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Kojima et al. (28), tOAT2 was identified as the ~60-kDa
protein equally distributed in the cortical, outer medullary and

inner medullary tissue and immunolocalized to the apical

membrane of thick ascending limb of Henle (TALH) and
cortical and medullary collecting ducts (CD) in the rat kidney,
whereas hOAT2 was immunolocalized to the proximal tubule
basolateral membrane in the human kidney (13). In the mouse
kidney, mOAT?2 was recently localized to the luminal mem-
brane of proximal tubules in the M animal (25). In this work,
we reinvestigated expression of the rOAT2-specific mRNA in
the kidneys of M, F, and variously treated M rats by RT-PCR
and performed a detailed imsmunolocalization of this trans-
porter along the rat and mouse nephron by using an affinity-
purified, polyclonal anti-peptide antibody that reacted with
OAT?2 in both species.

MATERIAL AND METHODS

Animals and treatment. Prepubertal (age: 20-25 days), young (age: 6
wk), and adult (age: 11-12 wk) M and F Wistar strain rats were from the
breeding colony at the Institute in Zagreb. Animals were bred and
maintained according to the Guide for Care and Use of Laboratory
Animals (National Rescarch Council). Before and during experiments,
animals had free access to standard pelleted food and tap water. The
studies were approved by the Ethics Committee of the Institate of
Medical Research and Occupational Health.

Prepubertal rats were used intact, and young M rats were sham
operated or gonadectomized, whereas adult rats were used either
intact, sham operated, or gonadectomized. M rats were castrated by a
scrotal route, whereas F rats were ovariectomized by the dorsal
(lumbal) approach under proper anesthesia [Narketan (80 mg/kg body
mass)-Xylapan (12 mg/kg body mass), ip]. The sham-operated ani-
mals underwent the same procedure, except the respective organs
were not removed.

The castrated, ovariectomized, and sham-operated adult rats were
left to recover for 4 wk before death. The young M rats were castrated
or sham operated; 6 wk later, the castrated avirals underwent a
subcutaneous treatment with either testosterone enanthate or estradiol
dipropionate, or progesterone at a dose of (each) 2.5 mg kg body
mass” -day”! for 14 days. The hormones were injected as a sun-
flower oil solution. The castrated control and sham-operated rats were
treated with an equivalent amount of surflower oil (0.5 mi-kg body
mass™* ~day ™! for 14 days).

Antibodies and other material. An immpune serum against the
peptide sequence in the COOH-terminal domain of the protein (amino
acids 512-528: ETKKAQLPETIQDVERK), which is common to
rOAT2 (GenBank: NP_445989.1 for Rartus norvegicus) and mOAT2
(GenBank: NP_659105.1 for Mus musculus), was raised in rabbits,
and the antibody (rOAT2-Ab) was purified using an affinity column.
Compared with the previously described antibody (28), the
rOAT2-Ab used in the present study was J) raised against the same
peptide sequence but in different rabbits showing higher antibody titer

Table 1. Primer sequences used for RT-PCR
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following immunization (ELISA data not shown) and 2) tested by an
optimized processing of isolated membranes in Western blotting
experiments and antigen retrieval technique in tissue cryosection (see
below). The antibody was kindly supplied by Transgenic, Kumamoto,
Japan. The use of affinity-purified polyclonal antibodies for Na-K-
ATPase and water channel aquaporin-1 (AQP1) was described in our
previous publications (42, 44). A monoclonal antibody against a-actin
was purchased commercially (Chemicon Toternational, Temecula,
CA). Secondary antibodies, including the CY3-labeled (GARCY3)
and alkaline phosphatase-labeled goat anti-rabbit (GARAP) or anti-
mouse lgG (GAMAP) antibodies, were purchased from Jackson
ImmunoResearch Laboratories, (West Grove, PA) or Kirkegaard and
Perry (Gaithersburg. MD).

Anesthetics (Narketan and Xylapan) were purchased from Chassot,
Bern, Switzerland. Oil solutions of testosterone enanthate, estradiol
dipropionate, and progesterone were from RotexMedica (Trittau,
Germany) and Galenika (Belgrade, SCG). The reagents and kits for
RNA isolation and RT-PCR were obtained commercially; RNALater
was from Sigma- Aldrich (Taufkirchen, Germany), Trizol and DNase/
RNase-free water were from Gibco-BRL (Grand Island. NY), First
Strand ¢cDNA Syuthesis Kit was from Fermentas International (Bur-
lington, ON, Canada), whereas custom primers for rOAT2 and B-actin
were from Invitogen {online). Various other chemicals were of the
highest purity available and were purchased from either Sigma (St.
Louis, MO} or Fisher Scientific (New Jersey, NJ).

Isolation of RNA and RT-PCR. The animals were killed by decap-
itation. The kidneys were removed, decapsulated, and cut into 1-mm-
thick sagital slices. One slice was immediately submerged into the
RNAlater solution for manual separation of the cortical and outer
stripe tissues. Total cellular RNA from these zones was extracted
using Trizol according to the manufacturer’s instructions. RNA con-
centration and its purity were estimated by spectrophotometric mea-
surement of the optical density at 260/280 nm. The guality and
integrity of RNAs were tested by agarose gel electrophoresis. Isolated
RNAs were stored at —70°C until use. To perform RT-PCR. first-
strand cIDNA synthesis was performed using the First Strand cDNA
Synthesis Kit following the prescribed instructions. Total cellular
RNA (3 pg) was denatured at 70°C for 5 min in reaction mixture
containing 0.5 pg oligo(dT)is and reverse transcribed in a total
volume of 20 pl of reaction mixture containing 1 X reverse transcrip-
tion buffer, 20 units of ribonuclease inhibitor, | mM dNTPmix, and 40
units of Moloney murine leukemia virus (M-Mul.V) RT. The reaction
mixture was then incubated at 37°C for 60 min, followed by incuba-
tion at 72°C for 10 wmin. ¢cDNAs were diluted 5X in DNase/RNase-
free water and stored at —20°C until use. PCR was performed in total
volume of 20 wl using 1 pl of 5X-dilued first-strand ¢cDNA, 0.4 uM
rOAT2-specific primers, and ready-to-use PCR Master Mix, follow-
ing instructions from the manufacturer. The housekeeping gene B-ac-
tin was used as a control for vasiations in the input of RNA. The
sequences of specific forward and reverse rOAT?2 and B-actin primers
used for RT-PCR reactions, and predicted RT-PCR product sizes, are
listed in Table 1. To avoid amplification of genomic DNA, the intron
overspanning primers were used. The reaction conditions used for

GenBank Accession

RT-PCR

Forward and Reverse Primers (3'-3") No. Laocation Product Size, bp
FrOAT2
F: CGCTCAGAATTCTCCTCCAC NM_053537.1 434-453 3n
R: ACATCCAGCCACTCCAACTC 725744
B-Actin
F: GTCGTACCACTGGCATTGTG NM_031144.2 518-537 364
R: AGGAAGGAAGGCTGGAAGAG 862881

Genes: rat ortholog of organic anion transporter-2 (rfOAT2) and B-actin. F, forward; R, reverse.
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PCR were as follows: initial denaturation for 3 min at 94°C, denatur-
ation for 30 s at 95°C, annealing for 30 s at 95°C, and elongation for
45 s at 72°C, with 32 and 30 cycles for OAT2 and B-actin, respec-
tively. The nontemplate control (NTC) reactions, where the cDNA
was substituted with DNase/RNase-free water, were included in each
PCR reaction to screen for possible contamination; no PCR products
were detected in NTC reaction, indicating the absence of possible
contamination (data not shown). RT-PCR products were resolved by
electrophoresis in 1% agarose gel, stained with ethidium bromide, and
visualized under ultraviolet light. To obtain quantitative results, pre-
liminary experiments were done to determine the optimal number of
PCR cycles within the exponential phase of the PCR reaction (data not
shown).

Tissue fixation and immunocytochemistry, The animals were anes-
thetized, and the circulalory system was perfused via the left ventricle of
the heart using the Masterflex pump (Cole-Parmer, Chicago, L), first
with aerated (95% O2-5% (COs) and temperature-equilibrated (37°C)
phosphate-buffered saline (PBS; in mM: 137 NaCl, 2.7 KCl, 8 NazHPO,,
2 KoPOa. pH 7.4) for 2-3 min to remove blood, and then with 10 ml
(mice) or 130 ml (rats) of fixative (4% paraformaldehyde in PBS) for 4-5
min. The kidneys were removed, sliced, and kept overnight in the same
fixative at 4°C, followed by extensive washing in PBS and storage in PBS
containing 0.02% NaNs at 4°C undl further use.

To cut 4-pm frozen sections, tissue slices were infiltrated with 30%
sucrose (in PBS) overnight, embedded in the Jung Tissue Freezing
Medium (Leica Microsystems, Nussloch, Germany), frozen at
—25°C, and sectioned in a Leica CM 1850 cryostat (Leica Instru-
ments, Nussloch, Germany). Sections were collected on Superfrost/
Plus Microscope slides (Fischer Scientific), dried at room temperature
for 2-3 h, and kept refrigerated until further use.

