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ABSTRACT:

The choroid plexus (CP) acts as a site for the elimination of xeno-
biotic organic compounds from the cerebrospinal fluid {CSF). The
purpose of the present study is to investigate the role of rat organic
anion transporter 3 (rOat3; Sic22a8) in the uptake of H,-receptor
antagonists (cimetidine, ranitidine, and famotidine) by the isolated
rat CP. Saturable uptake of cimetidine and ranitidine was observed
in rOat3-LLC with K, values of 80 and 120 nM, respectively, whereas
famotidine was found to be a poor substrate, The steady-state con-
centration of the Hy-receptor antagonists in the CSF was significantly
increased by simultaneously administered probenecid, although it did
not affect their brain and plasma concentrations. Saturable uptake of
cimetidine and ranitidine was observed in the isolated rat CP with K|,
values of 93 and 170 M, respectively, whereas 50% of the uptake of

famotidine remained at the highest concentration examined (3 mM).
The K, value of ranitidine for the uptake of cimetidine by the isolated
CP {50 uM) was similar to its own K, value, suggesting that they
share the same transporter for their uptake, The inhibition potency of
organic anions such as benzyipenicillin, estradiol 178-glucuronide,
p-aminohippurate, and estrone sulfate for the uptake of cimetidine by
the isolated rat CP was similar to that for benzylpenicillin, the uptake
of which has been hypothesized to be mediated by rOat3, whereas a
minimal effect by tetraethylammonium excludes involvement of or-
ganic cation transporter(s). These results suggest that rOat3 is the
most likely candidate transporter involved in regulating the CSF con-
centration of H,-receptor antagonists at the CP.

The choroid plexus (CP), located in the lateral, third, and fourth
ventricles, is the site of production of cerebrospinal fluid (CSF)
(Segal, 2000; Haselbach et al., 2001). 1t is well established that CP
acts as a barrier between the CSF and the circulating blood, and it is
referred to as the blood-CSF barrier (Suzuki ct al,, 1997; Ghersi-Egea
and Strazielle, 2001; Haselbach et al., 2001; Kusuhara and Sugiyama,
2001). The barrier function is achieved partly by the tight monolayer
of choroid plexus epithelial cells and partly by detoxification systems
consisting of metabolic enzymes and multispecific transporters (Su-
zuki et al,, 1997; Ghersi-Egea and Strazielle, 2001; Haselbach et al,,
2001; Kusuhara and Sugiyama, 2001).

Histamine H,-receptor antagonists have been used clinically to cure
duodenal ulcers and gastric acid hypersecretion, and adverse effects
by H,-receptor antagonists on the central nervens system, ranging
from mild dizziness, restlessness, and mental confusion to advanced
symptoms such as myoclonic twitching and seizure, have been re-
ported {Grimson, 1977; Schentag et al., 1979; McGuigan, 1981).
Schentag et al. (1979) reported that the concentration of cimetidine in
the CSF is related to the mental status. We demonstrated previously
that a saturable mechanism is involved in the elimination of cimeti-
dine from the CSF after intracerebroventricular administration (Su-
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zuki et al., 1985, 1988). Transport studics revealed that the uptake of
cimetidine by the isolated rat choroid plexus is saturable, and the
efflux transport across the CP has been considered to account for the
saturable elimination mechanism of cimetidine from the CSF (Suzuki
et al., 1986). Organic anions such as benzylpeniciilin and p-aminohip-
purate (PAH) inhibit the uptake of cimetidine by the isolated rat
choroid plexus, whereas organic cations such as tetracthylammonium
(TEA) and N-methylnicotinamide have no such effect (Suzuki et al.,
1986). It is likely that organic anion transporter(s) play a majorrole in
regulating the CSF concentration of cimetidine at the CP.

We have isolated rat organic anion transporter 3 (rOat3; S/c2248),
the third isoform of the OaVOAT family. from the rat brain cDNA
library by homology cloning (Kusuhara et al.. [999). Functional
expression of 1Oat3 in Xenopus laevis cocytes and mammaliar cells
has revealed its broad substrate specificity for organic anions, includ-
ing PAH and benzylpenicillin (Kusuhara et al.. 1999; Burckhardt and
Burckhardt, 2003; Dantzler and Wright, 2003). In the CP, although
mRNA expression of all the Oat isoforms (rOat!~rQOat3) has been
detected (Sweet et al., 2002; Choudhuri et al.. 2003), rQat3 is the most
abundant jsoform (Choudhuri et al,, 2003). rOat3 has been shown to
be expressed on the brush border membrane of the CP (Nagata et al.,
2002). Localization of rOat3 in the CP suggests its involvement in the
uptake process at the CP. Since the spectrum of inhibitors and kinetic

RﬁhEVlATiONS: CP: r:horoid plexus; CSF, cereb—rc;;[;ina\ fluid; PAH, p-aminohipp»;rate; TEA, 1etraethylammonium; Oat, organic anion irans-

porter; MEP, molecular electrostatic potential(s); LG-MS, liquid chromatography-mass spectometry; Oct, organic cation transporter.
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parameters for the uptake of PAH and benzylpenicillin by the isclated

rat CP were similar to those for rOat3, it has been hypothesized that

r0at3 accounts for their uptake by the isolated rat CP (Nagata et al.,
2002). Furthermore, the finding that the isolated choroid plexus from
mOat3 knockout mice was unable to cellularly accumulate fluorescein
supports the role of Oat3 in the CP (Sweet et al., 2002). H,-receptor
antagonists have been referred to as bisubstrates recognized by both
renal organic anion and cation transporters (Ullrich et al., 1993),
Indeed, cimetidine is a substrate of rOat3 as well as organic cation
transporter(s) (Grundemann et al., 1999; Kusuhara et al., 1999).
Therefore, it is likely that rOat3 plays a major role in the uptake of
cimetidine and other H,-receptor antagonists by the isolated rat CP.

The primary purpose of the present study was to investigate the
importance of rOat3 in regulating the concentration of H,-receptor
antagonists (cimetidine, ranitidine, and famotidine). We examined
whether ranitidine and famotidine are substrates of rOat3 in LLC-PK 1
cells expressing rOat3 (rOat3-LLC). rOat3-LLC exhibits specific up-
take of ranitidine and famotidine, but the transport activity of famo-
tidine was quite low compared with that of cimetidine and ranitidine.
Steady-state concentrations of H,-receptor antagonists in the CSF and
plasma were determined in rats treated with or without probenecid, a
potent inhibitor of rOat3. The uptake of H,-receptor antagonists was
investigated using the isolated rat CP, and the kinetic parameters and
spectrum of inhibitors were compared with those for benzylpenicillin.

Materials and Methods

Materials. "H]Cimetidine (16.5 Ci/mmol) and (**Clurea (52 mCi/mmol)
were purchased from Amersham Biosciences UK, Ltd. (Little Chaifont, Buck-
inghamshire, UK). All cell culture media and rcagents were obtained from
Invitrogen (Carlsbad, CA), except fetal bovine serum (Cansera International
Inc., Ontario, Canada). All other chemicals and reagents were of analytical
grade and readily available from commercial sources.

Calculation of Molecular Electrostatic Potential (MEP) of H,-Receptor
Antagonists. The starting structures of H,-receptor antagonists were built up
on the basis of standard bond lengths and angles, and the structures of
H,-receptor antagonists were optimized using the AM1 Hamiltonian and
conductor-like screening model. Their molecular electrostatic potentials at pH
7.4 were calculated using the modified neglect of diatomic overlap Humilto-
nian. All calculations were carried out by the MOPAC97 (CS Chem3D Pro;
CambridgeSoft Corporation, Cambridge, MA).

Uptake Studles by rQat3-LLC. rOut3-LLC was established previously,
and all the procedures have been described in detail (Sugiyama et al., 2001).
Cells were seeded on a 12-well dish (BD Biosciences, Franklin Lakes, NJ) at
a density of 1.2 X 10 cells/well and cultured for 3 days. Sodium butyrate (5
mM) was added to the culture medium to induce expression of the transporter
24 h before starting the experiments (Sugiyama et al., 2001). Uptake was
initiated by adding medium containing ligands, with or without inhibitors, after
the cells had been washed twice and preincubated with Krebs-Henseleit buffer
at 37°C for 15 min. This buffer consists of 142 mM NaCl, 23.8 mM Na,CO,.
4.83 mM KCI, 0.96 mM KH,PO,, .20 mM MgSO,, 12.5 maM HEPLES, 5 mM
glucose, and 1.53 mM CaCl; adjusted to pH 7.4, The uptake was terminated at
a designated time by adding ice-cold Krebs-Henscleit buffer, For [*H]cimeti-
dine uptake, cells were dissolved in 500 ul of | N NaOH, kept overnight,
neutralized with 250 g of 2 N HCl, and then aliquots (500 jul) were transferred
to scintillation vials. The radioactivity associated with the cells and medium
was determined in a liquid scintillation spectrophotometer (LS60C0SE; Beck-
man Coulter, Fullerton, CA) after adding scintillation fluid (Hionic-Fluor;
PerkinElmer Life and Analytical Sciences, Boston, MA) to the vials. For the
deterrmination of the uptake of ranitidine and famotidine, cells were dissolved
in 200 ul of 0.2 N NaOH, and aliquots (50 wl) were used for LC-MS
yuantification as described below. The remaining portions of cell lysate were
used to determine the protein concentration by the method of Lowry, with
bovine serum albumin as a standard. Ligand uptake was given as the cell-to-
medium concentration ratio determined as the amount of ligand associated
with cells divided by the medium concentration.
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Uptake Studies by Isolated Rat CP. Male Sprague-Dawley rats weighing
250 to 300g were purchased from SLC (Shizuoka, Japan). The CP was isolated
from the luteral ventricles and incubated at 37°C for | min in 500 ul of
artificial CSF, which consists of 122 mM NaCl, 25 mM NaHCO,, 10 mM
glucose, 3 mM KCl, 1.4 mM CaCl,, 1.2 mM MgSO,, 0.4 mM K,HPO,, and
10 mM HEPES (pH 7.3), equilibrated with 5% 0,/5% CO,. Radiolabeled
ligands, with or without inhibitors, were added simultaneously to initiate
uptake. The uptake of [*H]cimetidine and ["*C)TEA by isolated rat CP was
cxamined by centrifugal filtration as described previously (Nagata et al., 2002).
The tissue-to-medium concentration ratio of [*H]cimetidine and {**CJTEA was
calculated with [**Clurea or [*Hjwater as a cell water space marker and
corrected for the adherent water space. The *H and '°C activity in the
specimens was determined in 2 liguid scintillation spectrophotometer. To
determine the uptake of nonradiolabeled H,-receptor antagonists, the rapid
filtration method was used since the silicon oil, used in the centrifugal filtration
method, disturbed the quantification by LC-MS. The uptake of cimetidine,
ranitidine, and famotidine by isolated rat CP was terminated by rapid filtration
using a vacuum manifold; then the CP was rinsed three times with 300 u) of
artificial CSF, the CP was dissolved jn 100 pl of 0.2 N NaOH, and aliquots (S0
pl) were subjected to LC-MS quantification as described below. The remain-
ing portions of lysate were used to determine the protein concentration by the
method of Lowry, with bovine serum albumin as a standard.

