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Purpose. Metformin, an antihyperglycemic agent, is eliminated by tubular secretion in addition to
glomerular filtration in the human kidney. This study was performed to characterize metformin trans-
port by human organic cation transporter 2 (hOCT?2), the most abundant organic cation transporter in
the basolateral membranes of the human kidney.

Methods. Accumulation of [**C]metformin was assessed by the tracer experiments in the human em-
bryonic kidney (HEK293) cells expressing hOCT?2.

Results. The transport of [**C]metformin was markedly stimulated in hOCT2-expressing cells compared
with the vector-transfected cells. The accumulation of [**C]metformin was concentrative and was de-
pendent on the membrane potential, showing consistency with the characteristics of hOCT?2. The ap-
parent K, and V., values of [**C]metformin transport by hOCT2-expressing HEK293 cells were
1.38 + 0.21 mM and 11.9 + 1.5 nmol mg protein~* min~?, respectively. The order of the potencies of
unlabeled biguanides to inhibit [**C]metformin transport by hOCT2 was phenformin > buformin >
metformin. Furthermore, [**CJmetformin transport was inhibited slightly or moderately by cationic
drugs such as procainamide and quinidine at respective therapeutic concentrations.

Conclusions. Metformin is transported by the basolateral organic cation transporter hOCT2 in the
human kidney. hOCT2 could play a role in the drug interactions between metformin and some cationic
drugs.

KEY WORDS: hOCT2; human kidney; metformin; organic cation transporter; renal tubular secretion.

INTRODUCTION

Biguanide agents have been used for the treatment of
type 2 diabetes mellitus since the late 1950s. These drugs are
useful in primary therapy for type 2 diabetes mellitus with
obesity or hyperlipidemia and can also be used for add-on
therapy in patients with diabetes uncontrolled by sulfonyl-
ureas and diet (1-2). The mechanisms of the pharmacological
action of metformin involve the decreased hepatic glucose
production without an effect on the release of insulin and the
increased glycogenesis and lactate production. The most life-
threatening adverse effect of biguanides is lactic acidosis, be-
cause there is a risk of overproduction of lactate through
inhibition of mitochondrial respiration and increased anaero-
bic glycolysis (1). A risk of decreased use of lactate through
inhibition of gluconeogenesis by biguanides has been also
documented (1). Although phenformin was removed from
the market because of its association with lactic acidosis, the
relative risk is much lower for metformin than for phenfor-
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min. Moreover, the risk of lactic acidosis caused by metformin
is less than the risk of severe hypoglycemia induced by sulfo-

. nylurea drugs (3).

Metformin is mainly excreted into urine, almost entirely
in an unchanged form. The renal clearance of metformin
(440454 ml/min) is much higher than the glomerular filtra-
tion rate in humans (4-5), suggesting a significant contribu-
tion of tubular secretion in addition to glomerular filtration.
As biguanides consist of two molecules of guanidine linked
together by the removal of an ammonia group, they are pro-
tonated at physiologic pH. Organic cation transporters have
been suggested to mediate tubular secretion of metformin
(6-7); however, the molecular mechanisms underlying the re-
nal tubular secretion of biguanides have not been clarified.

Organic cation transporters in the kidney, liver, intestine,
brain, and placenta play essential physiologic and pharmaco-
logical roles in the handling of cationic drugs and endogenous
organic ions. Human organic cation transporter 1 (hOCT1) is
expressed primarily in the liver (8-9) and is likely responsible
for the hepatic uptake of various cationic drugs. In contrast to
hOCT1, we demonstrated that human organic cation trans-
porter 2 (hOCT2) is the most abundant organic cation trans-
porter in the basolateral membranes of human kidney (10).
Moreover, hOCT2 as well as its orthologue in the rat
(rOCT2) were localized at the basolateral membranes of re-
nal proximal tubules and were suggested to contribute to the
secretion of organic cations, such as tetraethylammonium,

0724-8741/05/0200-0255/0 © 2005 Springer Science+Business Media, Inc.
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1-methyl-4-phenylpyridinium, cimetidine, and guanidine (10-
13). Recently, rat (r) OCT1 as well as mouse (m) OCT1 was
revealed to transport biguanides (14,15). It was also demon-
strated that tissue distribution of metformin was decreased in
the liver, duodenum, jejunum, ileum, but not in the kidney
and colon, in the mOCT1 gene-knockout mice. Moreover,
Dresser et al. (16) reported that metformin and phenformin
induced currents and ¢rans-stimulated [*H]1-methyl-4-
phenylpyridinium uptake in Xenopus oocytes expressing
hOCT1 and hOCT?2. However, information has been limited
regarding the characteristics of metformin transport by
hOCT2 and hOCT2-mediated drug interactions between met-
formin and concomitantly administered drugs. In the current
study, we characterized the transport of [**C]metformin using
human embryonic kidney (HEK293) cells stably expressing
hOCT2. We also assessed drug interactions between
[**C]metformin and various cationic drugs. '

MATERIALS AND METHODS

Materials

[Biguanidine-'*C]metformin hydrochloride (26 mCi/
mmol) was purchased from Moravek Biochemicals, Inc.
(Brea, CA, USA). [Ethyl-1-**C]tetracthylammonium bro-
mide (55 mCi/mmol) was purchased from American Radio-
labeled Chemicals (St. Louis, MO, USA). Metformin, phen-
formin, and 1-methyl-4-phenylpyridinium iodide were ob-
tained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Buformin was purchased from Wako Pure Chemicals (Osaka,
Japan). Tetraecthylammonium bromide and cimetidine were
obtained from Nacalai Tesque Inc. (Kyoto, Japan). All other
compounds used were of the highest purity available.