An antigen retrieval technique was used to maximize the antibody-
binding sites. In preliminary studies, we tried different methods to
process lissue cryosections before immunostaining, including 1) pre-
treatment without or with ionic (SDS) or nonionic detergents (Triton
X-100) that were previously used to reveal cryptic Na-K-ATPase and
vacuolar H”-ATPase (5, 43), 2) pretreatment with xylol and graded
concentrations of ethanol (steps used for antigen retrieval in paraffin
sections) without or with microwave heating in citrate buffers of
different pH that were found to be optimal for revealing OAT1 and
OAT3 in the rat kidney (32), and 3) preweatment with microwave
heating only in citrate buffers of different pH, 3, 6, or 9, without or
with 0.5% Triton X-100. The immunostaining efficiency following
these procedures was very heterogencous (data not shown). The
following procedure gave the strongest immunostaining of OAT? in
the rat and mouse cryosections: sections were rehydrated in PBS for
15 min, heated in 10 mM citrate buffer, pH 6, in a microwave oven (4
cycles, 5 min each at 800 W), followed by cooling down to room
temperature in the same buffer for 20 min. Further steps were
performed in a wet chamber: sections were incubated with 0.5%
Triton X-100 (in PBS) for 5 min, rinsed with PBS (5 % 3 min cach),
incubated for 20 min with bovine serum albumin (1% BSA in PBS) o
block the nonspecific antibody binding, incubated with the rOAT2-Ab
(dituted 1:2,000 with PBS) overnight in a refrigerator, rinsed with
PBS (4 X 5 min each), incubated with GARCY3 (1.6 pg/ml in PBS)
at room temperaware for 60 min, rinsed with PBS (4 X 3 min each),
and mounted in a fluorescence fading retardant (Vectashield; Vector
Laboratories, Busrlingame, CA).

To test the staining specificity, rOAT2-Ab was blocked with the
immunizing peptide (final concentration of the peptide, 0.5 mg/ml) for
4 h at room temperature before use in the above-described immuno-
fluorescence assay.

The stained sections were examined and photographed with an
Opton HI RS fuorescence microscope (Opton Feintechnik,
Oberkochen, Germany) using a Spot RT Slider camera and software
(Diagnostic Instruments, Sterling Heights, MI). The photos were
imported into Adobe Photoshop 6.0 for processing and labeling.
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FPreparation of tissue homogenates and membranes. Animals were
killed by decapitation. Mouse kidneys were used in toto. Rat kidneys
were removed and sagitally sliced, and their cortex and outer stripe
were dissected manually and used as separate tissue pools, while the
inner stripe and inner medulla were processed as a single sample. The
respective tissue was homogenized (109% homogenate) in a chilled
buffer (in mM: 300 manniwl, 5 EGTA, 12 Tris'HC], pH 74, 1
phenylmethylsulfony! fluoride, and 0.1 benzamidine and 0.1 pg/ml
antipain) with a Powergen 125 homogenizer (Fisher Scientific) at
maxiimal setting (1-min homogenization, l-min pause, [-min homog-
enization). The total cell membranes (TCM) were isolated from the
homogenate by first removing cell debris by centrifugation in a
refrigerated high-speed centrifuge (Sorvall RC-5C; Sorvall Instu-
ments, Newtown, CT; rotor S834) at 6,000 ¢ for 15 min. The pellet
was discarded, and the supernatant was then centrifuged at 150,000 ¢
for 1 h (ultracentrifuge Sorvall OTD-Combi, rotor T-875). The final
pellet (TCM) was resuspended in homogenizing buffer.

The homogenates of cortical and outer stripe tissues of the rat
kidney and the whole mouse kidney homogenates were used to isolate
brush-border membranes (BBM) by Mg**-EGTA precipitation (1).
After dispersion of membranes in an appropriate volume of buffer
{150 mM mannitol, 6 mM EGTA, 6 mM HEPES-Tris, pH 7.4) and
measurement of proteins by the Bradford assay (2), all membrane
preparations were stored at —70°C until further use for immunoblot-
ting studies.

SDS-PAGE and Western blotring. The membrane samples were
thawed at 37°C and mixed with sample buffer, which in a final
mixture contained the following: 19 SDS, 12% volivol glycerol, 30
mM Tris HCI, pH 6.8, without (nonreducing conditions) or with 5%
B-mercaptoethanol (3-ME; reducing conditions). Samples were dena-
tured at 95°C for S min, 65°C for 15 min, or 37°C for 30 min. Proteins
were separated through 10% SDS-PAGE minigels using the Vertical
Gel Electrophoresis System and then electrophoretically wet-trans-
ferred using a Mini Trans-Blot Electrophoretic Transfer Cell (both
Bio-Rad Laboratorics. Hercules, CA) to an fmmobilon membrane
(Millipore, Bedford, MA}. The amount of protein per lane was 3040
g for BBM and 6080 g for TCM; the exact amount of protein per
lane is indicated in figure legends. Following transfer, the Immobilon
merbrane was briefly stained with Coomassie Brifliant Blue to check
for the efficiency of transfer, destained, blocked in blotting buffer (5%
nonfat dry milk, 0.15 M NaCl, 1% Triton X-100, 20 mM Tris*HCL,
pH 7.4), and incubated at 4°C overnight (1214 h) in the same buffer
containing either rOAT2-Ab (1:2,000), anti-Na-K-ATPase antibody
(1:1,000), or anti-AQP! antibody (1:10,000). In some experiments, to
check for proper loading and transfer, the lower part of the stained
transfer membrane was cut off, destained. blocked in blotting buffer,
and probed for «-actin by incubation at 4°C overnight in the anti-a-
actin antibody (1:1,000 in blotting buffer). Then the membranes were
washed with blotting buffer (4 X 15 min), incubated for 60 min in the
same buffer that contained GARAP (0.1 wg/ml) or GAMAP (0.5
pp/ml), washed again, and stained for alkaline phosphatase activity
using the color-developing assay that contained 5-bromo-4-chloro-3-
indolyl phosphate (BCIP; 1.65 mg/ml) and nitro blue tetrazolivm
(NBT; 3.3 mg/ml) in 20 mM Tris HCI buffer, pH 9.0.

The labeled tOAT2-related protein band, estimated at ~66 kDa by
use of commercial protein markers (Gibco-BRL), was evaluated by
densitometry. The intensity of the labeled band was scanned (Ul-
troscan Laser Densitometer; LKB, Bromma, Sweden), and the inte-
grated surface of each scan was expressed in arbitrary units, relative
to the strongest band density (=1,00 unit) in the corresponding control
samples.

Presentation of the data. The RT-PCR data were obtained with
RNA preparations from two animals of each experimental group,
whereas the immunocytochemical and immunoblotiing data represent
findings in four to five animals in each experimental group. The
numeric data, expressed as means + SE, were statistically evaluated

AJP-Renal Physiol « VOL. 292 « IANUARY 2007 « www.ajprenal.org

— 439 —

100z ‘62 yoiepy uo BioABojoisAud-leusidie woy pepeojumog




F364

by use of Student’s stest or ANOVA with Duncan’s test at the 5%
level of significance.

RESULTS

Expression of OAT2-specific mRNA in rut kidney. Previous
studies with various methods, including Northern blotting,
branched DINA analysis, and RT-PCR, described gender dif-
ferences in the renal expression of rOAT2 (F > M) in sexually
matured rats (6, 7, 24, 29). Following castration in M rats, the
vOAT2 transcript in the kidney was either upregulated (24, 29)
or unchanged (7), and the ueatment of castrated M with
testosterone or estrogen downregulated, whereas ovarisciomy
in P either had no effect (29) or slightly dowanregulated (7), the
renal rOAT2 expression. Although partially contradictory,
overall these data indicate that gender differences in the renal
expression of rOAT2Z mRNA I rats might be caused by
androgen inhibition and estrogen stimulation. To reinvestigare
these data, we have isolated RNA from the kidney outer siripe
tissue (it exhibits the highest expression of rOAT2 protein; see
below) of sham-operated and gonadectomized M and F rats,
and of castrated M treated with oil {control) or various sex
steroids, and compared the rOATZ-specific mRNA expression
by RT-PCR (Fig. 1).

As shown in Fig. 1A, the sham-operated F exhibited a higher

xpression of rOATZ mRNA than the sham-operated M, prov-
ing the presence of gender differences (F > M), Castration
upregulated, whereas ovariectorny downregulated, the rQAT2
mRNA expression, indicating that androgens acted inhibitory
and estrogens stimulatory. These findings were further con-
firmed by treating casirated M with testosterone, which re-
sulted in downregulation, and with estradinl or progesterone,
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Fig. 1. RT-PCR data showing the expression of rat organic anion transporter-2
GOAT2)- and B-actin-specific mRMNAs. 41 the kidney oufer swipe tissue of
sham-operated and gonadectomized male (M) and fermale &) rats. 80 the
castrated M treated with oil {contrel) or varions sex hormones, Bach band
represents mRIA expression in the tissue from a separate animal. The data
prove gender differences in the renal OAT2 mRMA expression (F > M), its
upregulation by castration and dowmegelation by ovariectomy (4), and its
downregulation by testosterone and upregulation by estradiol and progesterone
irearment (8. The capression of B-actin mRNA was similar in renal tissues
from both sexes and remained unaffected by the hormonal treatment.
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Fig, 2. Testing of sOAT2Z-Ab specificity by irsmunoblotting (4) and immu-
nocyiochemistry (8) in the samples from rat kidney. A: total cell membranes,

. isoluted from the F kidney outer stripe homogenate, were prepaved in reducing

(+B-mercaptoethanol} or nonteducing {—B-mercaptocthanol) conditions at the
indicated heating temperatres for 5 min (25°C), 13 min (65°C), or 30 min
(37°C) and blotted with the rOATZ-Ab (Ab) or with the antibody that had been
preincubated with the immunizing peptide (Ab+P). Tweo major protein bands
(~diy and ~66 KDa) were labeled in reducing conditions, wheseas only oo
band (~66 kDa) was labeled in nonreducing conditions. In both conditions, the
bands increased with decreasing temperature and were largely blocked by the
peptide. Bach fane contained 60 pg of proteln. B by immumocylochemistry,
brush boeder of the proxinal tubule 83 segment in the outer stripe was strongly
siained (Ab), and this staining was blocked by the immunizing peptide
(Ab+P).

which caused an upregulation of rOAT2 (Fig. 15). The expres-
sion of f-actin mRNA was unchanged in all experimental
conditions. Similar, but more heterogeneous, data were ob-
served for mRINA expression in the renal cortical tissue from
the sarne animals (data not shown).