Constant Infusion Study in Rats. Rats were lightly anesthetized with
ether, and the left femoral vein was cannulated with polyethylene tubing
(PE-50; BD Biosciences). The priming dose of the H, antagonist and probe-
necid was 2 and |5 mg/kg, respectively. The H, antagonist and probenecid
were given to rats through the femoral vein cannula at 2 and 30 mg/hkg,
respectively, for 3 h. The dose regimen was designed to obtain a CSF
concentration of probenecid sufficient to inhibit rOat3. Blood samples (300 ul)
were collected from the tail vein at | and 2 h during the infusion. At the end
of the experiment, blood samples were collected from the abdominal vein, and
animals were sacrificed by bleeding the abdominal aorta under ether anesthe-
sia. Following sacritice, 50- to 100-ul aliguots of CSF were obtuined by
cisternal puncture using insulin syringes (0.5-ml syringe with a 29-gauge X
£/2-inch attached needle; TERUMO Corporation, Tokye, Japan), and whole
brains were removed und weighed. To obtain plasma, blood was centrifuged at
10,000g for 5 min. For determination of the unbound plasma concentration,
aliquots (0.5 ml) of plasma specimens were subjected to filtration (2500 rpm.
10 min) (MPS-1; Milliporc Corporation, Bedford, MA). The brain samples
were homogenized in three volumes of water using a Polytron homogenizer
(Brinkmann Instruments, Westbury, NY). The concentrations of Hj-receptor
antagonists and probenecid in plasma, plasma ultrafiltrate, and brain homog-
enate were quantified by LC-MS as described helow. :

Quantification of H,-Receptor Antagonists and Prob id by LC-MS.
The quantification of cimetidine, ranitidipe, famotidine, and probenccid was
performed by a high-performance liquid chromatograph (Alliance 2690; Wa-
ters, Milford. MA) connected to a mass spectrometer (ZMD; Micromass UK
Ltd., Manchester, UK). Aliquots (50 ul) of samples containing H,-receptor
antagonists were precipitated by adding 100 p of methanol containing an
internal standard (famotidine for cimetidine and ranitidine and cimetidine for
famotidine), mixed, and centrifuged, and 20 wl of the supernatants was
subjected to LC-MS. Aliquots (50 ul) of samples containing probenecid were
precipitated by adding 100 ul methangl, mixed, and centrifuged, and aliquots
(10 ud) of the supernatants were diluted with 990 u! of methanol, 20 ul of
which was subjected to LC-MS. High-performance liquid chromatography
analysis was performed on an Wuters Xterra MS C18 column (2.5 um, 3 mm
i.d.. 30 mm) at room temperature. Elution was performed with a 0 to 100%
linear gradient of 10 mM ammonium acetate/methano} over 4 min at 0.8
ml/min, A portion of the eluent (split ratio = 1:3) was inroduced into the MS
via an electrospray interface. Detection was perlormed by selective ion mon-
itoring in positive ion mode (m/z: 253, 315, 338, and 286 for cimetidine,
ranitidine, famotidine, and probenecid, respectively).

Kinetic Analyses. Kinetic parameters were obtained using the Michaelis-
Menten equation v = V, , X SAK,, + 5) + Py; X S, where v is the uptake rate
of the substrate (pmol/min/mg protein or pmol/min/ul tissue), § is the substrate
concentration in the medium (uM), K|, is the Michaclis-Menten constant
(£M), and V., is the maximum uptake rate (pmol/min/ing protein ot pmol/
min/ul tissue). Py, represents the uptake clearance corresponding to the
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Fio. 1. Molecolar siructures and molecular electrostatic potential of H,-receptor
antagonists, MEP of cimetidine, ranitidine, and famotidine at pH 7.4 were calculated
using the MINDO Hamiltonian, The figure illustiates the isoelectric line at 2.8
atomic units, The oolors indicate the charge of rtheix clectrostatic potential; red is
positive and hive is negative,

nonsgsble component (plfmin/mg profein or pt/minie tissue). Fo abeain
the. kinefic parameters, the equation was {iited to the aptake. velocity using a
MAJLTY program (Yassoka et al., (981}, The {oput dats weze weighted as the
reciprucals of the observed values, and the Damping Gauss-Newton method
alpwithm was weod for fitting. Inkibitien constamrs (K) were caloulated by
assuming compriitive inkibithun wsing the equation CL = CLAI + 7K +
P wineze Cho ropeesents the vptake clearance and |, fepresents the valae in
the presence of fuhibitor, £ tepresenss the concentrztion of inhibitor (uM). The
subvstrate. concentrstban was low compared with its K, value in the inhibition
study.

Resuity

Motecular Flectrostatic Potential of H,-Receptor Antagenists,
Figuve | iflustrates the chemnical structures of the H,-receptor antag-
onists and their Isnelectric lines at 2.8 atomic units calculated at pH
7.4, There was a region showing negative MEP in the chemical
structures of B,-receptor antagonists (Fig. 1; indicated by blue in the
cyansimine group for cimetidine, the nitre group for ranitidine, and
the imine and sutfonamide groups for famotidine).

Uptake of H,-Receptor Antagonists (Cimetidine, Ranitidine,
and Famotidire) by rOat3-LLC. Figure 2 shows the time profiles of
the uptake of cimetidine, ranitidine, and famotidine by vector- and
10at3-LLC. The uptake of cimetidine, ranitidine, and famotidine was
significantly greater in rOat3-LLC than in vector-LLC, although the
absolute value of famotidine uptake was quite small compared with
that of cimetidine and ranitidine (Fig. 2). For further analyses, the
uptake of cimetidine and ranitidine was determined at the earliest
time, both technically and practically (3 min for cimetidine and 5 min
for ranitidine). The uptake of cimetidine and ranitidine was saturable
(Fig. 3), and kinetic analyses revealed that the K, and V,,,, values of
cimetidine and ranitidine by rQat3-LLC were 79.2 + 17.8 and 121 =
36 uM and 150 * 29 and 367 * 95 pmol/min/mg protein, respec-
tively, The uptake clearance corresponding to the saturable compo-
nent (V,,,/K,,) for cimetidinc and ranitidine was 1.89 = 0.30 and
3.03 = 039 pl/mivmg protein, respectively, whereas that corre-
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sponding to the nonsaturable component was 1.07 * 0.03 and
0.381 + 0.023 ul/min/mg protein, respectively.

Effect of Organic Anions and Cations on the Uptake of Cime-
tidine by rQat3, Benzylpenicillin and ranitidine inhibited the rOat3-
mediated (*H]cimetidine uptake in a concentration-dependent manner
(Fig. 4, a and b), whereas TEA had no inhibitory effect at the
concentrations examined (0.1 to 10 mM; data not shown). The K,
values of benzylpenicillin and ranitidine for cimetidine uptake by
rOat3-LLC were determined to be 76.7 % 13.2 and 119 *+ 44 uM,
respectively. Famotidine only weakly inhibited the uptake of cimeti-
dine by rOat3-LLC (Fig. 4c).

Effect of Probenecid on the Plasma, Brain, and CSF Concen-
trations of H,-Receptor Antagonists. Rats were given H,-receptor
antagonists by constant infusion with or without probenecid. The
plasma concentrations of H-receptor antagonists reached steady-state
within 3 h (data not shown), whereas the plasma concentration of
probenecid showed a gradual increase during infusion (355 % 107
uMat 1 h, 514 = 143 uM at 2 h, and 651 *+ 246 uM at 3h), The
unbound plasma concentration and CSF concentration of probenecid
at 3 h were 154 % 26 and 57.3 * 2.0 uM, respectively. Probenecid
treatment did not affect the brain and plasma concentrations of the
H,-receptor antagonists (Table 1), whereas their CSF concentrations
significantly increased (Table 1). The CSF-to-unbound plasma con-
centration ratio (Cesp/Cyg,) significantly increased by 3.7-fold for
cimetidine, 4.3-fold for ranitidine, and 2.5-fold for famotidine (Table 1).

Uptake of H,-Receptor Antagonists by the Isolated Rat CP, The
time profiles of the uptake of [*H]cimetidine and ['*CJTEA by iso-
lated rat CP are shown in Fig. 5a (uptake units: !/l CP volume) and
those of cimetidine, ranitidive, and famotidine are shown in Fig. 5b
(uptake units: pl/mg protein). All the H,-receptor antagonists showed
time-dependent accumulation by the isolated rat CP, and their trans-
port activities were in the following order: ranitidine = cimetidine >
famotidine (Fig. 5b). The uptake of TEA by the isolated rat CP was
small compared with that of H,-receptor antagonists (Fig. 5a), The
uptake of [*H]cimetidine and ranitidine was saturable, and kinetic
analyses revealed that the uptake of [*H]cimetidine and ranitidine
consists of one saturable and one nonsaturable component (Fig. 6).
The K, and V,,, values and uptake clearance corresponding to the
nonsaturable component of [*Hlcimetidine were 92.7 = 46.1 uM,
137 £ 71 pmoV/min/ul tissue, and 0.581 = 0.123 ul/min/pl tissve,
respectively, whereas the corresponding values for ranitidine were
171 £ 57 uM, 1250 * 360 pmol/min/mg protein, and 1.49 * 0.26
pV/min/mg protein. The uptake of famotidine was saturated at high
substrate concentrations (Table 2), but 50% of the total uptake re-
mained at the highest concentration examined (1 mM, Table 2).

Effect of Organic Anfons and TEA on the Uptake of Cimetidine
by Isolated Rat CP. The effect of benzylpenicillin and TEA was
examined with regard to the uptake of cimetidine, ranitidine, and
famotidine by the isolated rat CP (Table 2). Benzylpenicillin inhibited
the uptake of the H,-receptor antagonists in a concentration-depen-
dent manner. TEA did not affect the uptake of H,-receptor antago-
nists. Furthermore, the effect of estradiol-178-glucuronide, estrone
sulfate, benzylpenicillin, PAH, ranitidine, and famotidine was also
examined with regard to the uptake of [*H]cimetidine by isolated rat
CP (Fig. 7). All organic anions, ranitidine, and famotidine showed a
concentration-dependent inhibition of the uptake of [*H]cimetidine by
the isolated rat CP (Fig. 7), and their inhibition constants are summa-
rized in Table 3. The K; and X, values for the uptake of benzylpen-
icillin and cimetidine by the isolated rat CP were comparable (Table
3).
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Discussion tidine) by the isolated rat CP, and that drug-drug interaction causes an
In the present study, we reported that rOat3 is involved in the increase in the CSF concentration of H,-receptor antagonists without
ptake of H,-receptor antagonists (cimetidine, ranitidine, and famo-  affecting their plasma concentration. rOat3 has becn charucterized by
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TABLE 1

Total plasma, unbound plasma, CSF, and brain concentrations of H,-receptor antagonists after intravenaus infusion in rats treated with or without probenecid

Hy-receptor antagonists (2 mg/kg) were administered to rats by bolus intravenous administration followed by constant infusion (2 mg/hvkg) during 3 h, Probenecid (15 mgfkp) was

administered lo rats by bolus intravenous administration followed by constant infusion (30 mg/Wkg) dusing 3 h, and the unbound plasma and CSF o
at3 h were 154 = 26 and 57.3 £ 2.0 uM, respectively. Each value represents the mean * S.D. (n = 3), ;
Cimetidine Ranitidine Famotidine
Control +Probenecid Control +Probenecid Cantrol +Probenecid

C, (pM) 371+ 1.20 297+0.15 265+ 1.25 211 +0.18 347 > 122 2.79 £ 0.03
Cou (uM) 2,25 * 0.60 1.89 =011 172 £ 0.49 1.52 *+ 0.06 201 £072 1.54 = 0.18
Cese (AM) 39.1 £ 19.8 116 & 17** 259+ 12.0 97.1 # 5.2%%% 23.1*+92 439 £ 4.1*
Chrain (1M) 96.5 = 27.1 99.9 *+ 12.5 85.7 £ 338 83.9 + 10.9 106 = 30 102 x 18
Ces/C, 1, Tati0 0,0166 * 0.005 0.0615 + 0.0121+* 0.0147 * 0.0046 0.0639 = 0.0046*+¥* 0.0114 = 00027 0.0289 * 0.0057#*

Cp» total plasma

» unt d plasma cc ation; Cegr CSF ation; Cyine brain ation.

on; C,
4 * Lp.fu
*p < 0.05, ** p < 0.01, and *** p < 0.001, significantly different from control rats (unpaired 7 test).
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its broad substrate specificity for organic anions, from amphipathic to
hydrophilic organic anions, and also a weakly basic compound, ci-
metidine (Kusuhara et al.,, 1999). In addition to cimetidine, ranitidine
was found (o be a good substrate of rOat3, whereas famotidine seems

to be a poor substrate of rOat3 (Fig. 2). Because it is oue of the clues
to understanding the interaction of such weak base or cationic com-
pounds with rOat3, the MEP of the H,-receptor antagonists was
calculated (Fig. 1). The H,-receptor antagonists contain a region of
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TABLE 2
Effect of bengylpenicillin and TEA on the uptake of Hy-recepior antagonists by
the isoloted rar CP

The uptake of cimetidine, ranitidine, and famotidine by isolated rat CP was determined in
the prescnce and absence of benzylpenicillin and TEA at the concentrations indicated. The
substrate concentration of cimetidine, ranitidine, and famotidine was 10 uM, and the excess
amount of unlabeled sub. repl ions of 3, 3, and | mM for cimetidine,
ranitidine, and famotidine, respecti vely. Each value represents the mean & SE. (v = 3).