Cell Culture and Transfection

To construct the transfectant stably expressing hOCT2,
HEK 293 cells (ATCC CRL-1573, American Type Culture
Collection, Manassas, VA, USA), a transformed cell line
derived from human embryonic kidney, were transfected
with 0.8 pg of total plasmid DNA (pCMV-XL4:pBK-CMV
vector = 2:1) per well. At 24 h after transfection, the cells
split between 1:15 and 1:30 were cultured in complete me-
dium consisting of Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum in an atmosphere of 5% CO0,/95% air
at 37°C containing G418 (0.5 mg/ml) (Wako Pure Chemical
Industries, Osaka, Japan). Then, 14 to 21 days after transfec-
tion, single colonies were selected. G418-resistant colonies
were analyzed by RT-PCR for expression of hOCT2 mRNA
an.

For uptake experiments, the cells were seeded onto poly- .

D-lysine—coated 24-well plates at a density of 2.0 x 10° cells
per well. The cell monolayers were used at day 3 of culture for
uptake experiments. In this study, HEK293 cells between pas-
sages 70 and 83 were used.

Uptake Experiments

Cellular uptake of cationic compounds was measured
with monolayer cultures of HEK293 cells grown on poly-D-
lysine—oated 24-well plates (17). The incubation medium for
uptake experiments contained 145 mM NaCl, 3 mM K(], 1
mM CaCl,, 0.5 mM MgCl,, 5 mM bp-glucose, and 5 mM

Kimura, Okuda, and Inui

HEPES (pH 7.4). The composition of the high K* incubation
medium was 3 mM NaCl, 145 mM KCl, 1 mM CaCl,, 0.5 mM
MgCl,, 5 mM p-glucose, and 5 mM HEPES (pH 7.4). When
indicated, 9.2 mM BaCl, was added to the incubation me-
dium. The pH of the medium was adjusted with NaOH or
HCI. The cells were preincubated with 0.2 ml of incubation
medium for 10 min at 37°C. The medium was then removed,
and 0.2 ml of incubation medium containing [**C]metformin
or ["“Cltetraethylammonium was added. The medium was
aspirated off at the end of the incubation, and the monolayers
were rapidly rinsed twice with 1 ml of ice-cold incubation
medium. The cells were solubilized in 0.5 ml of 0.5 N NaOH,
and then the radioactivity in aliquots was determined by lig-
uid scintillation counting. The protein content of the solubi-
lized cells was determined by the method of Bradford (18),
using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Hercules, CA, USA) with bovine y-globulin as a standard.
The concentration dependence of metformin transport by
hOCT2 was analyzed using the Michaelis-Menten equation;
V = Vo - [SI(K,, + [S]) + K, - [S], where V is the transport
rate, V., is the maximum transport rate, [S] is the concen-
tration of metformin, K., is the Michaelis constant, and K, is
a diffusion constant. For the cis-inhibition study, the uptake
of [**C]metformin was achieved by adding various concentra-
tions of unlabeled inhibitors to the incubation medium. The
ICs, values were calculated from the inhibition plots based on
the equation, V = Vy/[1 + (I/ICs,)"] by nonlinear least
square regression analysis with Kaleidagraph Version 3.5
(Synergy Software, Reading, PA, USA) (12). V and V, are
the uptake rates of [**C]metformin in the presence and ab-
sence of inhibitor, respectively. I is the concentration of in-
hibitor, and n is the Hill coefficient.

Statistical Analyses

Data were analyzed statistically by one-way analysis of
variance followed by Dunnett’s test. p values of less than 0.05
were considered to be significant.

RESULTS

Concéntration Dependence of [**C]Metformin Transport
by hOCT2

To examine whether metformin is transported by
hOCT2, we evaluated the uptake of [**C]metformin by
HEK?293 cells stably expressing hOCT2. Figure 1 illustrates
the time-course of [**C]metformin uptake by HEK 293 cells
transfected with hOCT2 and empty vector (Fig. 1). The up-
take of [**C]metformin increased time-dependently, and was
linear for up to 2 min. Figure 2 shows the concentration de-
pendence of [**C]metformin uptake by hOCT2-expressing
cells. The uptake of [**C]metformin by these cells was satu-
rated at high concentrations. The apparent Michaelis-Menten
constant (K,,) value of [**C]metformin uptake by hOCT2-
transfected cells, estimated by subtracting the nonsaturable
component of [**C]metformin transport in the presence of
1-methyl-4-phenylpyridinium (5 mM) was 1.38 + 0.21 mM.
The maximal uptake rate (V,,,,) value of the [**C]metformin
uptake by hOCT2-transfected cells was 11.9 + 1.5 nmol mg
protein™ min~' (mean + SE of three separate experiments
using three monolayers).