Specificity of yOATZ-Ab in invnunoblotiing ond insmumocy-
tochemical stdies with the samples from roi kidney. Before
detailed imomnolocalization of the rOAT? protein in rat kid-
ney was performed, the rOATZ-Ab specificity was tested by
imimunoblotting TCM preparations from the ¥ Kidney outer
stripe homogenate and by immunostaining cryosections of the
same tissue. Different experimental conditions were applied,
without ar with inactivation of the rOAT2-Ab with the immu-
nizing peptide. As shown in Fig, 24, in reducing conditions,
the antibody consistently labeled two protein bands, at —40
kDa and —66 kDa, that were strongest after heating at 37°C for
30 min (Abj and largely diminished afier blocking the antibody
with the immunizing peptide (Ab+P). In nonreducing condi-
tions, however, only one prominent and consistent peptide-
blockable band was labeled, at ~66 kDa, that exhdbited similar
density after heating at 65°C for 13 min or 37°C for 30 min. A
single 66-kDa protein band in nonreducing conditions was
clearly stronger than the 66- and 40-kDa bands in reducing
conditions, suggesting the reducing conditions as possibly
favorable for splitting the 66-kDa holoprotein in two {(or more)
fragments, one that retained the antibody-binding epitope (40-
kba protein band) and one or more without it {not labeled on
the blot). In addition, 2 weak ~95-kDa band was inconsistently
labeled in various blots that was blocked by the immunizing
peptide (Fig. 24) but exhibited no clear relevance to blotting

AJP-Renal Physiol - VOL. 292 « TANUARY 2007 » www.ajprenal.org

— 440 —

1007 ‘g7 ussep uo BioAfojosiyd-eusidie Wwol PBPRORIMOL




SEX DIFFEREKRCES IN RENAL OAT2

A TEM
CORTEY QUTER STRIFE CORTEX
B ¥ M ¥ ¥ ¥

F365

BEM

OUTER STRIPE
i L

My 97
{kibay g5

45

conditions {(Fig. 24), gender (Fig. 34), gonadectomy (Fig. 44),
or hormonal wreatment (Fig. 64), thus reflecting an OAT2-
irrelevant protein that was present in membrane preparations as
a varigble contamination and was, therefore, neglected. In
tigsue cryosections, using the optimal experimental conditions
and the steps of antigen retrieval, the antibody strongly stained
the brush border of proximal mbule 83 segments in the F rat
kidney (Fig. 25, Ab). This staining was completely blocked by
the inununizing peptide (Fig. 22, Ab+P). In further imrouno-
blotting studies, the membranes were prepared in nooreducing
conditions at 37°C for 30 min, whereas the antigen retrieval
technigue was applied to screen localization of OATZ in tissue
cryosections.

Fig. 3. Zoual and gender differences in the
expression of rOAT2 protein in isclaied
membranes from the cortical and outer stripe
tissnes {4} and in cryosections of the same
tissues from the raf Kidney (B). A: compari-
son of the 66-kDa bund in fotal cell mem-
branes (TCM) and brush-border membranes
(BBM) isolated from the cortex () and
outer stripe (O8). In the membranes from M
kidney, the 66-kDa band was either negative
or weukly labeled (08 > C), whereas in the
membranes from F kidney, the band was
labeled in both zones, being much stronger
in the OS. Blots were performed with 60 pg
(TCM) and 30 pg (BEM) proteinflane. #: 1o
significant Immunostaining was observed in
cryosections of the M kidney superficial cor-
tex (M-C), medullary rays (M-MR), and
outer stripe (M-08), whereas in the F kid-
ney, whules i the superficial contex were
negative (F-C), but the brush border of prox-
imal mbule S3 segroent (83) iv medullary
rays (F-MR) and outer stripe (F-08) was
brightly stained. Glomeruli (G) and proximal
convoluted tubules (PCT) were negative.
Bar = 20 pm.

Zonal and gender differences in the expression of OAT2
protein in rar kidney. As shown in Pig. 34, TCM from the M
kidney cortex exhibited no significant 66-kDa band, whersas in
BEM, the band was cither negative (cortex) or weak (outer
stripe). Ne significant band was observed in TCM from the
inner stripe and inner medulla (data not shown). Accordingly,
in eryosections of the M kidney. either no significant staining
with the rOAT2-Ab was observed in any of the structures in the
cortex and outer stripe (Fig. 38) or a weak brush-border
staining was present in the occasional 83 segments in the outer
stripe in some sections {¢.f. Fig. 4C). However, in TCM and
BEM from the F kidney cortex and outer stripe, the 66-kDa
band was clearly labeled, showing strong zonal differences
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Fig. 4. Effect of castration and ovariectomy w3 "%,ﬁé g"ga - Z .,
on the expression of OAT? (4 and B) snd ALY v N “é o IR bl i1
a-actin {4; ACT) n wial cell membranes i e ] ot ﬁ H
isclated from the outer stripe and QAT in ) PiMaLEs By i
cryosections of the same zone of the rat shiam open avaviestemy 5
kidney (O) A in M rats, the membranes 3 " - % 3
from castrated animals exiibited & much i 3 4 & A Wiy
gronger 66-kDa band compared with shars- &y B
operated controls, whereas in T rats, the GaL: g . | o i \ .
band was weaker in ovariectomized animals ACT '-‘33‘%5“ £astn sasE svaried.
compared with controls. The 42-5Dn band of apEn e .
JALES FEMALES

o-actin was simdlar in all the wembrane é“‘
preparations and remained unaffected by go- o
madectomy. Lach band represents emn-
branes from a separate animal. Each lane
contained 80 wg of protein, B densitometric
evaluation (mean * 8E: n = 4 for =ach
experirnentad group) of the 66-kDr bands
shown by iramunoblots ju A, The castrated
M exhibited an ~~G6-fold increase in band
density, and the shamroperated F had -11-
foid stropger band density compared with
the sham-operated M, whereas the ovariee-
tomized F had ~28% lower band density
compared with the respective sham-operated
F. O immunestaining of 10AT2 in the nner
stxipe of shars-operated aod gonadectomized
rats. In shum-operated M (M-80), mest of
the $3 segments were negative (asterisks),
and the occasional fubules were weakly api-
cally positive (arrows), whereag the brush
border of castrated animals (M-C) was
stained prach stronger. In sham-operated F
(F-SO), the brash border of all 83 segroents
was brightly stained; the siaining intensity
was weaker in ovariectomized animals (F-
O Bar = 20 pm,

{outer stripe > cortex) (Fig. 34). The band was absent in TCM
from the inner stripe and inner medulia (data not shown). By
immunocytochemistry, the staining in F kidney was negative in
the superficial cortex, whereas the brush border of 53 segments
in the medullary rays and outer stripe was brightly stained (Fig.
3#). No significant siaining was observed in the inner stripe
and inner medulla of M and ¥ kidneys {data not shown)., This
experiment, therefore, indicates gender (F > M) and zonal
{outer stripe > cortexr) differences in the expression of OAT2
protein in rat kidney due fo an exclosive presence of this
transporter in the brush border of proximal tubule 83 segments.

To determine the sex hormone(s) responsible for the ob-
served zonal and gender diffevences in the expression of OATZ
protein in rat kidoey, animals from both sexes were gonadec-
tomized, and castrated M were treated with various sex hor-
mones before immunoblotting and immunocytochemical stud-
ies. Because of the exclusive localization of OAT2 in 33
segments, the following data are shown only for isolated
membranes and the tissues from the outer stripe.

Effect of castration and ovariectomy in rats. As shown in
Fig. 4, A and B, 6 wk following castration, the OAT2-related
66-kDa band in the renal outer stripe TCM from castrated rats

xhibited an approximately sixfold increase above that in
sham-operated M. The band density in sham-operated F was
~11-fold stropger than in sham-operated M and decreased by
~28% following ovariectomy. The immunostaining of brush
border in 83 segments was I) weak in sham-operated M, 2)
strongly upregulated in castrated M, 3) strong in sham-oper-
ated F, and 4) partially downregulated in ovariectomized F
(Fig. 4C). The 42-kDa a-actin band was tested in the same
membranes (Fig. 44, ACT) and showed no visible differences
in variously treated animals, indicating similar protein loading
and comparable transfer efficiency. This experiment thus indi-
cates that the expression of OAT2 protein in the rat kidney §3
segments is controlled by inhibitory actions of androgens and
stimulatory actions of the F gsex hormeones.

Expression of OAT2 protein in prepubertal rats. The expres-
sion of OAT2 protein in the outer stripe was tested in 20- to
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Fig. 5. Expression of tOAT2 profein in the Kidney outer stripe
of prepubertal rats. A-C immunostainiog o the renal outer
stripe. In prepubertal rats, the brush-border staining in §3
segrenty (asierisks) was negative in M (4) and very weak in F
{8, arrowsy and comparatively very strong in the adult ¥ (¢,
arrows). Bar = 20 pr 20 immunoblotting of fOAT2 in the
renal outer siripe fofal cell membranes from prepubertal B
(PEM) and F (PPF) and From an adult F (AF). Compared with
that in the adult asimal, the rOAT2-related protein band was
very weak in prepubertal animals of both sexes. Fach lane
contained 80 pg of protein and represents membranes from a
separate animal,

Z5-day-old rats of both sexes; as shown in Fig. 5, 4 and B, no
significant staining with tOAT2-Ab in M rats (Fig. 54) and a
very wealt staining in F rats (Fig. 58) were observed in the
brush-border domain of 83 segments. This pattern of protein
expression was confirmed by immunoblotting of TCM isolated
from the outer stripe tissue (Fig. 30}, The experiment shows
that the OAT2 protein expression in rat kidney is very low

efore the onset of puberty, thus indicating that the observed
zonal and gender differences in the OATZ protein expression in
adualt animals are related to the levels of sex hormones after
puberty.

