TJ-14 or activated charcoal,
also inhibited the acute watery diarrhea that appeared
on days 3 and 4. In contrast, cyclosporin A and valproic
acid augmented the loss of body weight gain and delayed
diarrhea symptom score while those had no effects on
CPT-11’s antitumor activity (Figs. 4, 5). In addition, the
acute diarrhea appeared not only on days 3 and 4 but
also on day 1 in cyclosporin A and valproic acid groups.

Discussion

The clinical use of CPT-11 has been associated with
early onset diarrhea that is observed immediately after
CPT-11 injection (acute diarrhea) and delayed-onset
diarrhea that occurs more than 24 h after CPT-11
injection and usually continues for several days (delayed
diarrhea) [9, 10]. The former was usually accompanied
with cholinergic symptoms such as salivation, cramps,
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12000 — ~®—CPT-11
—&— + TJ-14 1000mg/kg
—8— + Cyclosporin A 50 mg/kg
r’g 10000 —~ —9— + Valproic acid 200 mgkg ————
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Day after the start of CPT-11 injection

Fig. 4 Effects of several agents on antitumor activity of CPT-11
(60 mg/kg iv for 4 days) in rats bearing breast cancer (Walker 256-
TC). The agents were orally administered twice daily from the day
prior to the start of CPT-11 injection for total of 5 days. In
addition, neomycin was administered in drinking water from
5 days prior to the start of CPT-11 injection for total of 9 days. All
rats died until day 7 in cyclosporin A-treated group. One rat died
on day 8 in valproic acid-treated group. 7J-14 TJ-14 1,000 mg/kg,
p.o.; cyclosporin A cyclosporin A 50 mg/kg, p.o.; valproic acid
valproic acid 200 mg/kg, p.o.; charcoal activated charcoal
1,000 mg/kg, p.o.; Neo/Bac neomycin (2 mg/ml) in drinking
water + neomycin 20 mg/kg and bacitracin 10 mg/kg, p.o. Each
value represents the mean of 2—5 animals. There are no significant
differences of the estimated tumor volumes between the CPT-11
alone and CPT-11 with agents on days 4, 7, or 10 (Student’s  test)
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Fig. 5 Effects of several agents on delayed diarrhea symptoms
caused by CPT-11 (60 mg/kg iv for 4 days) in rats bearing breast
cancer (Walker 256-TC). The agents were orally administered twice
daily from the day prior to the start of CPT-11 injection for total of
5 days. In addition, neomycin was administered in drinking water
from 5 days prior to the start of CPT-11 injection for total of
9 days. All rats died until day 7 in cyclosporin A-treated group.
One rat died on day 8 in valproic acid-treated group. The
abbreviations are referred in Fig. 4. Each value represents the
mean of 2-5 animals. *P <0.05, **P <0.01: Significantly different
from the group treated with CPT-11 alone (Wilcoxon rank sum
test)

and diaphoresis, and could be controlled with choliner-
gic receptor blocker atropine [40]. Therefore, its anti-
cholinesterase activity [41, 42] is at least involved in the
cholinergic symptoms including acute diarrhea. Indeed,
we have confirmed that CPT-11 has not only anti-ace-
tylcholinesterase activity but also anti-butyrylcholinest-
erase activity which plays a major role in the intestinal
tract (unpublished data).

In contrast, the latter is unexpected diarrhea, the se-
vere [National Cancer Institute-Common Toxicity Cri-
teria (NCI-CTC) grade 3 or 4] diarrhea might be a
potentially life-threatening disorder, especially when
concomitant with severe neutropenia. Although many
pharmacokinetic analysis in humans have been made to
predict the incidence or the mechanisms of delayed
diarrhea, there are somewhat conflicting results [11-16].
Namely, there are no generally accepted relationship
between the severity of diarrhea and any of the studied
pharmacokinetic parameters.