Metformin Transport by hOCT2 in Human Kidney

N

o

<o
T

aach

an

Q
T

®hOCT2
OVECTOR

&

ACCUMULATION (pmaoling pretein)
=
=]

TIME (min}

Fig. 1. Time course of [**C]metformin uptake by HEK293 cells stably
expressing hOCT2. HEK 293 cells transfected with hOCT2 (@) or
pCMV6-X1A4 vector (O) were incubated for the specified periods (1,
2, 5, and 15 min) at 37°C with 0.2 ml of 10 pM [**C]metformin (pH
7.4). Each point represents the mean + SE of three monolayers from
a typical experiment.

=

Effect of Membrane Potential on the Transport of
[**C]Metformin and [**C]Tetraethylammonium by hOCT2

Next, we examined the effect of membrane potential on
the accumulation of [**C]metformin and [**C]tetraethylam-
monium in HEK293 cells expressing hOCT2 (Fig. 3). The
accumulation of [**C]metformin in hOCT2-expressing cells
decreased in the presence of high K* (145 mM) medium (Fig.
3A) similarly as observed for [**C]tetraethylammonium (Fig.
3B). Furthermore, the accumulation of [**C]metformin and
[**C]tetraethylammonium via hOCT2 decreased in the pres-
ence of Ba®* (9.2 mM), a nonselective blocker of K* channels.
The mean percent of control values + SE of [**C]metformin
accumulation obtained from three separate experiments using
three monolayers were 24.8 + 2.8% and 59.0 + 9.9% for high
K* and Ba®* media, respectively (p < 0.01 vs. control). The
values = SE of [**C]tetraecthylammonium accumulation were
17.8 + 2.7% and 39.7 + 9.6% for high K* and Ba®* media,
respectively (p < 0.01 vs. control).

Inhibition of hOCT2-Mediated Transport of
[**C]Metformin by Cationic Drugs

To assess the potencies of cationic drugs to cause drug-
interactions with hOCT2-mediated metformin transport, we
examined the inhibitory effects of several cationic compounds
on the uptake of ["*C]metformin by the hOCT2-expressing
cells (Fig. 4). Then, we calculated the ICs, values of cationic
compounds from the inhibition plots as described in “Mate-
rials and Methods.” Tetraecthylammonium (a typical substrate
for the renal organic cation transporter), 1-methyl-4-
phenylpyridinium (a cationic neurotoxin), procainamide and
quinidine (antiarrhythmic drugs), trimethoprim (an antibiot-
ic), and cimetidine and ranitidine (H, receptor antagonists)
inhibited the uptake of [**C]metformin by hOCT2-expressing
cells in a dose-dependent manner. As summarized in Table I,
1-methyl-4-phenylpyridinium showed the most potent inhibi-
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Fig. 2. Concentration dependence of [**C]metformin transport by
hOCT?2. hOCT?2 transfectants were incubated at 37°C for 2 min with
various concentrations of [**C]metformin (100, 250, 500, 750, 1000,
2500, and 5000 pM) in the absence (O) or presence (®) of 5 mM
1-methyl-4-phenylpyridinium (pH 7.4). Each point represents the
mean = SE of three monolayers from a typical experiment. Inset:
Eadie-Hofstee plots of metformin uptake after correction for non-
saturable components. V, uptake rate (nmol mg protein~! min~!); S,
metformin concentration (mM).

L

tory effect, whereas procainamide and cimetidine had mod-
erate inhibitory effects on the transport of metformin by
hOCT?2. Furthermore, biguanides inhibited the transport of
[**Clmetformin by hOCT?2 in the following order: phenfor-
min > buformin > metformin.

DISCUSSION

In the current study, we characterized [**C]metformin
transport using hOCT2-expressing HEK293 cells, and as-
sessed drug interactions between metformin and cationic
drugs using ["C]metformin as a tracer. [**C]metformin up-
take was markedly enhanced in HEK293 cells stably trans-
fected with hOCT2 (Fig. 1). The uptake of [**C]metformin
was dependent on membrane potential (Fig. 3), being consis-
tent with the functional characteristics of OCT2 (13,19). To
our knowledge, this is the first demonstration showing direct
evidence of metformin transport by hOCT2. Considering that
hOCT?2 is the dominant organic cation transporter expressed
in the basolateral membranes of the human renal cortex (10),
hOCT2 should play a relevant role in the transport of met-
formin across basolateral membranes in the human kidney.

The accumulation of [**C]metformin in hOCT2-
expressing cells was saturated at high concentrations (Fig. 2).
Although the driving force of both compounds by hOCT2
seems to be common, that is, the membrane potential (Fig. 3),
the apparent affinity of metformin to hOCT2 (K, = 1.38
mM) was much lower than that of tetraethylammonium
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Fig. 3. Effect of membrane potential on [**C]metformin (A) and
[**C]tetraethylammonium (B) transport by hOCT2. The cells trans-
fected with hOCT?2 were incubated with respective buffers at 37°C for
2 min with 10 uM [“*C]metformin (A) or 5 uM [**Ctetraethylam-
monium (B) (pH 7.4). Each column represents the mean + SE of
three monolayers from a typical experiment.