Lffect of sex hormone treatment in castrated rats. To deter-
mine the sex hormone responsible for zonal and gender differ-
ences in CAT2 expression in adult animals, castrated vats were
weated with either oil {conirol) or various sex hormones (Fig.
6). The immunocblotting data in TCM from the outer siripe of
variously treated apimals (Fig. 64) and densitometric data of
the respective 66-kDa band (Fig. 68) showed that testosterone
treatment cansed a strong decrease of the elevated band density
in castrated rats to the levels observed in sham-operated,
oill-treated animals, whereas estradiol and progesterone treat-
ment caunsed a limited additional upregulation of the band
density. The 42-kDa o-actin band in the same membranes (Fig.
64} showed no visible differences in variously treated animals,
indicating similar protein loading and comparable transfer
efficiency. The immunocyiochemical data for OAT2 were
completely corroborating (Fig. 6C); in accordance with the
data in Fig. 4, the staining was largely negative in the outer
stripe of sham-operated animals and was clearly enhanced in
oil-treated castrated rats. However, testosterone freatment
strongly diminished, whereas estradiol and progesterone treat-
ment partially enhanced the brush-border staining in 83 seg-
ments of castrated rats. This set of experiments thus indicates
that androgens downregulate, whereas estrogens and proges-
terone upregulate, expression of OATZ protein in the brush
border of S3 segments in rats.

Specificity of vOATZ-Ab in immunoblotiing and immunocy-
tochemical studies with the samples from mouse kidney. Pre-
vious mRINA sindies in mice indicated very low expression of
mOATZ in liver and kidney of the fetal and prepubertal
animals (8, 39), and possible gender differences in its expres-

sion in liver (F > M) but not in kidney (8, 27) of the adult
animals. The amino acid sequence of the tOAT2-immunizing
peptide, which is common io bath tOAT2 and mOAT?, indi-
cated that the rOAT2-Ab could cross-react with mouse Hssues.
[ndeed, as shown by immunoblotting in TCM and BBM
isolated from the whole F mouse kidney, the rOAT2-Ab
labeled a single peptide-blockable band at 66 kDa (Fig. 74),
whereas by immunocytochemistry, the antibody strongly
stained the brush-border domain of proximal mbule $3 seg-
ments in the F kidoney outer stripe (Fig. 78). This staining was
blocked after preincubating the antibody with the immunizing
peptide (Fig. 7C). The experiments indicate that the rOAT2-Ab
cross-reacts with the mOAT2 and was forther used for testing
the localization of OAT?2 protein in the mouse kidnsy.

Zonal and gender differences in the expression of OATZ
proteln in mouse Eidney. As shown in Fig. 8, A-D, zonal and
gender differences in the expression of OAT2 protein are
visible by immunostaining cryosections of the mouse kidney.
In the M mouse kidoey, cortical tubules and other struciures
exhibited no significant staining (Fig. 84), whereas the brush-
border of proximal tubule §3 segments in the outer stripe was
weakly stained (Fig. 8C). In the cortex of F mouse kidney, only
the brush border of 83 segments in medullary rays was frag-
mentary and weakly stained (Fig. 88), whereas the brush
border of 83 segments in the outer stripe was brightly stained
(Fig. 8D). In immunoblots of the whole mouse kidney BBM,
the protein bands related to Na-K-ATPase and AQP! were
similar in both sexes (Fig. 8E), whereas the mQAT?-related
66-kDa band was much stronger (~10-fold) in membranes
from the F kidneys (Fig. 8, £ and #). Therefore, this set of
experiments shows that the expression of OATY in mouse
kidney exhibits zonal (outer stripe > cortex) and gender
differences (F > M) similar t those in rat kidney.

DISCUSSION

The data shown in this report, which were obtained with
RT-PCR, Western blotting. and immunecytochemistry, re-
vealed a complete congruency in the expression of renal
OAT2-specific mRINA and protein in rats, exhibiting 1) zonal

-

{outer stripe > cortex) and gender (F > M) differences, 2)

AlP-Renal Physiol « VOL 292 « JANUARY 2007 - www.ajprenal.org

— 443 —

2007 ‘6z uodepy uo Dot ABolosAyd pusidle woy pepeojumory




F368 SEX DIFFERENCES IM RENAL OAT2

-
) e

5 ¢
B % b
= '
R k “%
@ 4 *
St o ~§‘,§§S?§§§§§,§}%¥AL&-§‘ . & N
st SR Phisthsteane CHBanoit ¥eegmdbiune § ¥
2 i 2 H 2 H 4 L e
WDs E B
= g H
. e
w42 £ [ : ! ; }
fr] e )
Sime eOH P Este Py
aperatid O e
X CASTRAYED MALEs
é:j CASTRATED MAaLEs

Bham anorated Ras Rt SHairsdiol wPragesternng

] esentative immunoblot of fOAT2 and c-actin (ACT) with the total cell membranes (cach lane contained 80 pg of protein) from the kidrey outer
stripe (). densitometric evaluation of the rOAT2-related 66-kDa protein band in the blot (8), and the respective immaunostaining in tissue cryosections (C); effect
of castration and treatment with various sex hormones in M. A: representative blots with membranes from 2 animals in each experimesntal group. The 42-kDa
actin: band exhibited vo visible differcnces among varions animals, indicating siwilar Joading snd transfer. B: densitometric data of the 66-kIxa band, collected
from 2 independent experiments (n = 4 in each experimental group); compared with that in sham-operated controls {Sham operated + oil), the density of the
86-1Da protein band was strongly enhanced (-~4.5-fold} in castrated rats reated with oil {(+Oil); this elevation was downregulated by testosterone ireatment o
the tevel of sham-operated animals {+Test}, whereus the estradiol (- Estr) or progesterone (+Frog) treatment cansed, respectively, an additional significant or
limited npregulation vs. oll-treated castrated aniruals, Statistics: a ve. b oor ¢, £ < 0001 b s ¢, £ < 0.05; otber relations, nonsignificant (NS),
immunocytochemically, 83 sezments were not stained in the sham-operaied + otl-treated rats. BBM of the oil-treated casirated rats was brightly stained, and
this staining was strongly diminished after treating animals with testosterone, whereas the staining inteusity in estradiol- or progesterone-treated castrated animals

was slightly enbanced. Bar = 20 wm,

localization in the brush border of proximal tubule 83 segments
{(F > M), 3 weak and gender-independent expression in
prepubertal animals, and 4) similar pattern following gonadec-
wmy and treatment with sex hormones. In addition, the QATZ
protein in mice kidoeys exhibited a pattern of localization and
gender ditfferences that largely resembled that in rats,

The dara of OAT2 mBRNA expression in rat kidney, with
clear gender differences (F > M), upregulation by castration
and downregulation by ovariectomy, as well as downregnlation
by testosterone and upregulation by estradiol and progesterone
treatment in castrated M rats, are in fair agreement with most
previcusly published findings (6, 7, 24, 29). These findings
were further corroborated with the immmunoblotting data in cell
membranes isolated from various kiduey zones in rals, show-
ing a comparable gender- and sex hormone-dependent pattern
of the rOAT2 protein content. rOAT2 was identified as a
temperature- and denararing condition-sensitive protein exhib-
iting slightly lower electrophoretic mobility (~66 kDa) than
previously observed for the protein in rat liver (5262 kDa)
{36, 50) and kidney (60 kDa) (28). Having 535 amino acid
residues (50), the native protein in nonglycosylated state
should run to ~39 kDa; the observed location of the band at 66
kDa most probably reflected the glycosylated form of the

protein. The pattern of 66-kDa band density in isolated mem-
branes from the renal outer stripe of M, F, and variously treated
castrated M rats completely matched the paitern of mRMNA
expression in the same tissue. Moreover, our mmunocyio-
chemical studies revealed 7) localization of the protein exclu-
sively in the byush border of proximal tubule $3 segments that
reside in the outer stripe and in medullary rays and 2) a pattern
of the staining intensity of the brush border in §3 segments
comparable 1o that of mRIMNA expression and the 66-kDa band
density. Taken together, our data showed a missing correlation
of the renal OATZ expression at the levels of mENA and
protein and revealed BBM of the proximal mbule 33 segment
as the principal localization of the OAT2 protein in the ral
nephron, which is different from the previously attributed
localization to the apical membrane of TALH and cortical and
medullary collecting ducts in the vat kidney (28). Furthermore,
finding of the weak and gender-independent expression of the
renal QAT?Z protein in prepubertal rats is completely in agree-
ment with previous data showing low mRNA expression in rats
under the age of 35 days (6, 30).

In mice, previous studies of the renal OAT2 mENA indi-
cated its low expression in fetal and prepubertal age and
absence of gender differences in adult animals (8, 27, 39). In
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paraffin sections of the M mouse kidney, mOAT2 was recently
localized to the luminal membrane of proximal mbules (the
segments were not identified) (25). OCur daia showed that the
pattern of localization and gender-dependent expression of
OATZ protein in the mouse proximal mbule S3 segments is
basically similar to that in rats, except the staining in M mice
was always weakly positive as opposed 1o the relevant staining
in M rats, which was largely negative, whereas the staining in
F was strong in both species. The reason for a discrepancy in
the expression of renal OATZ mRNA and protein in nuce is
unknown and indicates possible sex hormone-dependent post-
transcriptional regulation of the OAT2 protein expression in
mice, whereas in rats, this regulation seems to be principally
transcriptional.

Contrary to the localization of OAT2 in the brush border of
83 segments in rats and mice, the transporter in the human
kidney (hOATZ) was immunclocalized to the basolateral mem-
brane of cortical proximal convoluted tbules (13}, but possi-
hle gender differences in its mRINA and/or protein expression/
localization have not been reported. The hOAT2 isoforms
(hOAT2A and hOAT2R) are slightly longer than vOAT2 at the
COOH-terminal domain, having 546 (hOATZA) and 538
(hOAT2R) amino acid residues; the isoform hOAT2A exhibits
79% homology to tOAT2 (31). It is unknown whether different
COOH-terminal domains represent any discriminating factor
for completely different intracellnlar sogregation and targeting
of OATZ to the brush-border (rOATZ and mOATZ) or baso-
lateral (hOAT2) membrane domains.