Uptake (Percentage of Control)

C
Cimatidi . Famotidi
mM
Control 1007 100 12 100 + 22
Excess cold 304 = 1.1 U8+ 11 505 +36
Benzylpenicillin 0.1 72.5 %51 767 % 19 838 £83
1 46.3 % 1.1 349+ 39 78.6 = 6.6
3 304 % 1.1 31835 516+ 19
TEA 0.1 99.5+ 83 94.8 14 1203
i 87.5 % 6.1 97.3= 86 110+ 14
3 93.7x 105 888x136 93436

negative MEP in their chemical structures (Fig. 1). As Ullrich et al.
(1993) suggested, this site might play a key role for the substrate
recognition of H,-receptor antagonists by rOat3. Suzuki et al. (1987)
clearly demonstrated a linear correlation between the lipophilicity and
reciprocal number of K; values of B-lactam antibiotics for the uptake
of benzylpenicillin by the isolated rat CP. Lipophilicity is likely to be
an important factor for recognition by rOat3 in the case of B-lactam
antibiotics. In contrast, the kinetic parameters of cimetidine and
ranitidine for their uptake by rOat3 were comparable, although they
had different cLogD values. Lipophilicity may not be a determinant
factor in the case of the H,-receptor antagonists.
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Probenecid has previously been reported to inhibit the apical-to-
basal side of azidodeoxythymidine (corresponding to the efflux trans-
port from the CSF side to the blood side under physiological condi-
tions), resulting in an increase in the basal-to-apical transport
(Strazielle et al., 2003). Simultaneous administration of probenecid
caused a significant increase in the CSF concentration of all the
H,-receptor antagonists examined (Table 1). Since it did not affect the
brain and unbound plasma concentrations, it is likely that the effect of
probenecid is due to the inhibition of the efflux transport of H,-
receptor antagonists across the CP (Table 1). Strazielle et al. (2003)
also found that benzbromarone had an inhibitory effect for the apical-
to-basal transport of azidodeoxythymidine. It is possible that benzbro-
marone treatment also causes an increase in the CSF concentration of
H,-receptor antagonists. Since the brain-to-unbound plasma concen-
tration ratio of the H,-receptor antagonists was well below unity
(Table 1), it is possible that the efflux transport across the brain
capillaries limits their brain distribution; however, probenecid had no
effect on the brain concentration. Further studies are necessary to
investigate whether the H,-receptor antagonists undergo the efflux
across the brain capillaries and whether organic anion transporters,
including rOat3, contribute to this efflux.

The uptake, an initial process for elimination from the CSF, was
investigated using the isolated rat CP. Time-dependent uptake of the
H,-receptor antagonists was detected in the isolated rat CP (Fig. 5).
The saturable component accounts for a large part of the total uptake
of cimetidine and ranitidine (Fig. 6). The uptake of cimetidine by the
isolated rat CP was markedly inhibited by benzylpeuicillin with a &;
value similar to its own K, value for uptake by the isolarcd rat CP
(Nagata et al., 2002). Conversely, the K,, value of cimetidine for the
uptake by the isolated rat CP was similar to its & value for the uptake
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Fic. 7. Inhibitory effect of organic

CP for 3 miin was determined in the presence and absence of nonradiolabeled compounds at the concentrations indicated. Symbols represent benzylpenicillin (a;

(b: O ). estradiol-178-glucuronide (c; O), estrone sultate (d; &), ranitidine (e; &),

anions and cations on the uptake of cimetidine by the isolated rat CP. The aceumulation of |H]cimetidine (1 uM) by the isolated rat

[, PAH
and famotidinie (f; A). The solid lines represcat the fitted line oblained by nonlinear

regression anulysis. The details of the fitting are described under Materials and Methods. Each point sepresents the mean +SE (n=13)
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TABLE 3

K, and K., values for the uptake of cimetidine, ranitidine, and benzylpenicillin by
the isolated rat CP

The eftect of estrone sulfate, cimetidi diol-170-gt ide (E,178G). PAH,
benzylpenicillin, and ranitidine was examined with regard to uptake by the s5at isolated CP.
The K; and K, values were determined by nonlincer regression analysis as described under
Muaverials and Methods, Data are taken from Fig. 7. Each value represents the mean * S$.E,
(n = 3-6).

& and K, values (uM)

Benzylpenicillin® Cimetidine Ranitidine
Estrone sulfate 223 195 x 8.8
Cimetidine 444 92.7 + 46.1%
E,178G 330 36.3 = 15.7
PAH 406 281+ 74
Benzylpenicillin 11* 140 + 97
Ranitidine 49,6 * 15,1 171 + 57°

“ Parameters cited from Nagara et al. (2002).
b Ko, value.

of benzylpenicillin by the isolated CP (Table 3; Nagata et al., 2002).
Furthermore, the inhibition constants of the compounds listed in Table
3, which are substrates of rOat3, are similar for the uptake of cirne-
tidine and benzylpenicillin by the isolated rat CP (Table 3). These
results suggest thas the same organic anion transporter, namely, rOat3,
is responsible for the vptake of cimetidine by the isolated wat CP.
Since the: &; value of ranitidine for the uptake of cimetidine was close
to its K, value (Table 3} and benzylgesicillin showed similar inhibi--
tion potency (Table 2}, ¢Oat3 is presumably also involved in fhe
uplake. of ranitidine. Sioce the uptake of Eavotidine was satsrable and
inhibited by benzylpenicillin (Table 2), the involverment of & tans-
porter was suggesied, 2lthough the frection of the satuable compo-
nent could mot be: precisely eimated due to s limited sohbifity, This
is cowsistent with the in vivo /esalt. Since famstidine is 2 poor
substnwe of ¢Oat3, the benzylpenicillin-sensitive fraction of famesi-
dine uptike may a leag pardy be accounted for by rOat3; however.
it is possible that other transpocters distinct from 1Dat3 and orgauic
cation transporter may play 3 major roke in the uptake of famotidine:
by the isolwed tat CF Villalobos et ab. {1997 demonsraied the
presence of 5 membrane potential-sensitive oplake meshsnisrm for
hydoophilic ougamic cations af the prinwary culivred CP epitheliaf cells.
Reverse wawscrpiion-polymerase chafe reaction analyses detecred
RNA expressior of Oce? and Qcd in the CP. and this may accoun
for the uptake ef hydrophilic organic cations in the CP (Sweet et al.,
2001). The expression tevel of rOct2 in the CP was considerably
lower than that in the kidney, whereas that of rict3 was the same for
all the tissues examined, although the absolute value was low
(Choudhuri et a., 2003). The low expression of Oct mRNA may
account for the lower uptake of TEA by the isolated rat CP compared
with that of the H,-receptor antagonists (Fig. 5). Although cimetidine
is a substrate of rOct2 (Grundemann et al., 1999), the effect of TEA
on the uptake of the H,-receptor antagonists by the isolated rat CP was
minimal, even at a concentration sufficient to saturate TEA uptake by
primary cultured choroid epithelial cells (Table 2) (Villalobos et al.,
1997). Therefore, the contribution of rOcts o the total uptake of
H,-receptor antagonists by the isolated rat CP is minimal, although
they are involved.
rOat3 has been shown to be expressed on the basolateral membrane
of the proximal tubules and involved in the uptake of organic anions
(Hasegawa ct al., 2002, 2003). However, probenecid treatment did not
affect the steady-state plasma concentration of H-receptor antago-
wists, although the unbound plasma concentration was sufficient to
inhibit rOat3-mediated uptake (Table 1). This result is in a good
agreement with the previous report by Boom and Russel (1993). ’ljhey
examined the uptake of cimetidine by freshly isolated rat proximal
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tubular cells and demonstrated that the major fraction of cimetidine
uptake (approximately 50%) was inhibited by TEA (Boom and Rus-
sel, 1993). Probenecid was only a weak inhibitor, with an 1C,y value
(700 pM) greater than the unbound plasma concentration employed in
this study. Organic cation transporter(s) will play a major role in the
renal uptake of cimetidine, whereas the uptake by the isolated rat CP
is totally accounted for by the organic anion transporter. This unique
phenomenon is entirely due to the unique nature of the bisubstrate,
which is a substrate of both organic anion and cation transporters.

The results of the present study suggest the possibility of drug-drug
interactions between the H,-receptor antagonists and organic anions
that cause an increase in the CSF concentration of H,-receptor antag-
onists without affecting their plasma concentration profiles, as in the
case of probenecid. The risk of mental confusion with cimetidine in
patients with renal or hepatic dysfunction is higher than that in normal
patients (Schentag et al., 1981), Furthermore, Schentag et al. (1979)
reported that the concentration of cimetidine in the CSF is related to
the mental status. The Coge/C,, g, ratio in patients with hepatic dys-
function was 2-fold greater than normal patients, whereas the plasma
clearance by both types of patients was not significantly different
(Schentag et al., 1979, 1981). These phenomena might be attributed to
the inhibition of the efflux transport across the CP by endogenous
compounds accumulated in the body due to hepatic dysfunction.
lndeed, seme organic anions (e.g., quinolinic acid) are known to be
elevated in the CSF of patients with hepatic dysfunction (Moroni et
al., 1986).

I conclusien, cimetidine and ranitidine are good substrates for
O3, whercas farootidine is a poor substrate for this transporter. The
effiux wanspon across the CP plays an important role in regulating the
CSF concentration of H,-receptor antagonists. rOat3 is the most Iikely
candidate transpaster for the uptake of H,-receptor antagonists by the
isofated rat CP.
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ABSTRACT

Based on information of the nucleotide sequence obtained
from rat genome clones, a new CYP3A (CYP3A62) cDNA was
isolated from the cDNA library of a rat liver. The CYP3A62
cONA was 1746 base pairs (bp) in length, which included 1491
bp of an open reading frame and 93 bp and 209 bp of the
respective 5~ and 3'-noncoding regidns. Amino acid sequence
deduced from GYP3A62 cDNA shared the highest similarity
with rat CYP3A9 (79.9%) among human and rat GYF3A forms
previously reported. CYFP3A62 mRNA and protein were consis-
tently detected In small intestines as well as livers. CYP3A62

was a major form in small intestines of both sexes but was a
fermale-predominant form in livers of adult rats. CYP3AG2 in
both tissues of male and female rats were clearly enhanced by
the treatment with dexamethasone. These expression profiles

resembled those of CYPBAS, Despite clear detection of

CYP3A62, no detectable levels of CYP3A1 and CYP3A2 pro-
teins, as well as those of mRNAs, were found in the intestinal
tract. Therefore, CYP3AG2 may play major roles together with
CYP3A2 and CYP3A18 in endogenous or exogenaus detoxifi-
cation at the absorption sita.

The CYP3A subfamily consists of several forms that dis-
play considerable extents of similarity with one another in
their molecular weights, immunochemical properties, .and
substrate specificities (Gonzalez, 1988; Nelson et al.,, 1996).
Human CYPSA forms metabolize more than about half of
therapeutic drugs (Cholerton et al., 1992; Li et-al., 1995) and
are also invelved in the metabolisin of endogenous chemicals
such as bile acids (Araya and Wikvall, 1999), steroid hor-
mones (Waxman et al., 1988), and retinoic acid (Marill et al.,
2000). CYP3A forms are expressed predominantly in the liver
but are also found in other organs such as the gut (Kolars et
al,, 1994), white blood cells (Janardan et al., 1996; Sempoux
et al., 1999), and brain (Wang et al, 1996). The level of
CYP3AA4 in the intestine is reported to share more than 50%
of the total cytochrome P450 (P450) content (Zhang et al.,
1999).