(K = 431 pM) (13). Because the maximum plasma concen-
tration of metformin was reported to be 9-12 pM after a
single oral administration of metformin HCI (850 mg) in pa-
tients with type 2 diabetes mellitus (20-22) and up to 15 pM
and 25 uM in healthy elderly patients and patients with mod-
erate chronic renal impairment, respectively (23), the trans-
port of metformin by hOCT2 should not saturate at thera-
peutic concentrations. Moreover, these results seem to be
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Fig. 4. Effects of cationic compounds on [**C]metformin transport by

hOCT2. HEK 293 cells transfected with hOCT2 were incubated at
37°C for 2 min with 10 pM [**C]metformin (pH 7.4) in the presence
of (A) 1-methyl-4-phenylpyridinium (MPP, @) or tetraethylammoni-
um (TEA, A); (B) trimethoprim (@), procainamide (A), or quinidine
(A); (C) cimetidine (®) or ranitidine (A); (D) metformin (@), bu-
formin (A), or phenformin (A). Each point represents the mean + SE
of three to six separate experiments using three monolayers.
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Table 1. The Apparent ICs, Values of Various Cationic Compounds
for {**C]Metformin Uptake by hOCT2

Apparent 1Cs, values for

Compounds [**Clmetformin uptake (uM)
MPP 299+ 1.15
Quinidine 174 +5.7
Phenformin 553+125
Trimethoprim 60.0 + 19.0
TEA 66.6 2.3
Cimetidine 726+114
Ranitidine 74.6 +32.2
Procainamide 798+7.5
Buformin 203 £ 63
Metformin 1840 + 370

See experimental conditions in the legend of Fig. 4. The apparent
I1C5, values were calculated from inhibition plots (Fig. 4) by nonlinear
regression analysis as described in “Materials and Methods.” The
data represent the mean + SE of three to six separate experiments
using three monolayers. MPP, 1-methyl-4-phenylpyridinium; TEA,
tetraethylammonium.

comparable with the reports by Sambol et al. (20) that renal
clearance of metformin was not changed by single dosings
between 850 mg and 2550 mg, respectively.

In the current study, we demonstrated the inhibition of
hOCT2-mediated [**C]metformin transport by various cat-
ionic drugs, and then calculated respective ICs, values
(Fig. 4 and Table 1). Of the organic cations tested, quinidine
or procainamide inhibited [**C]metformin transport with ICs,
values of 17.4 uM and 79.8 pM, respectively, which were
comparable to the plasma concentrations of these drugs.
It is reported that the plasma concentration of N-acetyl-
procainamide, a major metabolite of procainamide, also in-
hibit renal organic cation transporters (24). Moreover, the
plasma procainamide concentration was elevated, when the
drug was administered concomitantly with cimetidine (25).
Therefore, we consider that concomitant administration of
quinidine or procainamide with metformin should decrease
the tubular secretion of metformin by interrupting hOCT?2.

Somogyi et al. (7) reported the presence of drug interac-
tions between metformin and cimetidine, where renal clear-
ance of metformin was reduced by cimetidine, while cimeti-
dine disposition was not altered by concomitantly adminis-
tered metformin. According to the fact that apparent K,,, value
of metformin transport by hOCT2 was about 10-fold larger
than that of cimetidine (K,, = 145 p.M, unpublished obser-
vation), it seems to be reasonable that renal disposition of
metformin, but not of cimetidine, was decreased by the drug
interaction between these drugs. Dresser et al. (16) reported
that IC, value of metformin on hOCT2-mediated [*H]cimeti-
dine transport was 1700 uM. Because the value was approxi-
mately 100-fold higher than the therapeutic concentration of
metformin, we consider that their results may indicate the un-
changed disposition of cimetidine by concomitant administra-
tion of metformin, which was observed by Somogyi et al. (7).

The transport of [**C]metformin was inhibited dose-
dependently by cimetidine. This phenomenon apparently
seems to be comparable to the observation by Somogyi et al.
(7) that cimetidine inhibited the tubular secretion of metfor-
min, and thereby increased its plasma concentration. The ICs,

~ value of cimetidine for metformin transport (72.6 + 11.4 uM)
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was moderately higher than the plasma concentration of ci-
metidine, i.e., a single oral dose of 200 mg of cimetidine to the
patients with normal renal function gave C,,, values of be-
tween 2.3 uM and 6.8 uM (26). These data suggest that con-
tribution of hOCT2 in the drug interaction between metfor-
min and cimetidine would be minimum. However, it is known
that systemic clearance of cimetidine decreases in the patients
with renal dysfunction (27) and in the elderly (28), and
thereby increases plasma concentrations of cimetidine.
Therefore, the role of hOCT2 in the drug interactions be-
tween metformin and cimetidine could be relatively large in
the patients with decreased renal function.