Intensive loperamide regimens have been considered
as the standard antidiarrhea treatment for CPT-11-in-
duced diarrhea in Europe and the United States. It is
one of the nonspecific treatments for cancer chemo-
therapy-induced diarrhea and probably reduces diarrhea
by delaying intestinal transit allowing increased time for
fluid absorption or reducing the fluid secretion [43], but
the clinical studies could not necessarily confirm its
satisfied efficacy [44]. Other potential approaches are (1)
altering the metabolism [(a) inhibition of deconjugation



of SN-38 glucuronide excreted into the intestinal lumen
[28, 30, 45], (b) inhibition of glucuronidation of SN-38 in
the liver [20], (c) inhibition of biliary excretion of CPT-
11 and its metabolites [21-24], (d) selective inhibition of
intestinal SN-38 production [46], (2) prevention of
intestinal re-absorption of SN-38 and/or CPT-11 by
alkalization of the intestinal lumen [34, 35] or by
adsorbing of CPT-11 and its metabolites using activated
charcoal [36, 37], or (3) blockade of CPT-11-induced
fluid secretion [43]: these are all specific measures for
CPT-11-induced diarrhea (Fig. 6). In addition, other
potential nonspecific treatments have also been reported
(Table 1). Some of those have already been shown to
improve CPT-11-induced diarrhea, but no one can ex-
pect which is the most promising and effective treatment
for CPT-11-induced delayed-onset severe diarrhea.

In the present study, we assessed the efficacy of sev-
eral potential antidiarrhea treatments that have been
shown to be effective clinically or currently under clinical
trial, in comparison with those of Str/Pen or TJ-14
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Table 1 Summary of nonspecific approaches and other potential
approaches to prevent CPT-11-induced diarrhea

Nonspecific measures

Enkephalinase inhibitor (Tiorphan) [51]
COX; inhibitor (Celecoxib) [52]

IL-15 [53]

Sandostatin [44, 54, 55]

Lipopeptide JBT-3002 [56, 57]

RDP58 [58]

Radical scavenger (amifostine) [59]
Sucralfate and nifuroxazide [60]
Thalidomide [61, 62]

Glutamate [63]

Steroid (budesonide) [64]

Fish oil [65]

Modified schedule of CPT-11 dosing [66-68]
Pharmacogenetic analysis of UDP-glucuronosyltransferase [69]

treatment that has been confirmed effective in our rat
model [28, 30]. The present result was well in agreement
with our previous reports, namely both Str/Pen and

Fig. 6 Schematic
representation of CPT-11
metabolism, expecting
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TJ-14 showed good antidiarrhea activity against
CPT-11-induced delayed diarrhea, and first revealed that
their efficacy was almost equivalent. The other poorly
absorbed aminoglycoside antibiotics Neo/Bac also
showed good antidiarrhea activity similar to that of Str/
Pen or TJ-14. In contrast, the efficacy of single co-
administration of neomycin was relatively low as com-
pared with the above three treatment regimens despite
inhibition (about 80%) of intestinal B-glucuronidase
activity. The possible reason why neomycin could not
ameliorate the CPT-1l-induced intestinal toxicity as
other two antibiotic regimens might be due to an
incomplete inhibition of p-glucuronidase activity
(<80% in Neo vs. >90% in Str/Pen or Neo/Bac). An-
other possible reason might be due to the change of fecal
pH. Takeda et al. [34] and Ikegami et al. [35] have re-
cently reported that intestinal alkalization by sodium
bicarbonate supplementation ameliorated CPT-11-in-
duced diarrhea with reduction of the histopathological
damage to the mucosa of the intestine by influencing the
conversion of SN-38/CPT-11 from lactone to carboxyl-
ate. In the present study, the fecal pH in Str/Pen group
changed to be about pH 7.2 from the pH 6.4 (control
group). The respective rates of intestinal uptake for CPT-
11 and SN-38 were shown to be pH sensitive, with uptake
decreasing by more than 65% at pH levels greater than
6.8 [47], suggesting that intestinal alkalization by Str/Pen
might, at least in part, be involved in the ameliorating
mechanism while the reason of the change in pH is not
known. Since, however, there is no change in the fecal pH
of Neo/Bac or TJ-14 group which exerted efficacy com-
parable to Str/Pen, alkalization in the intestinal lumen
might not play a key role in the ameliorating efficacy of
these treatments used in the present study.