The (patho)physiclogical and possible toxicological impli-
cations of the exclusive GATZ localization in the BBM of 83
segments and its much stronger expression in F rats and mice,
as demonstrated in this study, are not clear. Information on the
substrate specificity of OAT? in the mammalian liver and
kidney is limited and indicates some differences and similari-

F369

Fig. 7. Testing of vDATZ-Ab specificity by im-
munoblotting (4) and immunocytochemiseey (8
and ) in the samples from mouse kidaey. 4:
TCM (60 pg protein/lane) and BBM (30 pg pro-
tein/lane), isolated Fony the total F Kidney homog-
enate, were prepared in oonreducing conditions
(heating for 15 min at 65°C) and blotted with the
rOAT2-Ab (—P) or with the antibody that had
been preincubated with the immuoizing peptide
(+P). In both cases, only 1 significant band of
~66 kDa was labeled that was completely blocked
by the peptide. By immunocytochemisay, the
brash border of proximal tubule 83 segments in
the outer stripe was brightly stained (8), and this
staining was largely blocked by the immunizing
peptide (O

ties among spacies when studied in the in vitro expression
systems: rOAT2 does, but hOATZ and mOAT2 do not, trans-
port salicylate (27, 48, 51), whereas both rOAT2 and hOAT?
transport some prostaglandins, cephalosporin antibiotics, and
ather chemotherapentics (13, 22, 36). Much less is known on
the role and substrate specificity of OAT2 in the kidney of
experimental animals and humans in vive, particularly with
respect to localization of the transporter in the opposite cell
membrane dormains. Because of unknown driving forces and
nonselective substrate specificity, it is also hard o define a
role(s) of the apical and basolateral OAT2 in reabsorptive
and/or secretory processes.

The sex-related differences in pharmacckinetics and phar-
macodynamics of varicus exogenous drugs and toxic sub-
stances have been docwmented in animal and human kidney,
liver, intestine, and brains {reviewed in Refs. 15, 17, 33, 35,
37). In human and veterinary medicine, these differences may
affect the rate of reabsorption, secretion, and therapeutic effi-
ciency and cause adverse reactions to and organotoxicity of
various drugs. Numerous information has been collected over
the past decade indicating various specific membrane-bound
wansporters of OA and cations as the critical players i these
processes (veviewed in Refs. 4, 12, 14, 18, 19, 31, 35, 37, 38,
40, 52, 53-57). One classic example is the well-studied excre-
tion of PAH in the rat kidney, which is strongly gender
dependent (M > F) (3, 23, 41) because of corresponding
gender differences in the expression of PAH wmansporters
QATI (8lc22a6) and OAT3 (Sle22a8) in the proximal tubule
basolateral membrase (M > F) that are caused by androgen
stimulation and estrogen inhibition (32). A number of other
diagnostic and therapeutic and other potentially toxic bui
structurally unrelated organic subsiances have been described
whose renal clearance (urine excretion) in tais was gender
related, such as aldose reductase inhibitor zenarestat, tauro-
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Fig. 8. Zonal and gender differences in the
exprassion of QATZ protein in cryosections
of the mouse ddney (A-£2), the abundance
of Na-E-ATPase, OAT2 and aquaporin-]
(AQP1Y in BBM isolated from the whole
mouse kidoey homogenates {£), and dengt-
tomeltric evalation of the OAT2-relsted 66-
kDa protein (F). By immuoocytochemisivy,
in the B kidney, none of the wbule profile
was stained in the corfex (A}, whereas brush
border of the proximal rabule 83 scoments in
the outer stripe was weakly stained (O, ar~
rows}. In the F kidney, most of the tubules in
the cortex were not stained, exeept for 53
segments in the medullary rays, whose brush
border was fragmentary and weakly stained
{8, wrows), whereas brush border of the 83
segmenis i the ouwler stripe was strongly
stained (D, arrows). G, glomerli. Bar = 20
i I immuneblets of the total kidney
BBM (£). the abundances of Na-K-ATPase
(~100-kDa band of the c-subomit) aod
AQP! {(ronglycosylated 28-kDa and glyveo-
sylated ~40-kDa bands) were similar in
membrane preparations from both sexes, in-
dicating simikr gquality of isolated mem-

Tuial kiduey BEM

SEX DIFFERENCES IN RENAL OAT2

branes, whereas the OATZ-related 66-kDa g o e ng
band was much stronger in membranes from HEALES FEMALES 2
the F kidneys. Each lane contained 30 pg of i 2008 4 2 3 - Rees
protein. Densitometric evaluation of the 56~ - e % ‘*é
kDa band {F) exhibited ~-10-fold higher A¥Fuse 21 340 Wik = B 4
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cholate and dibromosulfophtalein (F > M) (21, 54), estradiol-
17f-glucuronide (F > M) (16), anti-ulcer drug egualen sodium
(F > M) (45), semisynthetic penicillin metabolite cyclacillin
{F > M) (20), and 2-butoxyethanol (M > F) (11}, Whereas
gender-dependent excretion of zenarestat, taurocholate, and
dibromosulfophialein may be related to the renal expression of
Oa-ransporting polypeptide-1 (CGATP1/SlcZ1al) in the brush
border of proximal mbule 83 segments, which is stimulated by
androgens at both the mRNA and protein levels (34) and thus
may mediate gich higher reabsorption of these substrates in &
rats (21, 16), gender differences in the excretion of other
above-mentioned substances have not been correlated to any
specific fransporter so far. _

As a transporter for cyclosporin antibiotics, OATZ may
contribute to a well-known nephrotoxicity by these compounds
in humans (22), but information regarding possible gender
differences of the hOAT2 in the proximal tubule basolateral
membrane and nephrotoxicity are not available, On the other
side, sex hormone-driven gender differences in the expression
of rOAT2 protein in the brush border of proximal tubule $3
segments in rats (this study) arve in fair correlation with the
OATZ mRNA expression and renal excretion of an occupa-
tional toxicant, perflucrooctanoic acid (PPOA), whaose clear-

3AILH FEMALEX

ance is much lower in M rats, increased by castration, and
decreased sirongly by testosterone and weakly by estradiol
treatment in castrated animals (29). This putative correlation,
“substrate  clearance-rOAT2 expression,” imples that the
transporter would act in secretory mode and would transport
less PFOA in M. However, a number of other OA transporters
exist at the basolateral or BBM domains in proximal mwhbules
whose driving forces are only partially or il defined, with a
wide substrate specificity and undefined reabsorptive or scere-
tory mode of action in vivo, and 2 number of them may exhibit
gender differences that could interfere with the PFOA excre-
tion.

In summary. owr study indicates that the rat renal OAT? is
Iocalized exclusively in the brush border of proximal tubule 83
seginents, causing zonal (outer sitripe > cortex) and gender
differences (F > M) in both mRNA and protein expression that
are determined by androgen inhibition and estrogen and pro-
gesterone stimulation, and appear after puberty. A similar
gender-dependent pattern of OAT2 expression also exists in
the mouse Kidney. The impact of these findings on gender- and
ape-related reabsorption, secretion, and nephrotoxicity of en-
dogenous and exogenous OA in rodents should be defined in
future studies. Furthermeore, keeping in mind the different
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localization of the OAT2 protein in rodents (BBM of the
proximal tubule S3 segment) and humans (basolateral mem-
brane of the proximal tubules), it is unclear whether rodents
can serve as a plausible model for humans with regard to the
proposed role of OAT2 in renal physiology and nephrotoxicity,

SO

that further experimentation is urged to resolve species

differences in the OAT2 expression and function(s).
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Anabel Brandoni,! Silvina R. Villar,! Juan C. Picena,® Naohiko Anzai,? Hitoshi Endou,? and Adriana M. Torres!

Renal function in the course of obstructive jaundice has been the subject of great interest;
however, little is known about the expression of renal organic anion transporters, The
objective of this work was to study, in rats with acute extrahepatic cholestasis, the cortical
renal expression of the organic anion transporter 1 (OAT1) and the organic anion trans-
porter 3 (OAT3), in association with the pharmacokinetics and renal excretion of furosemide
(FS). Male Wistar rats underwent bile duct ligation (BDL rats). Pair-fed sham-operated rats
served as controls. All studies were carried out 21 hours after surgery. Rats were anesthetized
and the pharmacokinetic parameters of FS and the renal elimination of FS were determined.
Afterwards, the kidneys were excised and processed for immuneblot (basolateral membrane
and renal homogenates) or immunocytochemical (light microscopic and confocal immuno-
fluorescence microscopic analysis) techniques. The systemic and renal clearance of FS as well
as the excreted and secreted load of FS increased in BDL rats. In kidneys from BDL rats,
immunobletting showed a significant increase in the abundance of both OAT1 and OATS in
homogenates from renal cortex. In basolateral membranes from kidney cortex of BDL rats,
OAT1 abundance was also increased and OAT3 abundance was not medified. Immunecy-
tochemical techniques confirmed these results. In conclusion, acute obstructive jaundice is
associated with an upregulation of OAT1 and OAT3, which might explain, at least in part,
the increased systemic and renal elimination of FS. (HEPATOLOGY 2006443:1092-1100.)

bstructive jaundice is defined as retention of bile
and bile components after exwrahepatic or intra-
. hepaticbile duct obstruction. Excrahepatic cho-
lestasis refers to obstruction of large bile ducts outside the
liver, for instance, due to gallstones.’4

Kidney and liver eliminate numerous potentially roxic
xenobiotics, including drugs, toxins, and endogenous me-