In the current study, the order of the potencies of bigua-
nides to inhibit [**C]metformin transport was phenformin >
buformin > metformin. Dresser et al. (16) also demonstrated
that the potency of phenformin to inhibit [*H]cimetidine
transport by hOCT2 was higher than that of metformin, sug-
gesting consistency with the data in the present study. Inter-
estingly, Wang et al. (14,15) also reported the order of affinity
of biguanides to the rOCT1 was phenformin > buformin >
metformin, suggesting similar substrate spectrum between
OCT1 and OCT2. This phenomenon seems to be reasonable,
because substrate spectrums were similar between OCT1 and
OCT2 as demonstrated by us (11,12). Because the informa-
tion regarding the relationship between plasma concentration
of biguanides and blood lactose levels is limited (21), the role
of hOCT?2 in the biguanides-induced lactic acidosis should be
clarified in subsequent studies.

In conclusion, hOCT2 is involved in the basolateral
membrane transport of metformin in the human kidney.
hOCT?2 could also play a relevant role in the drug interaction
between metformin and some cationic drugs.
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Abstract N

We previously reported that in hyperuricemic rats, renal impairment occurred and organic ion transport activity decreased,
accompanied with a specific decrease in the expression of bat organic anion transporters, rOAT1 and rOAT3, and organic cation
transporter, rOCT2. In the present study, we investigated the reversibility of the organic ion transport activity and expression of organic ion
transporters (slc22a) during recovery from hyperuricemia. Hyperuricemia was induced by the administration of a chow containing uric
acid and oxonic acid, an inhibitor of uric acid metabolism. Four days after discontinuance of the chow, the plasma uric acid concentration
returned to the normal level, and renal functions such as creatinine clearance and BUN levels were restored, although the recovery of
tubulointerstitial injury was varied in sites of the kidney. Basolateral uptake of p-aminohippurate (PAH) and tetraethylammonium (TEA),
and both protein and mRNA levels of rOATI, rOAT3 and rOCT2 in the kidney gradually improved during 14 days of recovery from
hyperuricemia. Basolateral PAH transport showed a higher correlation with the protein level of rOAT1 (# = 0.80) than rOAT3 (#* = 0.34),
whereas basolateral TEA transport showed a strong correlation with rOCT? protein (2 = 0.91). The plasma testosterone concentration,
which is a dominant factor in the regulation of rOCT2, was gradually restored during the recovery from hyperuricemia, but the correlation
between the plasma testosterone level and rOCT2 protein expression in the kidney was not significant. These results suggest that the
regulation of organic ion transporters, rOAT!, rOAT3 and rOCT2, by hyperuricemia is reversible, and the organic ion transport activity
restores according to the expression levels of these transporters.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Urinary excretion of various compounds including
endogenous metabolites, drugs and xenobiotics is an
important physiological function of the renal proximal
tubules. In renal tubules, membrane transport systems
mediate the tubular secretion, and several isoforms of
organic anion and cation transporters have been character-
ized [1,2]. Two organic anion transporters, OAT1 and
OAT3, at the renal basolateral membrane mediated the
renal tubular secretion of several anionic drugs including
p-aminohippurate (PAH), nonsteroidal anti-inflammatory
-drugs, methotrexate and cephalosporins [3-8]. On the
other hand, organic cation transporters, OCT! and
OCT?2, were localized to basolateral membranes of renal

Abbreviations: PAH, p-aminohippurate; TEA, tetraethylammonium
* Corresponding author. Tel.: +81 75 751 3577, fax: +81 75 751 4207.
E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui).

0006-2952/% — see front matter © 2005 Elsevier Inc. All rights reserved.
doi: 10.1016/j.bcp.2004.12.004

tubular cells, and contributed to the transport of many
cationic compounds including tetraethylammonium (TEA),
cimetidine, monoamines and procainamide [8-12].

We previously reported that renal organic anion &nd
cation transport activity across the basolateral membrane
was decreased in hyperuricemic rats, accompanied with
decreased expression of some organic ion transporters,
rOAT1, rOAT3 and rOCT2 [13]. In contrast, the renal
expression levels of rOCT1, OAT-K1 and OAT-K2, kid-
ney-specific organic anion transporters, and organic anion
transporting polypeptide 1 (oatpl) were unchanged in
hyperuricemic rat kidney [13]. Renal clearances of meth-
otrexate and cimetidine were also decreased in hyperur-
icemic rats, suggesting that the down-regulation of rOAT1,
rOAT?3 and rOCT?2 partly accounts for the decreased renal
disposition of these drugs [13].

Altered expression of renal organic ion transporters has
been reported using several animal models with renal
impairment induced by cisplatin and by subtotal nephrect-
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omy [14-17]. However, little information is available on
the alterations. in the expression of renal organic ion
transporters during the recovery from renal impairment.
On one hand, renal functions were decreased in hyperur-
icemic rats induced by the administration of a chow
containing uric acid and oxonic acid, an inhibitor of uric
acid metabolism [18]. After administration of the chow
was discontinued, renal functions such as the fractional
reabsorption of sodium and phosphate were improved,
although the urine concentrating ability, calcium reabsorp-
tion and the capacity to excrete ammonium- remained
impaired [18]. Therefore, renal functions including renal
organic ion transport might change at different rates during
recovery from hyperuricemia in rats.