An alternative measure for the inhibition of S-glu-
curonidase in the intestinal lumen is pharmacological
inhibition using specific inhibitors including natural
glucuronides [48]. Indeed, we have reported that TJ-14
or TJ-114 (0.5 and 1 g/kg twice daily), a Chinese herbal
medicine that contains f-glucuronidase inhibitor baica-
lin, or baicalin itself (25 mg/kg) exerted a protective ef-
fect on the delayed-onset diarrhea in rats [30]. p-
Glucaric acid-1,4-lactone monohydrate, a specific -
glucuronidase inhibitor, has recently been shown to re-
duce CPT-1l-induced mucosal damage in the small
intestine in rats [45]. Our preliminary study, however,
did not confirm its antidiarrhea activity. The dose of
glucaro-1,4-lactone used in the preliminary study
(25 mg/kg orally twice daily) might be enough to inhibit
p-glucuronidase because it has p-ghucuronidase inhibi-
tory activity comparable to baicalin [48]. The reason
why glucaro-1,4-lactone had no efficacy in our rat model
remains to be determined. We reported that CPT-11-
induced delayed-onset diarrhea would be attributable to
the damage to the cecum, which has the highest f-glu-
curonidase activity in the luminal contents, and the
inhibition of f-glucuronidase by antibiotics resulted in
mainly the reduction of the cecal damage, not of the
small intestine [28]. Since Fittkau et al. [45] reported that
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glucaro-1,4-lactone reduced CPT-1l-induced mucosal
damage in the small intestine which almost lacks f-
glucuronidase activity in the luminal contents [28], other
mechanisms apart from S-glucuronidase inhibition in
the intestinal lumen might be involved. Alternatively,
the therapeutic effect of Kampo medicine TJ-14 on CPT-
11-induced delayed diarrhea might be solely based on
the inhibition of SN-38 glucuronide deconjugation but
also on other mechanisms including a suppression
prostaglandin E, production in the colon [49].

Chowbay et al. [50] reported that activated charcoal
was not effective in the prevention of CPT-11-induced
diarrhea as compared with inhibition of f-glucuronidase
in the intestinal microflora by ceftriaxone, a third gen-
eration cephalosporin. In the present study, activated
charcoal showed clearly improved CPT-11-induced
intestinal toxicity though its activity was slightly weak as
compared with Str/Pen, Neo/Bac, or TJ-14. Therefore,
the adsorption of CPT-11 and its metabolites using
activated charcoal could offer some help in reducing
CPT-11-induced diarrhea as reported by Michael et al.
[36] and Maeda et al. [37].

Although the pharmacokinetic or histopathologic
examinations were not conducted in the present study,
we have shown good correlation between the severity of
indices of intestinal toxicity adopted in this study and
histopathological changes in the intestine [28, 30].
Moreover, the inhibition of B-glucuronidase in the
intestinal microflora by antibiotics [29, 50] or TJ-14
(unpublished data) did not affect SN-38 or CPT-11
plasma pharmacokinetics. It is suggested that the anti-
biotics or TJ-14 could prevent CPT-11-induced intesti-
nal toxicity without reducing antitumor activity. Indeed,
antibiotics (Neo/Bac), TJ-14, or activated charcoal
ameliorated CPT-11-induced intestinal toxicity with
maintenance of CPT-11's antitumor activity in rats
bearing breast cancer in the present study. Since the
biliary excretion of CPT-11, its active metabolite SN-38
and SN-38 glucuronide are mediated by the P-gp and
cMOAT/MRP2 in the bile canalicular membrane [20-
24], inhibition of the transporters, or UDP-glucuronosyl
transferase has been proposed to reduce the intestinal
toxicity of CPT-11 by decreasing the biliary excretion of
particularly SN-38 and SN-38 glucuronide or potentially
increase the CPT-11 therapeutic index by decreasing the
intestinal toxicity associated with more aggressive anti-
tumor regimens. In the present study, contrary to ones
expectations, cMOAT/MRP2 inhibitor cyclosporin A or
UDP-glucuronosyl transferase inhibitor valproic acid
exacerbated the intestinal toxicity, and did not modify
CPT-11’s antitumor activity. As we do not confirm
whether or not CPT-11 can show dose-dependent anti-
tumor activity in the present rat model bearing breast
cancer, we cannot conclude that co-administration of
cyclosporin A or valproic acid does not enhance CPT-
11’s antitumor activity from the present study. However,
the fact that cyclosporin A and valproic acid caused a
worsening intestinal toxicity, and may produce adverse
systemic reaction, probably keeping SN-38 serum and