Abbreviations: OAT, organic anion wransparier; MRP. multidrug resistance pro-
tein; PAH, p-aminobippurate; FS, furosemide; NKCC2, Na-K-2Cl corransporeer;
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BLM, basolateral membranes; ALP, alkaline phosphatase: HRP. borseradish per-
oxidase; PAS, periodic acid-Schiff:
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tabolites. In some cases, the loss of one route of elimina-
tion can be compensated for by the other.5 Limited data
are available on the pharmacokinetics of drugs in subjects
with biliary obstruction. A number of drugs, such as
B-lactam anribiotics, diuretics, nonsteroidal anti-inflam-
matory drugs, and several antiviral drugs, are classified as
organic anions. The tubular secretion of organic anions is
an important function of the kidney by eliminating these
kinds of drugs from the body.¢ Therefore, the renal or-
ganic anion transport system plays a key role in the phar-
macokinetics of these drugs.s

Several carrier proteins from this transport system have
been cloned and functionally characterized from both
membrane domains of rat kidneys.5# Organic anion
transporter 1 (OAT1) and 3 (OAT3) represent the key
organic anions/ a-ketoglutarate exchangers in the energet-
ically linked basolateral entry of organic anions into the
proximal tubule cells of the kidneys.>'* The multidrug
resistance protein 2 (MRP2) and the multidrug resistance
protein 4 (MRP4) are organic anions carriers located in
the apical membranes from proximal tubule cells.!!12
Tanaka et al.!® have shown that in bile duct-ligated rats,
the expression of MRP2 was upregulated at the transcrip-
tion level and that the expression of the protein was in-
creased in renal epithelial cells but downregulated in
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hepatocytes. Moreover, we have demonstrated an increase
in the urinary excretion of p-aminohippurate (PAH) con-
comitantly with an increase in the abundance of OAT1 in
kidney homogenates from rats with extrahepatic cholesta-
sis of 21 hours. This preliminary study showed the mod-
ification of OAT1 abundance in kidney homogenates and
did not determine the expression of OAT1 in basolateral
membranes from kidney cells. The important function of
OAT1 in the elimination of organic anions is performed
by OAT1 protein units placed in basolateral plasma
membranes.

Furosemide (FS) is a well-known organic anion that
exerts its diuretic action by binding to the Na-K-2Cl co-
transporter (NKCC2) in the thick ascending limb of
Henle’s loop.1516 Because FS is extensively bound w
plasma proteins, delivery of this drug to the tubules by
filtrarion is limited. However, it is efficiently secreted by
the organic anion’s transport system in the proximal tu-
bule and thereby gains access to its binding site. OAT1
and OAT3 are involved in the renal tubular secretion of
FS and are thereby responsible for their delivery to the site
of action in effective amounts.'™1?

The purpose of the current study was to examine the
effects of acute extrahepatic cholestasis on the expres-
sion of OAT1 and OAT?3 in rats, and the contribution
of these effects on the pharmacokinetics and renal ex-
cretion of FS. We chose FS as a prototype of organic
anion used to treat a wide variety of therapeutic condi-
tions that can take place simultaneously with extrahe-
patic cholestasis.

Materials and Methods

Experimental Animals. Male Wistar rats aged from
110 to 130 days were used throughout the study (380-
410 g body weight). Animals were anesthetized with sul-
furic ether. After an upper abdominal incision performed
under srerile technique, the common bile duct was iso-
lated and double-ligated close to the liver hilus immedi-
ately below the bifurcation and cut between the ligatures
[bile duct ligation (BDL) group]. Controls underwent a
sham operation that consisted of exposure, but not liga-
tion, of the common bile duct (sham group). The abdom-
inal incision was then closed by single sutures. All studies
were performed 21 hours after surgery. Animals were
cared for in accordance with the principles and guidelines
for the care and use of laboratory animals, recommended
by the National Academy of Sciences and published by
the Narional Institutes of Health (NIH publication 86-23
revised 1985).

Biochemical Determinations. The day of the exper-
iment, blood samples were withdrawn and used to mea-
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sure total and direct bilirubin as indicative parameters of
hepatic function and urea serum levels as an indicative
parameter of global renal function. These biochemical
analyses were performed employing commercial kits
(Wiener Laboratory, Athens, Greece).

Pharmacokinetic Studies. These studies were done
similarly to previously described.?0-22 At 21 hours after
surgery, sham (n = 5) and BDL (n = 6) rats were anes-
thetized with sodium thiopental (70 mg/kg body weight,
intraperitoneally). A single bolus of FS (10 mg/kg, aque-
ous solution, intravenously) was administered through a
femoral venous catheter. Blood samples from femoral ar-
tery were obtained at 0 to 120 minutes after administra-
tion of the FS solution. Meanwhile, urine was collected in
proper vials, to measure the quantity of FS.

The plasma concentration versus time curves for FS for
each individual animal were fitted with the PKCALC
computer program.?? Data were fitted 1o a bi-exponential
curve. The choice of the best fit was based on the deter-
mination of coefficient values (R2) and F test.2324 All fits
had R? values > 0.9.

Concentration of FS in plasma and urine was measured
using the method described by Bratton and Marshall.2s

Renal Excretion Studies. These studies were per-
formed as previously described.?!262% Sham (n = 7)
and BDL (n = 7) rats received a priming dose of inulin
(30 mg/kg body weight) and FS (5 mg/kg body weight)
in 1.5 ml saline solution through a femoral venous
catheter. A solution containing inulin (12 g/L}, FS (0.9
g/L), and saline solution (9 g/L) was infused by em-
ploying a constant infusion pump (Pump 22; Harvard
Apparatus, Holliston, MA) at a rate of 1 mL/h/100 g
body weight. After equilibrating for 45 minutes, urine
was collected during two 20-minute periods, through a
bladder catheter. Blood from the femoral artery was
obtained at the midpoint of each clearance period. Ar-
terial blood pressure was estimated throughout the ex-
periments with a manometer inserted in the femoral
artery. The glomerular filtration rate was calculated
from the clearance of inulin. The excreted, secreted,
and filtered loads of IS, the urinary excretion rate of
sodium (UENa) and the urinary flow (UF) were calcu-
lated by conventional formulae for each animal. FS was
measured as described previously. Inulin concentra-
tions were assayed by the procedure of Roe.? Sodium
concentrations in urine were determined by flame pho-
tometry and the volume of urine by gravimetry.

Binding of FS to plasma proteins was determined by
ultrafileration as previously described by Cerrutti et al.>!

Preparation of Basolateral Membranes. The prep-
arations of basolateral membranes (BLM) from sham and
BDL rats were done by a modification of the method
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described by Jensen and Berndt,? as previously reported
by us.2t31 Each preparation represented cortical tissue
from four animals. Four different BLM preparations were
obtained for each experimental group. The purity of BLM
was ascerained through analyses of marker enzymes,
Na,K-ATPase for BLM and alkaline phosphatase (ALP)
for brush border membranes. Na,K-ATPase activity was
estimated as previously described.?1-32-35 ALP was deter-
mined using a commercial Kit (Wiener Lab, Argentina).
The activity of Na,K-ATPase was enriched in BLM more
than eight rimes relative to that in their respective homog-
enate (see Results). The enrichment of ALP was approxi-
mately 1.5 to 1.9. The ALP activities (mUI/mg protein)
were not statistically different both in kidney cortex ho-
mogenates (512 * 86, n = 4 vs. 352 = 44, n = 4) and in
BLM (952 % 187, n = 4 vs. 541 = 156, n = 4) from
BDL rats as compared with sham rats, respectively. The
enrichment and purity of these BLM were comparable to
those reported previously?!345% and similar berween
sham and BDL groups.

Protein quantification of homogenates and BLM was
performed using the Sedmak and Grossberg method.3¢

Uptake Studies. Because radiolabeled FS is not com-
mercially available, we measured PAH uptake in BLM
vesicles from Sham and BDL rats. PAH, as ES, is also
wansported by OAT1 and by OAT3 in BLM from rac
kidneys.63

PAH uptake by BLM vesicles was measured by the
rapid filration technique as previously described.214
Briefly, BLM vesicles (150-250 jug protein) were added to
an incubation medium containing 100 mmol/L. NaCl,
100 mmol/L sucrose, 20 mmol/L. Hepes-Tris pH 7.40,
10 pmol/LL a-ketoglutarate, and 400 pmol/L 3H-PAH.
After 15 seconds, the uptake was terminated by diluting
the samples to 1.0 ml. with ice-cold stop solution (150
mmol/L KCl, 20 mmol/L. Hepes-Tris, pH 7.40).

Elecivophoresis  and  Immaunoblotting. Immuno-
blotting and subsequent densitomeuy for OAT1 and
OAT3 were performed in homogenates and BLM as pre-
viously described,*33738 using a commercial rabbit
polyclonal antibody against rat OAT1 (Alpha Diagnostic
International, San Antonio, TX) and a non-commercial
rabbit polyclonal antibody against rat OAT3.% Blots
were processed for detection, using a commercial kit
(Opu-4CN, Bio-Rad for OAT1 and ECL enhanced
chemiluminescence system, Amersham, Buckingham-
shire, UK, for OAT3). Membranes were stained with
Ponceau Red to confirm equal protein loading and trans-
ter between lanes as previously described. 14:28:31.37.40

Immunocytochemistry Microscopy. Kidneys from
sham (n = 4) and BDL (n = 4) rats were processed as
previously described.338 Kidney sections were incubated
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with non-commercial polyclonal antibodies against
OAT1 (diluted 1:1,000) or OAT3 (diluted 1:1,000)
overnight at 4°C. The specificity of both antibodies has
been described elsewhere, 394!

Light Microscope Analysis. The sections were incu-
barted with biotinylated secondary antibody against rabbit
immunoglobulin for T hour (biotinylated lg Multi-Link,
Biogenex, San Ramon, CA). They were then incubated
for 30 minutes with horseradish peroxidase (HRP)-con-
jugated streptavidin solution (strepravidin/HRP complex
multi-link, Biogenex). To detect HRP labeling, a peroxi-
dase substrate solution with diaminobenzidine (0.05%
diaminobenzidine in PBST with 0.05 % H,O,) was used.

- Sections were counterstained with hematoxylin before be-

ing examined under a light microscope.