In rats, CYP3A1 (Gonzalez et al., 1985), CYP3AZ2 (Gonza-
lez et al, 1986), CYP3A9 (Wang et al,, 1996), CYP3A18
(Strotkamp et al., 1995; Nagata et al., 1996), and CYP3A23
(Kirita and Matsubara, 1993; Komori and Oda, 1994) have
been reported ag rat CYP3A forms. CYP3A23 was, however,
identified to be the same form as CYP3A1 by analysis of the

Article, publication date, and citation information can be found at
http:/jpet-aspetjournals.org.
DOL: 10.11244pet.103.061671.

CYP3A1 gene (Nagata et al,, 1999). These CYP3A forms
appear in a sex-dependent manner in rats. For example,
CYP3A2 (Yamazoe et al, 1988; Cooper et al,, 1993) and
CYP3A18 (Nagata et al., 1996; Robertson et al.,, 1998) are
male-specific forms, whereas CYP3A9 is a female-dominant
form (Wang and Strobel, 1997; Robertson et al., 1998). The
expression profiles in the intestinal tract, however, are ob-
seure with all of the forms.

Levels of CYP3A forms are enhanced after treatment with
structurally diverse compounds such as dexamethasone, clo-
trimazole, and rifampicin (Hostetler et al.,- 1989; Davjat et
al., 1291; Burger et al,, 1992; Koéarék et al,, 1995). Intestinal
CYP3A forms play important roles on the first-pass effect of

drugs. In bumans, however, rather distinct controls of he-

patic snd small infestinal CYP3A4s were suggested from
experiments using CYP3A4 probe drugs and also from the
protein levels. Thus, an understanding of their enzymatic
and molecular-biological properties is necessary before pre-
dicting drug-drug interaction.

As the results of the genome sequencing in various exper-
imental animal species, a number of unidentified genes have
been found to provide the information of a novel protein, We
have previously isolated six different CYP3A-related DNA
clones from a rat genomic library (K. Nagata, T. Matsubara,
and Y. Yamazoe, unpublished data). The four DNA clones
contained information on a part of the first exon boundary of

ABBREVIATIONS: P450, cylochrome P45(; PCR, polymerase chain reaction; PAGE, polyacrylamide ge! electfophoresis, G6PDH, glucose-6-
phosphate dehydrogenase; RT-PCR, reverse transcription-polymerase chain reaction; bp, base pair; HNF-4«, hepatocyte nuclear factor-4a.
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CYP3A1, CYP3A2, CYP3A9, and CYP3AI8 genes, whereas
the other two remained unidentified.

In the present study, we have isolated a novel CYP3A
eDNA encoding CYP3A62 from rat liver cDNAs. We have also
characterized enzymatic and molecular biological properties
of this new form in comparison with the other four rat CYP3A
formas.

Materials and Methods

Materials, Restriction endonucleases and enzymes were pur-
chased from Takara (Kyoto, Japan). Alkaline phosphatase-conju-
gated goat anti-rabbit IgG was purchased from Sigma-Aldrich (St.
Lowls, MO). A mammalian expression vector, pCMV4, was provided
by Dr. David W. Russell (University of Texas Southwestern Medical
Center, Dallas, TX). Dulbecco’'s modified Eagle’s medium and fetal
calf serum were obtained fronmy Invitrogen (Carlsbad, CA), and other
chemicals were obtained from: Sigma-Aldrich and Wako Pure Chem-
icals (Osaka, Japan).

Isolation and Sequencing of CYP3A62 ¢cDNA. Oligonucleotide
primers used for isolation of CYP3AG2 ¢cDNA were b'-GCAGCACA-
CACAAGCTAAGAA-3' (fragment 1), 5'-CTGTGACCTATGATGTC-
CTG-3' (fragment 2), and 5-AGCAGCAATGGACCTGATCC-3
(fragment, 3) for the forward primers, and 5-GAGAGCAAACCT-
CATGCC-3' (fragment 1), 5 PTTTTTTITITITITTTTT-3 (fragment
2), and 5'-CCACTCATGGTTCAATC-3' (fragment 3) for the reverse
primers, respectively, DNA fragments from the liver ¢DNAs of a
male adult rat were amplified by the use of Takara Tag (Takara,
Kyoto, Japan).: The reaction mixture (30 pl) contained 1 pl of the
template DNA solution, 20 pmol of each of the forward and reverse
primers, 250 pM dATP, dCTP, dTTP, and AGTP each, and 1 unit of
Tag polymerase. After initial denaturation at 94°C for 5 min, the
amplification was carried out for 30 cycles with 0.5 min at 94°C for
denaturation, 1 min at 55°C for annecaling, 1.6 min at 72°C for
extension, and a final extension period of 7 min at 72°C.

Transfeotion of CYFP3As into COS-1 Cells and Expression of
CYP3A Forms. Constructions of plasmids for CYP3A62, CYP3A9,
and CYP3A18 ¢cDNAs were carried out by insertion between the
Mlul and Bglll sites of pCMV4; constructions of plasmids for
CYP3A1 and CYP3A2 ¢DNAs were carried out by insertion into the
EcoRI sites of p91023(B) as reported previously under Methods
(Miyata et al., 1994; Nagata et al., 1999). These cDNAs were isolated
from rat male DNA libraries using a PCR method. These plasmid
constructs (50 ug) were transfected into COS-1 cells (2.0 x 10% cells)
uging an electroporation method, The COS-1 cells cultured at 37°C
for 72 h were collected in 2 ml of phosphate-buffered saline. The
precipitated cells were resuspended in 100 pl of 76 mM potassium
phosphate buffer (pH 7.4) after centrifugation at 2000g for 5 min and
then homogenized. The homogenate was centrifuged at 9000g for 20
min. The supernatant was further centrifuged at 105,000g for 60
min, and the microsomal pellet was resuspended in 50 pl of buffer
(20% glycerol in 0.1 M potassium phosphate buffer; pH 7.4). Cyto-
chrome P450 content was estimated by the methed of Omura and
Satn (1964),

Treatment of Animals and Preparation of Microsomes, Male
and female Sprague-Dawley rats (10 weeks old) purchased from
Japan SLC (Shizuoka, Japan) were acclimated for 3 days. They were
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divided into three groups (control, dexamethasone-treated, and litho-
cholic acid-ireated). Dexamethasone suspended in corn il was given
intraperitoneally to rats at a dose of 100 mg/kg/day for 3 consecutive
days. Lithocholic acid was given orally at a dose of 100 mg/kg/day for
3 consecutive days. Corn oil (1 ml/head) was given to the controls.
Microsomes and total RNAs were prepared.20 h after the last dose.
Microsomes were prepared as previously deseribed (Yamazoe et al.,
1986). Intestinal mucosa microsomes were prepared as follows. The
small intestine removed was immediately placed in liquid nitrogen.
The tissue cut into small pieces was added to ice-cold buffer (756 mM
potassium phosphate buffer, pH 7.4, containing 1 mM EDTA, 1 mM
phenylmethylsulfonyl flueride, 100 pgiml trypsin inhibitor, and 19
w#g/ml aprotinin). The microsomal fraction was isolated using the
procedure described for liver microsomes. Microsomal protein was
determined by the method of Lowry et al. (1951).

Inmunoblot Analysis. Microsomal proteins were electropho-
resed in 16 cm of a 7.5% SDS-PAGE for sepavation and 1 cm of a 2.0%
SDS-PAGE for stacking and transferred to a nitrocellulose mem-
brane. The sheet was immunostained with human anti-CYP3A an-
tibody prepared as described previously (Kawano et al., 1987), alka-
line phosphatase-conjugated goat anti-rabbit 1gG, 5-brome-4-chloro-
3-indolylphosphate, and nitro blue tetrazonium as described
previously (Blake et al., 1984).

Testosterone Hydroxzylation, The reaction mixture for mea-
surement of testosterone 68-hydroxylase activities congists of 50 pg
of protein of COS-1 microsomes expressing a CYP3A form, 100 mM
potassiui phosphate buffer (pH 7.4), 5 pmol of eytochrome b5, 0.1
unit (0.1 mmol of eytechrome ¢ per minute) of NADPH-P450 reduc-
tase, and 5 pg of sodium cholate in a final volume of 100 pxl. The
reaction was started by the addition of NADPH (final concentration,
0.5 mM) and terminated by adding ethyl acetate after 40 min of
incubation at 37°C. Testosterone hydroxylation was quantified by
the method described previously (Yamazoe et al., 1988; Guo et al.,
2000).

Amiodarone and Lidocaine De-ethylations. The reaction mix-
tures for amiodarone and lidocaine N-de-ethylase activities consisted
of 50 pg of protein of COS-1 microsomes expressing a CYP3A form,
100 mM potassium phosphate buffer (pH 7.4), § pmol of cytochrome
bz, 0.1 unit of NADPH-P450 reductase, § pg of sodium cholate, and
200 mmol of amiodarone or lidocaine in a final volume of 100 ul. The
reaction was started by the addition of NADPH (final concentration,
0.5 mM) and then termipated by the addition of zine sulfate and
barinm hydroxide after 40 min of incubation at 37°C. The acetalde-
hyde thus formed was converfed to a decabydroacridine derivative
using the reaction with 4 ug of 1,3-cyclohexandione, 4 mg of ammo-
nium acetate, and 2 mg of acetic acid at 80°C for 30 min in a final
volume of 300 ). The derived product was quantified using a high-
performance liquid chromatography system equipped with a Cp
reversed-phase analytical column (particle size, 7 pum, 4.6 X 150
mm). The metabolites were detected with the fluorescence at excita-
tion and fluorescence wavelengths of 390 and 457 nm, respectively.
The sample was eluted using acetonitrile/0.5% acetic acid in distilled
water (1:4} at a flow rate of 1 ml/min.

Analysis of Rat CYP3A mRNAs. Total RNA was extracted from
the following tissues: liver, kidney, spleen, lung, heaxt, adrenal,
brain, stomach, dusdenum, jejunurn, ileum, colen, testis, prostate,
ovary, and uterus of male and female rats using an acid guarddininm

TABLE 1

Primer used in PCR reaction for mRNA detection and quantification
Messenger Forwand Primner Reverse Primer Fragment Size
CYP3A62 5.GGAGATAAAGAGTCTCACC-3' 5'-AGTTCTGCAGGACTCAGAC-3’ 6544
CYP3A1 5’ -GGAGATCACAGCCCAGTCAATC-3' 5'-TGGCCAGTGCTGTGGATCAC-3' 349
CYP3A2 5'-CAAGGGAGATGTTCCCCATCATTG-3 5-GCTATGATTTCAACATCAGAC-3' 469
CYP3A9 5'-CCATAACATCAATCCTTATATG-3" 5'-GCACGCGTGATACAACACCACTATAGGC-3 276
CYP3A18 5'-CCAATCTATCCTCTTCATCGGA-3 5'-CCCCGGGAAATTCACTGTCC-3' 326
G6PDH 5'-GAAGCAGTCACCAAGAAC-S’ 5 -CTGCATGACATCCCTGATGATC-3 332
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Fragment 3 .

thiocyanate-phenol-chloroform method. Total RNAs of each tissue
were combined for a pool of four individuals. The ¢DNA was reverse-
transeripted from those total RNAs with Ready-To-Goe {Amersham

TABLE 2

Biosciences Inec., Piscataway, NJ). The nucleotide sequences of
CYP2AB2-, C‘YPSAl— CYP3A2-, CYP3AY-, CYP3A18., and G6PDH-
selective ohgonucleotxde primers are shown in Table 1. cDNA frag-
ments for CYP3A62, CYP3A1, CYP3A2, CYP3A9, CYP3A18, and
G6PIH were amplified by use of Takara Tzq. The reaction mixture
(30 pl) contained 1 ul of the ¢cDNA solution as a template DNA, 20
pmol of each forward and reveyse primer as described ahove, 250 uM
dATP dCTP, d'l'TP and dGTP each, 1 unit each of the enzyme and
uration at 94°C for 5 min, the targeted
85 cycles (RT-PCR) or 40 cycles (real-
€ for denataration, 15 s at 55°C (CYP3A9
and G6PDH) 60°C (CYP3A62 and CYP3A2), or 63°C (CYP3AL and
CYP3A18) for annealing, 30 s at 72°C for extension, and a final
extension period of 7 min at 72°C. The quantification of mRNAs was
carried out with SYBR Green by using ABI PRISM 7000 (Applied
Biosystems, Foster City, CA). A real-time PCR method was used to
determine the expression amounts of CYP3A mRNAs in various rat
tissues. In these experiments, levels of CYP3A mRNAs were normal-
ized from the amount of total RNA.