In the present study, we examined the alteration of
organic ion transport activity and the expression of organic
ion transporters including rOAT1, rOAT3 and rOCT2 in the
kidney during recovery from hyperuricemia in rats.

2. Materials and methods
2.1. Materials

p-[1->H(V)}-mannitol (973 GBq/mmol) and p-[glycyl-
1-'*C)-aminohippuric acid (1.9 GBg/mmol) were obtained
from Perkin-Elmer™ Life Sciences. [1-'*C] Tetraethy-
lammonium bromide (2.04 GBg/mmol) was obtained from
American Radiolabeled Chemicals. Oxonic acid and uric
acid were purchased from Aldrich and Wako Pure Che-
mical Industries, respectively. All other chemicals used
were of the highest purity available.

2.2. Animals

The animal experiments were performed in accordance
with the Guidelines for Animal Experiments of Kyoto
University. The experimental protocol was approved by
the Animal Research Committee, Graduate School of
Medicine, Kyoto University. Male Wistar rats weighing
190235 g were fed ground rat chow and water freely for
10-24 days. Hyperuricemia was induced with ground
standard rat chow containing 2.5% uric acid and 5% oxonic
acid for 10 days as described in our previous report (0-day
recovery group) [13]. During recovery from hyperurice-
mia, the rats were fed standard rat chow for 4, 7 or 14 days
(4, 7 or 14-day recovery group).

2.3. Biochemical tests

The concentration of blood urea nitrogen (BUN) and
creatinine in plasma and urine were measured by the
urease—indophenol method and Jaffé method using Kits
obtained from Wako Pure Chemical Industries, respec-
tively. Plasma uric acid concentration was determined by
high performance liquid chromatography as described in

the previous report [13]. Plasma concentration of testos-
terone was measured with an enzyme immunoassay kit
(Cayman Chemical Company).

2.4. Histological analyses

Kidneys of rats during recovery from hyperuricemia
were removed and immediately fixed for 1 day at room
temperature in carnoy fixative (ethanol:chloroform:acetic
acid = 6:3:1) and preserved in 70% ethanol. Conventional
histological sections were stained with periodic acid-Schiff
reagent [8].

2.5. Uptake of PAH and TEA into renal slices

Renal slices were prepared with a Stadie~-Riggs micro-
tome and the uptake of ['*C]PAH (5 uM, 0.93 kBg/mL) or
["*CJTEA (5 uM, 1.03 kBq/mL) were measured as pre-
viously described [13]. [3H]Mannitol (5 uM, 22.8 kBqg/
mL) was used to calculate the extracellular trapping and
nonspecific uptake of [**CJPAH and ['*C]TEA as well as to
evaluate the viability of slices.

2.6. Western blot analyses

Preparation of crude membrane fractions and Western
blot analyses were performed as previously reported [13].

2.7. Northern blot analyses

Total RNA was extracted from the kidney using TRI-
ZOoL™ reagent (Invitrogen Co.). Then, Northern blot
analyses were performed as previously described [13].

2.8. Statistical analyses

The statistical significance of differences between mean
values was calculated using the non-paired ¢-test, or by the
one-way analysis of variance with the Scheffé test for post
hoc analysis. P-values of <0.05 were considered signifi-
cant.

3. Results

Several physiological and biochemical parameters were
measured during the recovery period of hyperuricemia in
rats (Fig. 1). The body weight gradually increased during
recovery for 14 days. Plasma uric acid returned to the
normal level during the initial 4 days of recovery. Improve-
ment of BUN, plasma creatinine and creatinine clearance
during the initial 4 days suggested that renal functions have
been recovered quickly. In contrast, urine volume returned
to normal more slowly than the above parameters.

Histological analyses of the kidney were performed and
shown in Fig. 2. The tubular lumen was dilated in a diffuse
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Fig. 1. Physiological and biochemical parameters during recovery from hyperuricemia. At 4, 7 and 14 days recovery from hyperuricemia, body weight (A),
plasma uric acid (B), BUN (C), urine volume (D), plasma creatinine (E) and creatinine clearance (F) were measured (@). Open circles represent the values of
normal rats. Each point represents the mean % S.E. of 5-13 rats. P < 0.05, vs. normal rats. “P < 0.05, vs. hyperuricemic rats on day 0.

area filled with detached tubular epithelial cells and was
infiltrated by mono- and poly-nuclear cells in hyperurice-
mic rat kidney (0-day recovery group) as previously
reported [13]. Moreover, inflammatory cells also infiltrated
into the interstitium and in tubules [13]. This tubulointer-
stitial pathology was observed in the diffuse area on day 4,
and visible in the focal area on day 7, which was almost
disappeared on day 14 (Fig. 2).