Confocal Microscope Analysis. The sections were in-
cubated with Alexa 488 fluorochrome-conjugated goar
ant-rabbit IgG, 1:1000 (Molecular Probes, Eugene, OR)
overnight at 4°C and then mounrted. Sections were
viewed on a Zeiss Axiophot microscope equipped with an
epifluorescence detector and a Bio-Rad MRC 1260 con-
focal imaging system.

Conrrols using preimmune serum, antiserum absorbed
with excess synthetic peptide, or omission of primary or
secondary antibody showed no labeling.

Histopathological Studies. Histopathology of kid-
neys was performed after fixing in 10% neurral buffered
formaldehyde solution for 4 hours and embedding in
parathin. Then 4-um-thick sections were processed for
routine staining with hematoxylin-eosin, or with hema-
toxylin and periodic acid-Schiff (PAS).

Materials. Chemicals were purchased from Sigma
(St. Louis, MO).

Statistical Analysis. Statistical analysis was per-
formed by using an unpaired t test. When variances were
not homogeneous, a Welch’s correction was employed. P
values less than .05 were considered significant. Values are
expressed as means = SEM. For these analyses, GraphPad
(San Diego, CA) software was used.

Results

Bile duct ligation in rats ended in severe cholestasis, as
indicared by increases of plasma levels of total and direct
bilirubin. This corroborates the adequacy of the study
design. Total bilirubin concentration in BDL sats in-
creased to 44 = 3 mg/L from 5 * 0.5 mg/L (P < .05)
observed in the sham group, whereas direct bilirubin level
increased from 2 = 0.2 mg/L in sham animals to 34 * 4
mg/L in BDL rats (P < .05). Light microscopy only
showed significant renal morphological alterations in
PAS-stained kidneys. In BDL rats, renal tubules showed
cells with PAS+ cytoplasmic granules. The height of the
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Fig. 1. Mean plasma concentration-time profite of FS in sham (n =
5) and BDL (n = 6) rats after a single 10 mg/kg, intravenous dose of
FS. Results are expressed as means = SEM.

epithelial cells and their apical folds were reduced. A few
tubules resembled thyroid follicles because of the presence
of PAS+ acidophilic material in their lumen (data not
shown). These results are similar to those described by
Wojcicki et al.#

Conversely, no significant difference was seen in urea
serum levels (g/L) between sham-operated and BDL ani-
mals (0.41 % 0.03 vs. 0.44 = 0.04, respectively).

Mean plasma concentration-time profiles for FS in
sham and BDL rats are shown in Fig. 1, and pharmaco-
kinetic parameters are shown in Table 1. Lower plasma
concentrations of FS in BDL group were displayed during
the distribution and elimination phases. Therefore, BDL
rats displayed a significant lower area under the curve and
consequently a significant higher systemic clearance for
ES. The elimination rate constant from the central com-
partment (Kyo) was increased in BDL rats, indicating an
alteration in the rate of elimination of FS. Distribution
volumes were not significanty different between sham-

Table 1. Pharmacokinetic Parameters of FS in Sham
(n = B) and BDL (n = 6) Rats Afier a Single Dose
(10 mg/kg Body Welght, Intravenously) of FS

Sham BDL

AUC (mg X min /mL) 2.64 + 0.27 1.63 = 0.14*
Cis {ml/min/100 g} 0.428 = 0.067 0.636 *: 0.056*
Kyg {min~1) 0.023 * 0.003 0.038 = 0.004*
VdT (ml/ 100 g) 38.16 *+ 2.28 4529 + 4.86
VdC (mL/100 g) 18.54 + 0.61 17.52 = 1.50
VdP {mL/100 g) 19.61 & 1.75 27.77 % 3.67
Vdss (mL/100 g) 36.32 *+ 2.06 4146 + 427
Amount of FS in urine (mg) 1.24 = 0.18 1.80 = 0.07*

NOTE. Results are expressed as means & SEM.

Abbreviations: ALC, area under curve; Cls, systemic clearance; Ky, elimination
constant from the central compartment, VdT, total volume of distribution; VdC,
volume of the central compartment; VdP, volume of the peripheral compartment;
Vdss, steady-state volume of distribution.

*P < 05
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Table 2. Glomerular Fllivation Rate, Renal Clearance of FS,
Exereted, Filtered, and Secreted Load of FS In Sham
(n = 7) and BDL (n = 7) Rats

Sham BDL
Glomerutar filtation rate (ml/min/100 g)  0.38 = 0.07 0.43 = 0.07
Renal clearance of FS (mL/min/100 g) 0537 £ 0.049 0.739 = 0.014*
Excreted load of FS (pug/min/ 100 g} 10.14 £ 094 1393 * 0.28*
Filtered load of FS (ug/min/100 g) 0219 = 0034 0.242 =0.034
Secreted load of FS {p2g/min/100 g) 993 =091 1367 = 0.30*

NOTE. Results are expressed as means * SEM.
*P < 05,

operated and BDL animals. A statistically significant in-
crease was observed in the quantity of FS excreted in urine
during 120 minutes.

FS binding to plasma proteins was approximarely
97%, and there was no difference between both experi-
mental groups (96.5 = 0.55, n = 4vs. 97.39 = 0.30, n =
4, for sham and BDL rats, respectively).

Sham and BDL rats showed the expected diuretic and
natriuretic response to FS. In sham rats, the UF (uL/min/
100 g) increased from 4.8 = 0.5 t0 51.8 = 5.8, P < .05,
and the UENa (uEq/min/100 g) from 1.8 £0.2108.5 =
0.7, P < .05, in the absence and in the presence of FS,
respectively. In BDL rats rats the UF (nl/min/100 g)
increased from 9.0 = 1.0t0 57.2 + 2.9, P < .05, and the
UENa (pEg/min/100 g) from 1.5 £ 0.3 t0 9.1 £ 0.7,
P <05, in the absence and in the presence of FS, respec-
tively. No statistical difference was seen between sham
and BDL rats in UF and UENa after the administration of
ES.

An increase in the renal clearance and in the excreted
load of F'S in BDL rats is shown in Table 2. The secreted
load of FS was higher in BDL rats compared with sham
rats. No significant difference was seen in filtered load of
FS between sham-operated and BDL animals. The ex-
creted load of FS was higher in BDL rats in consequence
of the increase in the secreted load of this organic anion.

Na,K-ATPase activity (mol Pi/h/mg protein) pre-
sented similar values both in kidney cortex homogenates
(129 %+ 1.6,n =4 vs. 125 £ 1.9, n = 4) and in BLM
(107 £ 3, n = 4vs. 104 * 2, n = 4) from BDL rats as
compared with sham rats, respectively.

PAH uptake rate (nmol/15 sec/mg protein) was in-
creased from 5.69 £ 0.28, n = 4 10 8.76 = 0.78, n = 4,
P < .05, in BLM vesicles from sham and BDL rats, re-
spectively.

Kidney cortex homogenates and basolateral mem-
branes from Sham and BDL animals were subjected to
immunoblot analysis for OAT1 protein. Table 3 showsan
increase of approximately 30% in OAT1 expression in
homogenates from BDL rats as previously described.4 As
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Teble 3. DATL and OATE Abundance In Oortex Homeogenates
From Kidneys of Sham and BBL Rats

Sham 8B
(OATL (%) 00 x6 132 £ 7%
OAT3 (%) 10043 186 & g%

NOTE. Cortex homogenates (80 ug proteins) fom Kidneys of sham and BDL
rats wera separated by sodium dodecy! sulfate-polyacylamide gel eleciophoresis
(8.5%) and biotted onto nitroceliulose membranes. OAT1 was ideniffied using
commercial polyclenal antibodias and OAT3 was identified using non-commercial
pelyclonal antibodies as described iIn Materfals and Methods, Sham levels were
set at 100%. Results are axpressed as mean = SEM from expsriments camded out
in tiplicate on fowr different cortex homogenates preparations for each experi-
mental group.

#P < 05,

shown in Fig. 2, 2 higher abundance of OAT'1 of approx-
imately 40% was observed in basolateral membranes from
BDL rats as compared with sham rats. The OAT1 protein
signal disappeared when the antibody was preabsorbed to
the synthetic antigen peptide (data not shown).
Immunocyrochemistry using HRP-conjugated sec-
ondary antibodies for light microscopy confirmed the in-
creased OAT1  expression in  basolateral plasma

Eombronas g
TR I
T c
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0 b=
& :
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Fig. 2. (A} Renal basolaieral membranes (40 pg proteins) from
kidnays of sham and BDL rats were separated by sodium dodecyl
sulfate-polyaciylamide gel elestrophoresis (8.5%) and biotted onto ni-
rocellulose membranes, Membranes were stained with Ponceau Red to
confirm egqual protein lpading and transfer betweaen lanes. OATY was
identifind using commercial polvelonal antibodies as described in Ma-
terials and Methods, (B} Densitometic quantification of OATL. For
densitomety of immunaoblots, samples from kidneys of BDL rats were run
on each gel with conesponding sham kidney samples. Abundance was
calculated as percentage of the mean sham conirol value for that gel.