Resulis

Isolation and Analysis of CYP3A62 cDNA. In previous
experiments, we have identified six different promoter re-
gions of CYP3A genes from rats. Four of them were matched
to genes encoding the first exon regions of CYP3A forms
[((CYP3AI (Gonzalez et al,, 1985), CYP3AZ2 (Gonzalez et al,,
1986), CYP3A9 (Wany et al., 1996), and CYP3A18 (Nagata et
al., 1996), respectively] that were identified previously. The
other two clones seemed to encede unknown CYP3A genes.
Based on thig information, a novel CYP3A form (CYP3A62)
cDNA has been isolated using RT-PCR. A fragment 1 of
CYP3AG2 ¢cDNA was at first amplified from the liver cDNA of
a male adult rat with the forward primer 1 and reverse
primer 1 (Fig. 1), and the nucleotide sequence was deter-

Homology of amino acid sequence among CYP3A forms, GYPIAL, K. Nagata (L24207); CYP3A2, M. Miyata (NM_153312); CYP3A9, P, Nef

(NM_147206); CYP8A18, K. Nagata (NM_145782); C
(NM_000766), CYP3A43, T. L. Domonsld (AF319634)

Ad, T. Molowa (NM_017460); CYPSAS, T. Aoyaam (NM_000777);, CYP3A7, M. Komori

CYP3AL CYP3AR CY?BAS CYP3A18 CYPSAS CYP3AT CYP3A43
CYP3A62 69.3 6T - 199 67.2 3.4 69.8 87.0
CYP3A1 86.3 72.6 69.7 71.8 68.8 63.1
CYP3A2 2.2 67.1 70.8 69.2 683.5
CYP3A9 68.4 75.1 72.8 68.0
CYP3A18 68.6 66.2 64.4
CYP3A4 84.3 88.3 76.7
CYP3Ab 81.9 75.7
CYP3AT 714
TABLE 3

The quantification of male and female rat CYP3A mRNAs by real-time PCR in liver and intestinal tract. Real-time PCR was carried out as described
under Materiads and Methods. The numbers represent the'inolecular number of CYPSA-roRNA to total RNA amount (attomele of CYP3A mRNA/ug
total RNA). The limit of detectable CYP3A mRNAs was less than 0.01 attamoles of CYPSA mRNA/ug of total RNA,

Cytochrome P450
Sex Tissue —
CYPSABS CYP3AL CYP3AY CYP3A9 CYP3AIR
Male Liver 1.0% 52.48 382.69 3.97 6.29
Duodenum 9.61 N.D. N.D, 12.42 .39
Jejunum 7.88 N.D N.D, 8.49 0.55
Hewm 5.60 N.D N.D 111 0.95
Colon 3.01 N.D. N.D. .89 0.04
Female Liver 573 39.09 N.D 12.94 0.97
Buodenum 7.27 N.D N.D 061 0.10
Jejunum 2.54 N.BD N.D. 0.11 0.10
lleum 109 N.D N.D 0.04 0.07
Colon 0.24 N.D N.D 0.14 N.D.

N.D., not detectable.
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Fig. 2. Changes in the profile of rat CYP3A mRNAs after treatment with dexamethasone or lithocholic acid in liver and intestinal tract. Real-time PCR
and drug treatment were carried out as deseribed under Materials and Methods. A, male rat; B, fernale rat. Semicloged colwnn, closed column, and
upen colwmn represent the rat group treated with dexamethasone, treated with lithocholic acid, and the control group, regpectively. The numbers in
this figure represent the molecular number of CYP3A mRNA to total RNA amount (attomole per microgram). The limit of detectable CYP3A mRNAs

was less than 0.01 attomoles of CYP3A mRNA/ug toial RNA.

mined. The reverse primer 1 was constructed from a region of
highly conserved nucleotide sequences among CYP3A cD-
NAs. Second, a fragment 2 was amplified with the forward
primer 2 and reverse primer 2 to determine the nucleotide
sequence. Finally, fragment 3 of the CYP3A62 cDNA, includ-
ing an entire open reading frame, was amplified from the rat

liver cDNAs with the forward primer 3 and reverse primer 3.
The nucleotide sequence of fragment 8 was completely iden-
tical with those of fragments 1 and 2 (Fig. 1). In this strategy,
the identified ¢cDNA was 1746 bp in length, which had an
open reading frame of 1491 bp (corresponding to 497 amino
acids), 98 bp and 209 bp of the 5'- and 3’-noncoding regions,
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Fig. 3. Detection of rat CYP3A mRNAs in tissves other than liver and
intestine. RT-PCR was carried out as described under Maoterials and
Methods. Blectrophoresis was performed in a 1% agarose gel. A, male rat
tissues; B, female rat tissues. Lanes: K, kidney; Sp, spleen; Lu, lung; H,
heart; A, adrensl; B, brain; St, stomach; Te, testis; P, prostate; O, ovary;
U, uterus, )

respectively. This nucleotide sequence was deposited with
the DDBJ nuclectide  sequence datsbase (Accession no.
AB084894). CYP3A62 cDNA showed the highestsimilarity in
the nucleotide sequence. with rat CYP3A9 and mouss
Cyp3a13 cDNAsg (both 84.4%). CYP3A62 showed the highest
similarity with CYP3A9 (79.9%) and also showed 67.0 to

A

73.4% similarity in amino acid sequence with other rat and
buman CYP3A forms (Table 2). A unique property of this new
form is in.the number of cording residues, A nucleotide
change (change A to T) at 1584 bp of CYP3A62 eDNA to form
a termination codon resulted in 3- or 6-amino acid shorter
sequences a8 compared with those of other CYP3A forms
except for CYP3AL8. '

Quantification of CYPSA mRNAs in Liver and Intes-
tinal Tract. The quantification of individual CYP3A mRNAs
was carried out by the use of a real-time PCR method. As
shown in Table 3, predominant expression of CYP3A62
mRNA and CYP3A2 mBRNA in the female over the male was
observed in the liver. The level of CYP3A62 mRNA was about
5 timee higher in the female than in the male in liver (5,73
and 1.05 attomole/ng total RNA, respectively). CYP3A62
mANA was also detected in the intestinal tract of both sexes.
The level wasg rather higher in the male intestinal tract than
in the liver (duodenum, jejunum, ileum, and colon were 9.61,
7.88, 5.50, and 3.01 attomole/ug total RNA, respectively). In
female rats, the level was roughly equivalent between the
liver and duodenum (5.73 and 7.27 attomole/ug total RNA,
respectively), and lower in the jejunum, ileum, and colon
than in the duodenum (ejunum, ileum, and colon were 2.54,
1.09, and 0.24 attomole/pg: total RNA, respectively). Their
tissue distribution profiles were similar to those of CYP3A9
mRNA. CYP3A2 and CYP3A18 mRNAs were predominantly
expressed in male rat livers as previously reported (Cooper et
al., 1998; Robertson et al., 1898), The amount of CYP3A2
mBRNA was highest among rat CYP3A forms (882.69 atto-
mole/ug total RNA). CYP3AT mRNA was also observed in
livers of both sexes (male and female were 52.48 and 39.09
attomole/ug total RNA; respectively), although the levels
were lower than that of CYP3A2 mRNA in male rats. An
interesting thing is that CYP3A1 and CYP3A2 mRNAs were

9 i 2 62 18 CO8.1 M L
L ; s 4 l""‘"“""“"‘“"""“"‘“l Fig. 4. Western blot analyses of microsomal pro-
Recombiniaut CYP3A Liver teing in rat.liver and small intestine. Blectro-

- CYP3AG2

phoresis was performed in a 7.5% SDS-PAGE.
The blotted membrane was proved with the anti-
CYP3A antibody. Details are described under
Muaterials and Methods, A, recombinant CYP3A
forms. Lanes: 9, 2 ug of CYP3AY microsomes; 1,
2 pg of CYP3A1 microsomes; 2, 2 ug of CYP3A2
microsomes; 82, 2 ug of CYP3IA62 microsomes;
18, 2 pg of CYP3A18 microsomes; COS-1, 2 ug of
COB-1 microsomes; M, 2 pg of microsomes
pooled from four male rat livers; F, 2 pg of mi-
crosomes pooled from four female rat livers. B,
rat liver. Lanes: 62, 4 ug CYP3A82 microsomes;
Male, 10 pg male microsomes; Female, 10 g of
female microsomes. €, rat small intestine,
Lanes: 62, 6 pg of CYP3AB2 microsomes; Male,
50 upg of male microsomes; Female, 50 pg of
female microsomes.

PIAL

- CYPIAD
unidentified
CYP3AG2
CYP3IAIR



not detected in the intestinal tract using real-time PCR.
CYPBA18 mRNA was detected as a male-predominant form
in the liver and intestinal tract, although the level was very
low in the intestinal tract.

After treatment of rats with dexamethasone intraperitone-
ally, both CYP3A1 and CYP3A2 mRNAs were clearly in-
creased (25 to 200 times) in the liver but not at all in the
intestinal tracts as shown in Fig. 2. CYP3A18 mRNA was
also enhanced in the liver (about 20 times) and to a lesser
extent in the ileum (2-4 times). The expression profile of
CYP3A62 mRNA differed from those of CYP3AL, CYP3A2,
and CYP3A18 mRNAs. Levels of CYP3A62 mRNA were in-
creased in both liver and intestinal tracts of both sexes (2-30
times) by the treatment. Similar profiles were also detected
in the level of CYP3A9 mRNA. These results were confirmed
by repeated experiments (data not shown). On the other
hand, only CYP3A2 mRNA was strongly increased in the
liver of hoth sexes after treatment with lithocholic acid. In
the jejunum of both sexes, CYP3A62 mRNA was increased
(2-5 tirnes) by the treatment.

Tissue Distribution of CYP3462 and Other Rat
CYP3A Forms. To assess the tissue distribution of rat
CYP8A forms other than liver and intestine, selectively am-
plified mRNA levels were detected in various tissues by RT-
PCR with specific primers as shown in Table 1. The band for
CYP3A62 mRNA: was found in the stomach of both sexes
(Fig. 3). CYP3A9 mRNA was detected in the stomach, lung,
and brain of both sexes, CYP3A1 and CYP3A2 mRNAs were
also not detected in these tissues. CYP3A18 mRNA was
detected in the lungs of both sexes and in the kidney and
spleen of the male.