tissue levels too high [20, 21, 23], is suggesting that it is at
risk of potentiating the systemic and/or intestinal side
effect of CPT-11 to control biliary excretion of CPT-11
and its metabolites by drugs for preventing CPT-11-in-
duced intestinal toxicity in consideration of individual
difference of biliary pharmacokinetics.

The present results conclude that the optimal com-
bined use of antibiotics which completely reduces the
intestinal, bacterial p-glucuronidase activity prevents
CPT-11-induced intestinal toxicity to a similar extent of
Kampo medicine TJ-14, and activated charcoal, a more
inexpensive agent, may also be useful when antibiotics
or TJ-14 could induce severe secondary complications.
Moreover, the treatments affecting the biliary excretion
of CPT-11 and its metabolites might have undesirable
results.

To date, a lot of CPT-11 specific and nonspecific
(Fig. 6, Table 1) antidiarrhea treatment designs have been
proposed in animal and human studies. However, to our
knowledge only Kampo medicine and antibiotics could
improve CPT-11-induced delayed-onset diarrhea in both
animal and human studies although our rat model might
be different from human in terms of types of intestinal
microflora and anatomical distribution. Therefore, we
currently think that Kampo medicine, antibiotics, or both
treatments if possible, are the optimal antidiarrhea
treatments against CPT-11-induced diarrhea.
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ABSTRACT: The metabolic activation of numerous exogenous and endogenous chemicals is
catalysed by cytochrome P450 enzymes (CYPs). The aim of this study was to analyse the expression
of the individual forms of CYP at the mRNA level in human larynx and quantitatively to compare
their expressions in human liver, the main organ of CYP expression. Individual forms of CYP
mRNAs were detected by reverse transcriptase-polymerase chain reaction (RT-PCR) using specific
primers for the CYPs -1A1, -1A2, -2A6, -2B6, -2C, -2D6, -2E1,-3A3/4, -3A5, -3A7 and -4B1. An RNA
competitor of known copy number, covering the primer sequences necessary to amplify the entire
object CYPs within a single molecule, was used as reference. This study reports a consistent
detection of mRNAs for the CYPs -1A1, -2A6, -2B6, -2C, -2D6, -2E1, -3A5 and -4B1 in the human
larynx tissue. The data indicate that the human larynx highly resembles the lung tissue in CYP
content, as a comparable subset of CYP mRNAs was detected in the larynx previously reported for
human lung with the exception of CYPIA2. The results are discussed in quantitative ratios of the
detected CYP mRNAs in relation to the hepatic CYP expression. Copyright © 2006 John Wiley &
Sons, Ltd.

Key words: cytochrome P450; laryngeal tissue; drug metabolizing enzymes

Introduction abundantly in the liver, yet many CYPs were

also reported in extrahepatic tissues [3]. Rela-

Cytochrome P450 (CYP) (E.C. 1.14.14.1) is a
heme-containing enzyme responsible for the
metabolism of numerous endogenous and exo-
genous compounds [1]. Approximately 20 indi-
vidual CYPs have been identified in man [1,2].
The regulation of CYP expression is, in part,
tissue-specific leading to a tissue-selective re-
sponse for a given xenobiotic compound. The
majority of CYP genes are expressed most
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tively little is known about the individual CYP
forms present in the human larynx. The larynx
forms a connection from the pharynx to the
trachea and it has histological resemblances to
the nasal mucosa, trachea and lung, which are
formed by a set of hyaline and elastic cartilages
in a complex muscular architecture [4]. Its
function is to maintain patency of the passage
to prevent swallowed food or liquid from
entering the trachea in a valve-like manner. Being
a tissue with a high exposure to both inhaled and
blood-borne xenobiotic compounds, the larynx is
an important target for cancer, which makes it a
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