Shain levels were set al 100%. Each colurnn represents mean & SEM

from experiments camied out in wiplicate on four different cortex haso-
lateral menbranes preparations for each experimental group. #P < .05,
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Fig. 3. Immunocytochemistry for OATL in the renal cortex of sham
{(A,C) and BDL rats {B,D). Seral sections from each rat kidney were
stained using a non-commercial and-r0ATL anibody (crude mmune
serum). (A-B} Immunoperoxidase 0AT1 labeling was seen at the baso-
lateral domains of proxdmal tubule cells, In BDL rats, OAT? labeling in
BLM is greatly increased. {C-D} Immunofluorescence localization of
OATL. In BDL rats, increased labeling in BLM is seen. These figuras are
representatives of typical samples from four rats. Original magnification
X400,

membranes from BDL rats (Fig. 3A-B). To further char-
acterize the distribution of OATT labeling in proximal
tubule cells, immunofluorescence was used {(Fig. 3C-D).
Confocal immunofluorescence studies also showed an in-
creased OATT labeling in basolareral plasma membranes.
Western blots of kidney cortex homogenates and BLM
from sham and BDL rats showed signals for OAT3. Table
3 shows that OAT3 sbundance was significandy in-
creased in kidney cortex homogenates from BDL rats as
compared with sham rats. In Fig. 4, it is possible to ob-
serve that there was no statistically difference in OAT3
abundance in BLM from both experimental groups.
These signals were not observed when the antibody was
preabsorbed with the OAT3 peptide (data not shown).
Immunocyrochemistry studies showed staining for
OAT3 in many parts of the nephron such as the proximal
tubule (81, 52, and S3) and the distal and collecting duce
as was previously described.?3% Sham rats showed OAT3
labeling in basolateral membrane domain and inside the
cytoplasm of renal ubular cells (Fig. 5A). Increased label-
ing was seen in the cytoplasm of tubules from kidneys of
BDL rats (Fig. 5B). Immunofluorescence microscopy
showed the basolateral membrane localization of QATS,
and the intracellular localization was better appreciated
(Fig. 5C). An mmportant increase of OAT3 inside the
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Fig. 4. (A} Renal basolateral membranss (40 ug proteins) from
kidneys of sham and BDL rats were separated by sodium dodecy sulfate
polyacrylamide gel electrophoresis (8.5%) and biotted onto nitroceljulose
membranes. Membranes were stained with Ponceau Red to canfim
equal protein loading and wransfer between lanes. OAT2 was identified
using non-comimercial polyclonal antibodies as described in Materials
and Methods. (B) Densitometric quantification of OAT3. For densiiometry
of immunoblots, samples from kidneys of BDL rats were run on each gel
with corresponding sham kidney samples, Abundance was calculated as
percentage of the mean sham control value for that gel. Sham levels were
set gt 100%. Each column represents mean =& SEM from experiments
camied out in wiplicate on four different corfex basolateral membranes
preparations for each experimental group. #P < .05

cytoplasm was observed in cortex from kidneys of BDL
rats (Fig. 5D). This pattern parallels the dara from immu-
noblotting study.

Discussion

Numerous compounds, stuch as drugs, environmen-
tal substances, plant and animal toxins, and metabo-
lites of both foreign and endogenous origins, are
classified as organic anions. Because many of these sub-
stances are roxic ro the body, their elimination is essen-
tial for homeostasis. The kidoeys and liver are the
major routes for organic anion elimination. In the kid-
neys, the transepithelial transport of organic anions
occurs predominantly in proximal wbular cells.6®
OATI and OAT3 proteins are Jocalized ar the basolat-
eral membrane of proximal tubular cells, and their sub-
strate selectivity is markedly broad.® 10341 QAT1- and
OAT3-mediated uptake of organic anions is driven by
an outwardly direcred concentration gradient of dicar-
boxylates such as a-ketoglurarare,® which depends on
the correct funcrion of the Na,K-ATPase bomb as both
exchangers exhibit tertiary active transporter mecha-
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nism. The funcion of OAT1 and OAT3 in renal cells
under physiological and pathological conditions has
not been, as yet, fully elucidated. In this connection,
we have described altered expression of OAT1 in kid-
neys from rats with bilateral ureteral obstruction,?37
arterial calcinosis,?” and with chronic renal failure.®
The regulation of renal organic anion transporters dur-
ing cholestasis is poorly understood. However, defin-
ing the modifications of these rtransporters is
important, both to understand the cholestatic process
and to identify potential therapeutic targets.

An impaired liver funcdon may induce some abnor-
malities in the kidney. Renal function in the course of
obstructive jaundice has been the subject of great inter-
5143

All kinetic studies concerning elimination of drugs un-
der mechanical cholestasis have been scarce and referred
w0 the drugs mostly being metabolized in the liver or ex-
creted into the bile 4244

In the current study, we examined systemic and renal
dearance of FS and the expression of both OAT1 and
OAT3 in homogenates and basolateral membranes from
rat renal cortex at 21 hours after ligation.

FS is a well-known loop diuretic secrered through the
organic anion transport system. 1 he capacity of the or-
ganic anion transport system to secrete a diuretic deter-

A Shem

 Shomy
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Fig. b, Immunacytochemistry for OAT3 in the renal cortex of sham
{A,C} and BDL rats (B,D). Serial sections from each rat kidney were
stained using a non-commercial anti-rDAT3 antibody. (A-B) Immunoper-
oxidase OAT3 labeling was seen at the basolateral domains of tubule
cells and inside the cells. In BDL rats, incraased OAT3 labeling through-
out the cytoplasm can be seen. {C-0) Immunoflucrescence localization of
OAT3. In BDL rats, increased OAT3 labeling can be seen throughout the
cytoplasm of tbular cells. These figures are representatives of typical
samples from four rats. Original magnification X400,
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mines its intraluminal concentration, which is critical for
a diuretic activity.17:19

Our results have shown that rats at 21 hours after
bile ducr ligation exhibit a decrease in the area under
the FS plasma concentration—time curve and an in-
crease in total body clearance. A statistically different
increase was observed in Ky in bile duct-ligated rats as
compared with sham rats. Ky is influenced by variables
that participate in the elimination of the drug from the
central compartment, such as metabolization, renal,
and biliary excretion.® The increase of K, observed in
BDL animals could indicate a higher renal elimination
of this organic anion. This has been corroborated by
the fact that rats subjected to BDL showed an increased
ES renal clearance. The increase in renal FS clearance is
accounted for by the increase in the secreted load of the
drug, because the filtered load of FS was not modified
in the BDL group. More studies are required for a
better understanding of the correct dosage of drugs in
patients with parricular pathological states, such as ex-
trahepatic cholestasis, as this work gives evidence of
altered elimination of FS, a very useful loop diuretic in
clinical medicine.

In our experimental BDL model, no difference was
shown in Na,K-ATPase activity. The protein expression
of QAT was significantly increased both in cortical ho-
mogenates and in basolateral membranes from kidneys
after 21 hours of BDL, which might suggest an increase in
the synthesis or a decrease in the degradation of these
membrane transporters. This OAT1 upregulation might
lead to a higher elimination of its transported com-
pounds. In this connection, PAH uptake rate was in-
creased in BLM from BDL rat vesicles. Like FS, PAH is
transported by OAT1.5% In this study, OAT1 up-regula-
tion was associated with a concomitant increase of sys-
temic and renal FS clearance.

At variance with OAT1, OAT3 expression only in-
creased in homogenates and not in BLM from BDL
kidneys, suggesting an increase in synthesis or a de-
crease in degradation without an increase of the re-
cruitment of preformed transporters into membranes.
The intracellular granular staining observed for OAT3
in both sham and BDL rats (physiological and patho-
logical conditions) indicates the localization of the pro-
tein in a vesicle population that may be involved in the
recycling of this transporter by means of endocytosis
and exocytosis, similar to that described by Villar et al3*
and by Ljubojevic et al.¢

Loop diurerics reach the NKCC2 transporters that are
inserted into the luminal membrane by being actively
secreted from the blood into the urine at the proximal
tubule by means of the organic anion transporters. One
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tactor that conditions the delivery of diuretics ro their site
of action is the renal blood flow. We have previously
shown that rats after 21 hours of BDL show a decrease in
renal blood flow.!4 Nevertheless, with the reduction of the
fraction of an administered dose of FS that is presented ro
the kidneys from BDL rats, we observed an increased
renal elimination of FS, which indicates the importance
of the increased OAT1 abundance in BLM from treated
rats.

Our results showed an upregulation of OAT1 and
OAT3 in homogenates. In this connection, extrahe-
patic cholestasis is associated with production of vari-
ous cytokines and growth factors that may affect gene
transcription.®” Similarly, with OAT1 and OQATS3,
MRP2 upregulation in BDL rats was described by
Tanaka et al.!® These authors found thar bilirubin di-
taurate, sulfate-conjugated bile acids, and some com-
ponents of the human bile upregulate the expression of
MRP2 in human renal tubular cells. As highly accumu-
lated anionic drugs observed during cholestasis may
cause a general body deterioration, the molecular
mechanism(s) involved in the upregulation of MRP2,
OAT1, and OAT3 expression should be elucidated to
improve drug elimination under this pathological con-
dition.

Extrahepatic cholestasis induces a complex series of
hormonal changes in kidneys,’* which might influence
the regulation of OAT1 and OAT3. Likely several local
and systemic factors are produced at the same time, and
the role of such factors in the regulation of channels and
wransporters in the presence of BDL is unknown.

Further research also should be directed toward delin-
eation of the molecular basis for transcriprional, transla-
tional, and post-translational regulation of OAT1 and
OAT3 both in physiological and pathological conditions,
because of their impact on the efficiency of the kidneys in
excreting endogenous and exogenous anionic com-
pounds.

Optimal therapeutic use of loop diuretics requires an
understanding of their basic pharmacology {(pharmacoki-
netics and pharmacodynamics, both in physiological and
pathological states) and how that tanslates w clinical
pharmacology. Whether a patient should receive diuret-
ics, and, if so, what therapeutic regimen should be used,
depends on the dlinical situation. Loop diuretics can be
used to treat a wide variety of therapeutic cases (edema-
rous conditions, congestive heart failure, cirrhosis of the
liver, and nephrotic syndrome). If these patients also suf-
ter extraheparic cholestasis, care must be taken when FS is
administered.

We have shown that the secreted load of TS is increased
in rats with extrahepatic cholestasis as compared with
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sham rats, after the administration of the same dose of FS.
Nevertheless, an increase in the diuretic and natriuretic
effects of FS in BDL rats was not seen. Intraluminal ES
concentrations obtained both in BDI and Sham rats may
have both been maximal inhibitory concentrations for the
NKCC2 cotransporter, or function or abundance of this
carrier may have been modified in BDL rats. To elucidate
this issue, new experiments are currently being performed
in our laboratory.
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