Detection of the CYP3A62 Protein. To characterize the
enzymatic properties of a protein derived from CYP3A62
cDNA, all rat CYP3A forms identified were expressed in
CO8-1 cells as described under Materials and Methods. Mi-
crosomal proteins in COS-1 cells were immunoblotted by the
uge of anti-CYP3A antibodies. As shown in Fig. 44, individ-
ual recombinant CYP3A forins expressed in COS-1 cells were
clearly separated and detected at different electrophoretic
mobilities. The order of those electrophoretic mobilities was
CYP3A18, CYP3A62, CYPSA2, CYP3A1, and CYP3A9 from
lower dalton registers. The band corresponding to CYP3A62
was detected in the female liver but not clearly in the male
liver (Fig. 4B). Bands to CYP3A2 and/or CYP3Al and
CYFP3A18 were clearly detected in the male liver, and a band
corresponding to CYP3A9 was also detected (Fig. 4B). In
livers of female rats, bands of CYP3Al and CYP3A9 were
clearly detected, but not those of CYP3A2 and CYP3A18 (Fig.
4B). In small intestines of both sexes, the bands correspond-

TABLE 4

A Novel Rat CYP3A Form in the Small Intestine 1287

ing to CYP3A62 and CYP3AS were detected. CYP3A18 was
also detected, but the expressed level. yariadclearly among
individuals. An umdentnﬁed band was detdetdd-in small in-
testines of both sexes ag, mdxcat;ed by the di¥ow,,

Microsomal levels of individual CYP3A foris-are summa-
rized in Table 4, Due to overlapping mok g of CYP3A2
and CYP3A1 in SDS-PAGE, combined amounis: are shown
for livers of male rats. CYPSAWCYP?A “an 3A18 had
53.95 and 28.24 pmol/mg protein in m at livers, respec-
tively, CYP3A9 was 5.12 pmol/mg proteiil in miale rat livers,
but CYP3A62 was not clearly quantified (<0.1 pmol/mg pro-
tein). On the other hand, CYP3A1 and CYP3A9 had 19.07
and 11.24 pmol/mg protein in female rat livers. CYP3A62
was predominantly detected in famale livers (4.81 pmolmg
protein), and CYP3A2-and CYP3A18 in fermble livers were
not detected (<0.1 pmolmy protein). In. small intestines of
both sexes, the expressed level of the’ CYP3AG2 was highest
among CYP3A forms, The lovels of CYP3A62, GYP3A9, and
CYP3A18 were guantified at 2.31, 0.78, and 0.84 pmol/mg
protein in males, respectively, On the-other hand, in females
the levels of CYPSAGZ CYP3A9, and CYP3A1B were 2.01,
0.73 and 0.89 pmol/mg protein, respectively. Neither
CYP3A1 nor CYP3A2 was detected in small intestines of both
sexes.

Comparison of Catalytic Activities ainong Recombi-
nant CYP3A Forms. Testosterone 6f-hydroxylation is
known as a typical catalytic activity for CYP3A forma. Some
of the members are also known to catalyze 2p- and 158-
hydroxylations of testosterone, although the extent of those
activities is lower than that of the 68-hydroxylation. In the
present study, the catalytic property of CYP3A62 was com-
pared with other forms using testosterone hydroxylation. As
shown in Table 5B, recombinant CYP3A62 mediated testos-
terone 83- and 28-hydroxylations at the lowest rate (1.14 and
0.06 nmol/min/nmol P450, respectively) among recombinant
rat CYP3A forms examined. A catalytic activity of testoster-
one 16a-hydroxylation (0.76 nmol/min/nmol. P450), which
could not be detected in CYP3A1, CYP3AZ, and CYP3AS, was
observed in CYP3A62 az well as in CYP3A18. As shown in
Table 5B, CYP3AG2 activity was only slightly increased
(about 1.3 times) by addition of cytochrome by, despite the
clear changes in other forms,

To further characterize the drug-metabolizing activity in
CYP3AG2, catalytic activities of amiodarone and lidocaine
N-de-ethylations were tested with recombinant rat CYP3A
forms. As shown in Table 6, CYP3A62 showed low but clear
N-de-ethylating activities of both amiodarone and lidocaine
(0.007 and 0.054 nmol/min/nmol P450, respectively). In ad-
dition, CYP3A9 showed the highest activity of both N-de-

The quantification of CYP3A. forms in liver and small intestine of male and female rats. Immunoblot analysis was carried out as deseribed under
Materials and Methods. The numbers represent the ratic of CYP3A form to microsomal protein (pmol/mg protein). The value represents the mean
and the standard deviation of four different rats. <0.10, less than 0.10 pmol/mg protein in liver, and <0.02, less than 0.02 pmel/mg protein in
smalfl intestine. The value of CYP3A1 and CYF'3A2 forms in male liver represents the total amount of both CYP3AL and CYP3AZ2 due to
incomplete separation. ¥, CYP3A62 and CYPBAL1S8 forms were separated incompletely in SDS.PAGE, but the stained band could be divided into
two upper (CYP3A62) and lower (CYP3A18) portions by using NIH image 1.58/ppe.

Cytochrome P450
Sex Tissue
CYP3A62 CYP3AL CYP3A2 CYP3AY CYP3Al8
Male Liver <0.10 53.95 + 4.42 512+ 1.4 28.24 + 2.29
Small intestine 2.31 + 1.33* <0.02 <0.02 078 £ 0.20 0.84 = 0.82%
Female Liver 4.81 % 0.57 11.24 + 3.29 <0.10 19,07 = 3.31 <0.10
Small intestine 2.01 + 0.38* <0.02 (.02 0.73 % 0.18 0.89 + 0.50*
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"ABLE 5

Testosterone hydroxylation by rat recombinant CYP3A forms. The
enzyme activity was measured using 80 ug of microsomal protein of
COS-1 cells described in detail under Materials and Methods. Activities
represented are the mean and the standard deviation of three different
experiments by nmol/min/nmol P450. 88-0OH, 16w-0H, 28-0H, and
158-OH represent the rate of testosterone Gﬂu 18-, 28+, and 188-
hydroxylase activities, respectively. Cytochrome b,,( ), without
addition of eytochrome by; cytochrome by (+), with addition of
cytochrome by,

A
150 Testosterone Hydroxylation-Cytochrome by, {~}
P
6p-OH 160-0H 23.0H 156-0H
CYP3AG2 086008 081008 0.06x000 NI
CYP3A1 0.41 £ 0.16 N.D. 0.17 £ 0.01 N.D.
CYP3A2 1.19 + 0.19 N.D. 0.16 x 0.01 N.D.
CYP3AS 0.79 + 0.068 N.D. 0.12 + 0.00 N.D.
CYP3A18 1.21 2016 044005 0062000 015001
B
Testosterone Hydroxylation-Cytochrome Oy (- r)
P450
68-0OH 160-0H 25-0H : IS@M)H
CYP3AG2 1.14+0.16  0.76 £ 0.04 0.06x 0.00 N.D.
CYP3A1 2.21*0.19 N.D, 0.48 = 0.01 N.D.
CYP3A2 10.13 £ 0.91 N.D. 0.46+ 0.03 N.D,
CYP3A9 2.65 019 N.D. 0.19 = 0.00 N.D.
CYP3A18 343056 0.79:+0.18 0.12:+0.02 041 %0086

.1, not detectable {< 0.02 nmo¥min/mmol P450),

TABLE 6

N-De-ethylating activities by rat recombinant CYP3A forms. The
enzyme activity was measured using 60 pg of microsomal protsin of
COS8-1 cells deseribed in detail under Materials and Methods. Activities
represented are the mean and the standard deviation of three dlﬁerent
experiments by nmol/min/nmol P4560.

Suhbstrate
P450 -
Amicdarone Lidocaine
CYP3AB2 0.008 * 0.008 0.054 =+ 0.012
CYP3A1 0.038 + 0.006 0.081 = 0.004
CYP3A2 0.018 = 0.015 0.174 = 0.006
CYP3AD 0,158 + 0.010 0.178 = 0.007
CYP3A18 0.084 £ 0.008 0.067 * 0.006

ethylations among rat CYP3A forms (0.156 and 0.178 nmol/
min/nmol P450).

Discussion

In our previous experiments with CYP3A gene structures,
six different CYP34 genomic clones were isolated, Four of
them were identified to encode exon 1 of the CYP3AI,
CYP3A2, CYP3AY, and CYP3A18 genes, whereas the other
two remained unidentified; Based on high similarities of
their partial nucleotide sequences and the possible first exon
information, a novel rat CYP3A cDNA, CYP3A62 eDINA, has
been isclated from a liver ¢DNA library of a male rat. The
entire sequence of the isolated ¢cDNA has 1746 bp aund in-
cludes an open reading frame of 1491 bp encoding a protein
of 497 amino acids. The amine acid number is six residues
shorter than those of CYP3A2 and CYP3AS, but it is identical
with that of CYP3A18. CYP3AG62 showed the highest simi-
larity with CYP3A9 among rat-C¥P3As and was more simi-
lar to human CYP3A4 and CYP3A5 than rat CYP3A1 and
CYP3A2 in their amino acid sequences.

CYP3A62 mRNA and CYPBA9 mRNA were detected in the
liver and intestinal fract using real-thme PCR, and their

profiles were similar to one another (Table 3). These profiles
were also supported by the quantification of both proteins
detected by immunoblot analyses (Fig. 4; Table 4). Another
form, CYP3A18, was also detected, but major hepatic forms,
CYP3A1 and CYP3AZ2, were not detected in the intestinal
tracts of both sexes (Table 3). This may be related to the
difference of catabolic and metabolic activities between livers
and small intestines in rats. A large individual variation was
observed on the expression level of CYP3A18 protein in the
small intestine. The extent of transeriptional activation after
the treatment with dexamethasone or lithochelic acid also
differs among rat CYP3A genes. As shown in Fig. 2, all the
CYP3A mRNAs in livers were increased after the treatment
of both sexes of rats with dexamethasone. CYP3Al and
CYP3A2 mRNAs were not detected even with real-time PCR
in intestines of rats treated with dexamethasone. In contrast,
CYP3A62 and CYP3A9 mRNAs were readily detectable and
enhanced after dexamethasone treatment in the small intes-
vor. These results clearly indicate the liver-selec-
o pipresddion of CYP3AL and CYP3A2 and the intestinal-
dominant expression of CYP3A62 and CYP3AS., Human
CYP3A4 was detected mainly in the liver and intestinal tract
and also increased in both tissues after treatment with chem-
ical inducers (Kolars et al., 1992; Goodwin et al, 1999;
Schumiedlin-Ren et al,, 2001), These expression profiles are
more similar to those of CYP3A62 and CYP3AD than to those
of CYP3A1 and CYP3A2. In addition to the expression pro-
file, the nucleotide sequence of the CYP3A62 proximal pro-
moter region shows higher similarity with that of the
CYP3A4 genes than that of CYP3AT and CYP3AZ2 genes (Fig.
5). It has been reported that CYP3AI and CYP3A2 genes
have hepatocyte nuclear factor-4 o (HNF-4) binding element
in their proximal promoter regions (Miyata et al., 1995; Na-
gata et al, 1999) as shown in Fig. 5. On the other hand,

CYP3A62 as well as CYP3A4 do not contain HNF-4« binding
element in their proximal promoter regions. Localization of
HNF-4« binding site at the proximal promoter region may be
associated with the strict liver-specific expression of CYP3A1
and CYP3A2.

Recombinant CYP3A62 mediated testosterone 68-hydroxy-
lation, but the rate was the lowest among recombinant rat
CYP3A forms examined, Microsomal testosterone 68-hy-
droxylation of CYP3A62 was slightly enhanced after addition
of cytochrome by, unlike CYP3A1 and CYPSA2. A profile
similar to CYP3A62 on testosterone hydroxylation was ob-
served in that of CYP3A18. As reported, requirement of ¢y~
tochrome b5 was dependent on the combination of P450 and
substrate (Guengerich, 1983; Schenkman and Jansson,
2003). It may imply that the energy to transfer a second
electron from cytochrome by to P450 is different among P450
and/or substrate, but no clear evidence can be provided.