We then evaluated basolateral organic anion and cation
transport activity by the uptake of PAH and TEA into renal
slices (Fig. 3). The PAH and TEA uptake into renal slices in
the 0-day recovery group were much lower than those in
normal rats. In the 4-days recovery group, PAH and TEA
uptake were significantly increased compared with those in
0-day recovery group. The PAH and TEA uptake in the 14-
days recovery groups achieved similar uptake activity to
those in control group at 30 or 60 min.

The expression of rOAT1, rOAT3 and rOCT2 protein
during the recovery period of hyperuricemic rats was
examined by Western blot analyses (Fig. 4). The expres-
sion of these transporters of 0-day recovery group was
significantly decreased in hyperuricemic rats compared
with normal rats, and the expression levels of rOAT1
and rOAT3 in 7- and 14-days recovery group significantly
increased compared with those in 0-day recovery group.
The expression of rOCT?2 protein gradually increased until
14-days of recovery. ,

The mRNA expression of rOAT1 and rOCT2 during
recovery from hyperuricemia was analyzed by Northern
blot analyses (Fig. 5). The mRNA expression of both
transporters in the 0-day recovery group was much lower
than that in normal rats, and the rOAT1 mRNA expression

significantly increased in the 7- and 14-days recovery
group compared with O-day recovery group. Recovery
of rOCT2 mRNA expression was significant on day 14.
Moreover, the expression of rOAT1 and rOCT?2 protein was
significantly correlated with that of mRNA, respectively
(rOAT1, r* = 0.66, P < 0.05; rOCT2, r* = 0.45, P < 0.05).

We investigated the correlation between basolateral
PAH and TEA transport and the protein level of rOAT1,
rOAT3 and rOCT2 (Fig. 6). Initial PAH transport at 15 min -
across basolateral membrane showed a high correlation
with the protein level of rOAT1 (r* = 0.80, P < 0.05), but
not with that of rOAT3 (r2 =0.34, P =0.35). On one hand,
basolateral TEA transport showed a high correlation with
the protein level of rOCT2 (> = 0.91, P < 0.05).

Finally, we measured plasma concentration of testoster-
one, which was the dominant factor mediating sex-related
difference in the expression of rOCT2 [19]. Plasma tes-
tosterone concentration was decreased in the 0-day recov-
ery group (control, 3.23 £ 0.59 ng/mL; 0 day, 1.08 &
0.10 ng/mL; mean+ S.E., n=6) and was gradually
increased during the recovery period of hyperuricemia
(4 days, 1.68 + 0.45 ng/mL; 7 days, 3.61 £+ 0.24 ng/mL;
14 days, 4.51 £ 1.26 ng/mL; mean + S.E., n = 6). How-
ever, plasma testosterone levels and the expression of
rOCT?2 protein did not show a significant linear correlation
(Fig. 7, # =0.14, P = 0.14).

4. Discussion

Hyperuricemia is often the first clinical manifestation of
gout and accompanies renal failure. Recently, serum uric
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Fig. 2. Periodic acid-Schiff staining of cortex (A~C), outer medulla (D-F) and inner medulla (G-I)in the serial picture from each typical rat kidney at 4—(A, D
and G), 7—(B, E and H) and 14—(C, F and I) days recovery from hyperuricemia; bar = 100 pm.

acid was found to be an independent risk factor for
development of renal insufficiency in a study of 6403
subjects [20]. Mazaali et al. reported that crystal-indepen-
dent mechanism, mediated in part by activation of the
renin-angiotensin system and downregulation of NO
synthase expression, contributed to renal injury in hyper-
uricemia [21]. Actually, we did not observe urate crystals
in any part of kidneys in our experiments (Fig. 2). We
previously reported that plasma creatinine and BUN levels
increased, and that basolateral organic ion transport activ-
ity decreased, accompanied with specifically decreased
expression of rOAT1, rOAT3 and rOCT?2 in the kidney
of hyperuricemic rats [13]. In this study, we investigated

renal organic ion transport activity and the expression of
rOAT1, rOAT3 and rOCT?2 in kidney during recovery from .
hyperuricemia.

During the initial 4 days, BUN, plasma creatinine and
creatinine clearance were restored significantly (Fig. 1),
suggesting that renal functions recovered quickly. On the
other hand, the recovery of tubulointerstitial injury was
varied in sites of the kidney, probably because of the
different severity of damage as shown in Fig. 2. Organic
anion and cation transport activity across basolateral mem-
branes and the expression of organic ion transporters,
rOAT1, rOAT3 and rOCT?2 in the kidney also gradually
improved (Figs. 3 and 4). Interestingly, basolateral PAH
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Fig. 3. Accumulation of PAH (A) and TEA (B) into renal slices during the recovery from hyperuricemia. Renal slices from normal (O) and hyperuricemic rats
at0: @,4: A,7: ¥ and 14: @ days of recovery were incubated at 25 °C in incubation buffer containing 5 pM (**CIPAH or 5 uM [**CJTEA for the periods
indicated. p-[>H]Mannitol was used to estimate the extracellular trapping and non-specific uptake of [**CJPAH and ["*C]TEA. Each point represents the
mean + S.E. for 5-8 slices from different rats. 1P < 0.05, vs. normal rats, *P < 0.05, vs. hyperuricemic rats on day 0.