In conclusion, we have isolated a new rat CYP3A form and
identified it as CYF3A62 in the present study. Nucleotide
sequences of the promoter region and CYP3A62 cDNA exhib-
itéd high similarity with the nucleotide sequences of CYP3A4
and. CYP3AS compared with the nucleotide sequences of
CYP3AL and CYP3A2. CYP3AG2 was a predominant form in
the intestinal tract, whereas CYP3A1l and CYP3A2 were
detected only in the liver. In addition, the expression profile
of CYP3AG2 was also similar to that of CYP3A4 and CYP3A9.
Judging from the absence of CYP3A1 and CYP3A2 in the
gastrointestinal tract, CYP3AB2, as well as CYP3A9 and
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CYPIAB]  wememmmmme —mwmPECTTE ATA-TTTATA CCAARTG-AR TCCABA~--- 7

CYPIRE e e e GTTTATG ATACCTCATA GRATATG-RA CICARA-~G-  -189
CYPIAY  CARTGGCECC TRYTTACTCE ATGTTTCTTA CCRAATG-AA TICAGA--G~ =162
CYP3A1 e e < PEETGETCA CT-GACGCCA CCCAGAATET 174
CYR3AZ mmmmmnm =B CTGCTGTTTA CT-GATGCCA CACAGAATET — ~172
CYP3ALE  —--mr-—we- ~TACRCACAS BAA-TATRAG CT-CAAG-~- =-=cG--~G~  -174
CY¥P3A6Z  TATCACAGTG. ~~~GGCACAT CCATGATTET CTGCAAGCTG C-TGAGETGE — ~127
CYP3RA  GAGGTCAGTG AGTGGIGTGT GTGLGATTCT TTGCCAACTT C-CAAGGTGE — -110
CYP3RS  -ATCAAAGTG ~~-GGTACGT CCATGATCCT TTGCCRACTSG C-TAGGTTAG — ~116
CYPEAL  TAACTCARAG ~GAGGTICABA ATRA-GGCTGT AGATGAACTT CATGARCTGI  -126
CYPSAZ.  TAGCTCAA-G A-AGGTCAAD GAMA--GCTGT AGKTGAACTT TATGAACTGT — ~126
CYP3A18  BGRGTCAGAG T-AGGAARAT GUATGAACTT TTPGGCACTT TGACAAATG-  -126
CYP3A62  AGAAGGCACT GAACTCYTGG A-~AC-TGT- AGGI-TPGCC CTGRTAGTET  ~82
CYP3A4  BGAAG-~~C~ ~—~CTCTTCC A--AC-TGC- AGGCAGAGCA CAGRIGGCCC  -71
EYP3AY  AGAGTACACT TGAC G BGET-GTTTC CA-TIGG--~ =77
CYP3A1.  CTAGGGGAAG AGAG SGORG- - ~AGGTGATCC -8
CYP3IAZ TTAGGGGRAG AGAG CRGCLAG -~ =BAGGTGATCC ~§1
CYPIAIN  CCAGGTAGAG G TCAGGCBATG TGCAAATACC — ~76
CYP3AGZ  TTCTACTAAR CHTAARACCA GUCCCACCCS CPTTTCCAGT AECAC -32
CYR3IR4  TECTACTGGE TGCAGOTECA GCLCTGECTC CITOTCTAGE AhCAR -2
TYPIAY -~ TAC~BAG, TYCAGECOCA - -mm COTC CTTTCCCTET HSTTARSCAC.  -36
CYPIAL  ATCTACTGGG TGRATCCCTG GF CCACCCH TCTTECCAGE NTATARGTAC -31
CYP3A2  ATCTACTGGT TGGATECCTE GIH5C - TETTTCCAGE AFTAC  -31
CYP3Al8  TTGTACTEGA TSTGTCCCGG»&CAQCTC@L CTTRCCCEGE hTAG 26

B :HINF-do binding site

(3:putative TATA box
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Fig. 5. Comparison of nucleotide sequences of CYP3A genes. CYP3AB2, T, Matsubara (AB107227); CYP34Ad, B. J. Guodwin (AF185589); CYP3A9, T.

Matsubara (AB107757); CYP3A1, K. Nagata (AB008389); CYP3A2, M. Miyata (AH005338); and CYP3A18, T. Matsubara (AB107758).

CYP3A18, may play an important role in endogenous or
exogenous detoxification at absorption in the small intestine.
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ABSTRACT

Mice lacking the farnesoid X receptor (FXR) involved in the
maintenance of hepatic bile acid levels are highly sensitive to
cholic acid-induced liver toxicity. Serum aspartate aminotrans-
ferase (AST) activity was elevated 15.7-fold after feeding a
0.25% cholic acid diet, whereas only slight increases in serum
AST (1.7- and 2.5-fold) were observed in wild-type mice fed
0.25 and 1% cholic acid diet, respectively. Bile salt export
pump mRANA and protein levels were increased in wild-type
mice fed 1% cholic acid diet (2.1- and 3.0-fold) but were
decreased in FXR~-null mice fed 0.25% cholic acid diet. The bile
acid output rate was 2.0- and 3.7-fold higher after feeding of
0.25 and 1.0% cholic acid diet in wild-type mice, respectively.
On the other hand, no significant increase in bile acid output

rate was observed in FXR-null mice fed 0.25% cholic acid diet
in contrast to a significant decrease observed in mice fed a
1.0% cholic acid diet in spite of the markedly higher levels of
hepatic tauro-conjugated bile acids. Unconjugated cholic acid
was not detected in the bile of wild-type mice fed a control diet,
but it was readily detected in wild-type mice fed 1% cholic acid
diet. The ratio of biliary unconjugated cholic acid to total cholic
acid (unconjugated cholic acid and tauro-conjugated cholic
acid) reached 30% under conditions of hepatic taurine deple-
tion. These results suggest that the cholic acid-induced en-
hancement of canalicular bile acid output rates and excretion of
unconjugated bile acids are involved in adaptive responses for
prevention of cholic acid-induced toxicity.

Hepatic bile acid levels are tightly regulated through ma-
nipulation of canalicular output, basolateral uptake, and bio-
synthesis. Bile salt export pump (Bsep), a bile canalicular
ATP-binding cassette transporter, mediates canalicular bile
acid excretion. Drugs causing intrahepatic cholestasis, such
as cyclosporine A, rifampicin, and glibenclamide, are known
to inhibit Bsep/BSEP-mediated taurocholate transport
(Stieger et al., 2000; Byrne et al,, 2002; Noe et al,, 2002).
Bsep-null mice exhibit decreased levels of total bile acid
output (80% of wild-type mice). Thus, the canalicular bile
acid secretion through Bsep is believed to be one of the
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determinants for maintenance of hepatic bile acid homeosta-
sis. Furthermore, bile acid synthesis and hepatic bile acid
uptake from plasma involving cholesterel 7a-hydroxylase
(CYP7A1L) and Na*-taurocholate cotransporting polypeptide
(NTCP), respectively, might also contrel homeostasis.
Unconjugated bile acids are conjugated with amino acids in
the liver by bile acid-CoA synthetase (BACS) and bile acid-
CoA:amino acid N-acyltransferase (BAT) before secretion
into bile (Schersten et al.,, 1967, Czuba and Vessey, 1981;
Solaas et al., 2000). The bile acids are converted into tauro- or
glyco-conjugated forms in humans and almost exclusively to
tauro-conjugated forms in mice (Falany et al,, 1997). The
ATP binding cassette transporter Bsep transports conju-
gated bile acids into the bile. However, transport of uncon-
jugated bile acids such as cholic acid has not been detected in
rodent and humans Bsep-expressing cell lines (Gerloff et al.,

ABBFiEV!ATlONS: Bsep, bile salt. export pump; CYP7A1, cholestero! 7a-hydroxyia;;£ NTCP Na ' -taurocholate cotransporting polypeptide;
BACS, bile acid-CoA synthetase; BAT, bile acid-CoA:amino acid N-acyltransferase; FXR, farnesoid X receptor; PXR, pregnane X receptor; HPLC,

Al D

high-performance liGuid chromatography; RT-PCR, reverse transcription-polymerase chain reaction; AST, aspartate aminotransferase; ALP,

alkaline phosphatase; bp, base pair(s); PCR, polymerase chain reaction.
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1998; Byrne et al,, 2002; Noe et al., 2002), In humans, un-
conjugated bile acid are almost nondetectable in normal bile
(Bjorkhem, 1985).

Recent studies demonstrated that bile acids activate nu-
clear receptors and regulate transport and biosynthesis of
bile acids and lipids. Several bile acids such as cholic acid,
chenodeoxycholic acid, and lithocholic acid activate the nu-
clear receptor farnesoid X receptor (FXR, NR1H4) (Mak-
ishima et al., 1999; Parks et al,, 1999; Wang et al., 1999).
FXR negatively regulates the expression of CYP7Al and
NTCP through induction of small heterodimer partner
(NROB2) while positively regulating the expression of Bsep
(Chiang et al,, 2000; Goodwin et al,, 2000; Lu et al,, 2000;
Repa et al., 2000; Ananthanarayanan et al., 2001; Denson et
al., 2001). Furthermore, several lines of evidence indicate
that nuclear receptors other than FXR such as pregnane X
receptor (PXR, NR112) and vitamin D receptor (NR1I1) are
also activated by bile acids (Staudinger et al., 2001; Xie et al.,
2001; Makishima et al., 2002).

Bile acid secretion across the hepatic canalicular mem-
brane is generally considered to be the rate-limiting step of
the enterohepatic circulation. The bile acid concentrations in
gserum and liver are indicative of the efficiency of the cana-
licular secretion. We previously demonstrated that FXR-null
mice fed a diet supplemented with 1% cholic acid exhibited
severe wasting and hypothermia, resulting in ~30% mortal-
ity of the null mice by 7 days, whereas the wild-type mice
displayed no overt toxicity (Sinal et al,, 2000). To explore the
FXR-dependent protective mechanism for cholic acid-induced
toxicity, the present study focused on bile acid excretion
capacity. The results show a role for cholic acid-induced in-
crease in biliary bile acid output and excretion of unconju-
gated bile acids in protection against cholic acid-induced
toxicity.

Materials and Methods

Materials. Cholic acid, deoxycholic acid, taurocholic acid, tauro-
chenodeoxycholie acid, and taurodeoxycholic acid were purchased
from Sigma-Aldrich (St. Louis, MO). HPLC column, Chemcosorb
5-0ODS-H (6.0 X 150 mm) was purchased from Chemco Scientific Co.
(Tokye, Japan). L-column ODS (2.1 X 150 mm) was obtained from
Kagakuhinnkennsakyoukai (Tokyo, Japan). Enzymepak 3a-HSD
column was purchased from Jasco (Tokyo, Japan). Hyodeoxycholic
acid and murideoxycholic acid were purchased from Steraloids (New-
porl, RI).

Animal Treatment and Sample Collection. FXR-null mice
(Sinal el al., 2000) were housed under standard 12-h light/12-h dark
cycle. Before the administration of special diets, mice were fed stan-
dard rodent chow (CE-2; CLEA, T'okyo, Japan) and water ad libitum
for acclimation. Experimental diets contained 0.1, 0.25, 0.5, or
1.0% (w/w) cholic acid mixed with the control dict (CE-2). Age
matched groups of 8- to 12-week-old animals were used for all
experiments and were allowed access to water ad libitum. Bile,
blood, and tissue samples were taken for biochemical assays after
5 days of feeding special diets. Tolal RNA was prepared from
livers using the ULTRASPEC Il RNA isolation system (Biotecx
Laboratories, Houston, TX), and RNA concentrations were deter-
mined by measuring the absorbance at 260 nm using a spectro-
photometer (Beckman DU 640). Biliary excretion was monitored
in anesthetized mice with ethyl ether. After ligation of the com-
mon bile duct, the gall bladder was cannulated with a polyethyl-
ene-10 tube with an internal diameter of 0.28 mm. The capnula
was ligated into the gall bladder to obtain bile samples. After a
5-min equilibration peried, bile was collected for 30 min.

Serum AST and Alkaline Phosphatase (ALP) Activities and
Determination of Bile Acid, Scrum AST activity was estimated by
the POP-TOOS [pyruvate oxidase-N-ethyl-N-(2-hydroxy-3-sulfopro-
pyl-m-toluidine] method using a commercial kit, Transaminase Cl1-
B-test Wako (Wako Pure Chemicals, Osaka, Japan). Serum ALP
activity was estimated by the Bessey-Lowry method using Alkali-
phospha B-test Wako (Wako Pure Chemicals). Bile, liver, and serum
3a-hydroxy bile acid concentrations were estimated by an enzyme-
colorimetric method using the Total bile acid-test kit (Wako Pure
Chemicals). The liver 3n-hydroxy bile acid contents were measured
by HPLC as described previously (Kitada et al., 2003). A portion (100
wl) of liver homogenate was mixed with L ml of ethanol containing 2
nmol of androstandiol and treated at 85°C for 1 min, and then
centrifuged at 1000g for 5 min. After the supernatant was isolated,
the precipitate was extracted twice with 1 ml of ethanol and com-
bined extracts were dried and redissolved in 200 ul of methanol.
HPLC analyses were performed with a Jasco intelligent model PU-
980 pump (Jasco), Waters M-45 pump (Waters, Milford, MA), and
FP-920S fluorescence detector (Jaseo). The bile acid extracts were
separated at 35°C with an L-column ODS (2.1 X 150 mmj) (Kagaku-
hinnkennsakyoukai). The eluates were mixed with a NAD " solution
before introduction of 3a-hydroxysteroid dehydrogenase immobilized
on Enzymepak 3a-HSD column. NADH produced was measured by
fluorescence using an excitation wavelength of 365 nm and an emis-
sion wavelength of 470 nm. The separation was started at 0.5 mJ/min
with a 60-min linear gradient of solution A/sclution B mixture (25:
75) to solution Afsolution B mixture (55:45), and then continued with
solution A/solution B mixture (55:45) for 25 min [solution A: 10 mM
phosphate buffer (pH 7.2)/acetonitrile (60:40); and solution B: 30 mM
phosphale buffer (pH 7.2)/acetonitrile (80:20)]. The eluates were
passed through a 3a-HSD column after mixing with solution C (1:1)
[solution C: 10 mM phosphate buffer (pH 7.2), 1 mM EDTA, 0.06%
2-mercaptoethanol, and 0.3 mM NAD*|.

Hepatic ATP and Taurine Levels. Hepatic ATP levels were
measured by the Juciferase assay (Lundin and Thore, 1975) using a
commercial kit, ATP Assay System LL-100-1 (Toyo Ink, Tokyo, Ja-
pan). Hepatic taurine levels were determined by an HPLC method
with fluorimelric detection (Waterfield, 1994). Taurine was derivat-
ized with o-phthalaldehyde (Sigma-Aldrich) before injection onto
COSMOSIL C18 Econopak.

Immunoblot Analysis. Mouse Bsep ¢cDNA containing carboxy
terminal region (bp 3195-4070 in AF133903) was subcloned into a
prokaryotic expression veclor, pQE30 (QIAGEN, Valencia, CA). Re-
combinant proteins were expressed in Escherichia coli, M15 (pPREP4)
strain, and purified by SDS-polyacrylamide gel electrophoresis. Jap-
anese white rabbits were immunized twice by intradermal injection,
of 100 pg of the purified protein. Antisera were obtained 1 week after
the boost. Specific IgG was purified by affinity column chromatogra-
phy with Sepharose 4B-bound purified Bsep protein. Crude mem-
branes were prepared from livers by a modification of the method
described by Lee et al. (1993). Liver was homogenized in buffer A
(100 mM Tris, 100 mM potassiura chloride, and 1 mM EDTA) with a
protease inhibitor cocktail (20 M butylated hydroxyloluene and 2
mM phenylmethylsulfonyl fluoride). Nuclei and cell debris were re-
moved by centrifugation at 1000g for 15 min. The supernatant was
spun at 10,000g for 5 min, and the resulting pellet was resuspended
in membrane storage buffer (100 mM potassium phosphate, pH 7.4,
1. 0 mM EDTA, 20% glycerol, 1 mM dithiothreitol, and the protease
inhibitor cocktail). The crude membrane proteins were loaded onto a
6% polyacrylamide gel, isolated, and transferred to nitrocellulose
filters. The filter was immunostained with anti-Bsep IgG (1:1000
dilution), alkaline phosphatlase-conjugated goat anti-rabbit 1gG (1:
3000 dilution), 5-bromo-4-chloro-3-indolylphosphate, and nitro blue
tetrazonium as described previously; Honma et al., 2002).

Analysis of mRNA Levels. Messenger RNA levels of differentially
expressed genes were analyzed using reverse transcription-polymerase
chain reaction (RT-PCR). Single-strand ¢eDNAs were constructed using
an oligo(dT) primer with the Ready-to-Go You-Prime First-strand



Beads kit (Amersham Biosciences AB, Uppsala, Sweden). These ¢cDNAs
provided templates for PCRs using specific primers at a denaturation
temperature of 94°C for 30 s, an annealing temperature of 53°C for 30 s,
and an elongation temperature of 72°C for 30 s in the presence of
deoxynucleoside-6'-triphosphates and Tag polymerase. The PCR cycle
numbers were titrated for each primer pair to ensure amplification in
linear range. The reaction was completed by a 7-min incubation at
72°C. PCR products were analyzed in 2% agarose gel (w/v) containing
ethidium bromide for visualization. The specific forward and reversal
primers for the genes examined by PCR were the following: Bsep (bp
2094-2517 in AF133908) sense, 5-ACAGCATTACAGCTCATTCA-
GAG-3', and antisense, 5'-TCCATGCTCAAAGCCAATGATCA-3'; Nicp
(bp 71671 in UY5131) sense, 5'-ACACTGCGCTCAGCGTCATTC-3',
and antisense, 5-GCCAGTAAGTGTGGTGTCATG-3'; Mrp2 (bp 386~
1022 in NM (13806) sense, 5'-GGTTCCTGTCCATGTTCTGGATT-3',
and antisense, 5'-GCAGCTGAGGATTCAGAAACAAA-3'; Qatpl
(bp 711-1036 in AF148218) sense, 5'-TGATACACGCTGGGTCG-
GTG-3', and antisense, 5'-GCTGCTCCAGGTATTTGGGC-3'; BAT
(bp 222-713 in U95215) sense, 5'-TCTTGTTGATGAGCCT-
GTGC-3' and antisense, 5'-AACTCCATCAATCCACCAGC-3';
BACS sense, §’-ACCCTGGATCAGCTCCTGGAT-3' and antisense, 5'-
GTTCTCAGCTAGCAGCTTGG-3'; taurine transporter (bp 347-807 in
NM_009320) sense, 5'-CTTGGAGGTCATCATAGGCC-3' and anti-
sense, 5'-CGGTGAAGTAGACAACCTTGC-8'; Cyp7al (bp 119-701 in
NM_007824) sense, 5'-CATACCTGGGCTGTGCTCTGA-3' and anti-
sense, 5-GCTTTATGTGCGGTCTTGAGC-3"; and GAPDI (bp 487~
1018 in NM_008084) sense, 5'-TGCATCCTGCACCACCAACTG-3', and
antisense, 5'-GTCCACCACCCTGTTGCTGTAG-3". To more precisely
quantify Bsep mRNA level, real-time PCR was carried out with SYBR
Green by using ABI PRISM 7000 (Applied Biosystems, Foster City,
CA). To calculate Bsep mRNA level, a standard eurve was generated by
plotting the threshold cycle value versus the log of the amount of mouse
Bsep ¢DNA. Bsep mRNA levels were normalized from the GAPDH
mRNA levels.

Results

Cholic Acid-Induced Liver Damage and Hepatic Bile
Acids. Under control diet feeding, serum AST activity was
2.6-fold higher in FXR-null mice than in the wild-type mice.
No significant difference in serum ALP activity was observed
between both lines of mice (Table 1). Because FXR-null mice
exhibited some mortality during 1% cholic acid feeding for 5
days, the mice were thereafter fed a 0.25% cholic acid diet in
the present study. Serum ALP activity was increased to
4.9-fold in FXR-null mice fed a 0.25% cholic acid diet,
whereas the increase was minimal (1.6-fold) in the wild-type
mice even after a 1.0% cholic acid diet. Serum AST activity
increased 15.7-fold in FXR-null mice fed a 0.25% cholic acid
diet, compared with the mice fed a control diet. Slight in-
creases (1.7- and 2.5-fold) were observed in wild-type mice
fed either 0.25 or 1.0% cholic acid diets.

Feeding 0.25% cholic acid diets resulted in clear increases

TABLE 1
Liver diagnostic markers and levels of 3a-hydroxy bile acid
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in serum and hepatic bile acid levels in FXR-null mice. Sim-
ilar experiments on wild-type mice revealed only slight in-
creases in hepatic bile acid levels and no significant increases
in the serum bile acid level, A significant correlation (-2 =
0.92) was observed between hepatic bile acid concentrations
and AST activity in individual mice (Fig. 1).

Bile Salt Export Pump Protein and mRNA Levels.
Decreased levels of canalicular bile acid transporter, Bsep
represents one possible mechanism for cholestasis. Changes
in hepatic mRNA levels of Bsep were assessed in cholic
acid-fed mice by RT-PCR (Fig. 2A). The mRNA levels were
increased in the wild-type mice fed cholic acid diet. In con-
trast, no clear increase in the Bsep mRNA levels was ob-
served in FXR-null mice after feeding 0.25% cholic acid diet.
Furthermore, hepatic mRNA levels of Bsep were quantified
by real-time PCR revealing 2.0-fold higher levels of specific
Bsep mRNA in control diet-fed wild-type mice compared with
control diet-fed FXR-null mice (Fig. 2B). Bsep mRNA levels
became 2.1-fold higher in wild-type mice after 1.0% cholic
acid feeding. Consistent with Bsep mRNA levels, Bsep pro-
tein levels assessed by immunoblotting were higher in the
wild-type mice fed control diets than in FXR-null mice and
became 3.0-fold higher in wild-type mice after 1.0% cholic
acid feeding (Fig. 2C), whereas no significant increases in
protein levels were found in FXR-null mice fed 0.25 and 1.0%
cholic acid diets and in wild-type mice fed 0.1 and 0.5% cholic
acid diet (data not shown).

Bile Flow and Bile Acid Output Rate. Bile acid secre-
tion across the canalicular membrane is the rate-limiting
step of enterohepatic circulation under normal dietary con-
ditions. Bile flow and bile acid output rate (3a-hydroxy bile
acid excretion rate), which correlate with bile acid excretion
rates to the bile duct, were determined in both mice fed a
control diet or a cholic acid diet, to determine the biliary
excretion capacity (Fig. 3, A and B). Contrary to the Bsep
protein levels, bile acid output rate was significantly higher
in FXR-null mice fed control diets than that in the wild-type
mice (Fig. 3B). Hepatic bile acid concentrations were 2.5-fold
higher in FXR-null mice than that in the wild-type controls.
An increase in bile acid output rate and hepatic bile acid
concentration was observed in the wild-type mice fed the
cholic acid diet. Feeding a 1% cholic acid diet to wild-type
mice increased the bile flow and bile acid output rate by 3-
and 3.7-fold, respectively. In FXR-~null mice, no significant
difference in bile flow and bile acid output rate was observed
between control diet and cholic acid (0.1 and 0.25%) diet in
spite of the marked accumulation of hepatic bile acids (2.0
pmol/g liver) in FXR-null mice fed 0.25% CA diet (Fig. 3B).
Furthermore, a decrease in bile flow and bile acid output

Control or cholic acid-supplemented diets were given for 5 days to wild-type and FXR-null male mice. The data are shown as the wmean = 8.D. (n = 4-6).

Wild-Type Mice FAR-Null Mice
Parameters
Control 0.25% 0.5% 1.0% Control 0.2% 0.25%
Serum 3a-OH bile acid (uM) 5+2 8+5 127 + 50“ 412 + 261° 9+ 2 13x3 316 + 136"
Liver 3a-Ol{ bile acid (nmol/g liver) 147 £ 35 206 + 35¢ 318 + 95¢ 1231 * 282° 372 + 141 657 * 121 2742 + 670"
AST activity (JUA) 235 40 + 12¢ 36+ 14 55 + 5 59+ 18 ND 929 *+ 325"
ALP activity (JU/N) 28+ 1 22 + 5 3213 44 + 10¢ 24+ 1 22+ 6 117 + 52¢

3-OH, 3w-hydroxy; ND, not determined.
“ p < 0.05 versus control.
p < 0.01 versus control,