transport showed a higher correlation with the protein level

. of rOAT1 than that of rOAT3 (Fig. 6), demonstrating that

rOAT1 was a dominant transporter mediating the basolat--

eral uptake of PAH. Basolateral TEA transport showed a
high correlation with the protein level of rOCT?2 (Fig. 6).
As far as we know, this is the first report demonstrating the
restoration of renal organic ion transporters (slc22a) during
recovery from renal impairment, accompanying the change
of basolateral uptake of PAH and TEA in the kidney.
The expression of rOCT2 is regulated by testosterone
[19]. In contrast to rOCT?2, renal expression of rOAT1 and
rOCT1 was not changed between male and female, sug-
gesting little or no contribution of testosterone in the
regulation of renal rOAT1 and rOCT1 [22]. In addition,

both plasma testosterone levels and the expression levels of
rOCT2 decreased in 5/6 nephrectomized rats, where the-
expression levels of rOCT2 were restored by the admin-
istration of physiological concentrations of testosterone
[17]. In clinical cases, a lower serum testosterone level was
reported to be associated with chronic renal failure [23,24].
In the present study, both rOCT2 expression and plasma
testosterone concentration decreased in hyperuricemia,
and were restored to normal during recovery from hyper-
uricemia. However, the correlation between rOCT?2
expression and plasma testosterone concentration was
not significant. These results suggested that the decreased
plasma testosterone level was one of the determinants of
rOCT2 expression in hyperuricemic rats.
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Fig. 4. Western blot analyses of rOAT1, rOAT3 and rOCT2 in crude membrane fractions from the kidneys during recovery from hyperuricemia. Crude
membrane fractions from the kidneys of normal and hyperuricemic rats at 0, 4, 7 and 14 days of recovery were separated by SDS-PAGE. rOAT1, rOAT3, rOCT2
and Na"-K*-ATPase -1 subunit were identified with each antibody. The resultsina typical experiment are shown in-panel (A). The ratio of rOAT1 (B), rOAT3
(C) and rOCT2 (D) density to Na*-K*-ATPase a-1 subunit density. Each point represents the mean + S.E. for three normal (O) and four hyperuricemic (@) rats
from two experiments. 'P < 0.05, vs. normal rats. P < 0.05, vs. hyperuricemic rats on day 0. »
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The dosage regimen of various drugs for patients with
renal insufficiency is generally determined according to the
value of-creatinine clearance. However, renal excretion of
ionic drugs into urine is mediated not only by glomerular
filtration but also by tubular secretion via organic anion and
cation transporters. Actually, the dosage schedule based on
creatinine clearance was demonstrated to be inadequate for
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ampicillin and cephalexin dosing in some patients with
renal insufficiency [25]. Recently, we reported that the
elimination rate of cefazolin, which is a substrate of
hOAT3, was significantly correlated with the levels of
hOAT3 mRNA in humans [26]. In the present study,
basolateral uptake of PAH and TEA in the kidney was
significantly correlated with the expression of rOAT1 and
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Fig. 7. Correlation between plasma testosterone and rOCT2 protein levels
in the kidney during recovery from hyperuricemia. The linear regression
was obtained with the plasma concentration of testosterone and rOCT2
protein levels of 17 rats during recovery from hyperuricemia.

rOCT?2, respectively. Moreover, the recovery rate of
rOAT1, rOAT3 and rOCT?2 expression was slower than
that of creatinine clearance. Based on these findings,
dosage regiments according to the activity of organic anion
and cation transport in addition to creatinine clearance
should be helpful for precise dosage regimen in the patients
with renal dysfunctions.

In conclusion, renal expression of organic ion transpor-
ters, rOAT1, rOAT3 and rOCT?2, was reversibly regulated
by hyperuricemia, accompanying the change of organic ion
transport. Although further clinical investigations on the
expression levels of drug transporters in several disease
states are needed, the expression profiles of drug trans-
porters may be useful information for understanding the
alteration of renal drug secretion.

Acknowledgments

This work was supported in part by a Grant-in-Aid
for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

References

[1] Pritchard JB, Miller DS. Mechanisms mediating renal secretion of
organic anions and cations. Physiol Rev 1993;73:765-96.

[2] Inui K, Masuda S, Saito H. Cellular and molecular aspects of drug
transport in the kidney. Kidney Int 2000;58:944-58.

[3] Sekine T, Watanabe N, Hosoyamada M, Kanai Y, Endou H. Expression
cloning and characterization of a novel multispecific organic anion
transporter. J Biol Chem 1997;272:18526-9. ’

{4] Sweet DH, Wolff NA, Pritchard JB. Expression cloning and char-
acterization of ROAT 1. The basolateral organic anion transporter in rat
kidney. J Biol Chem 1997;272:30088-95.

[5] Cha SH, Sekine T, Fukushima J, Kanai Y, Kobayashi Y, Goya T, et al.
Identification and characterization of human organic anion transporter
3 expressing predominantly in the kidney. Mol Pharmacol 2001;
59:1277-86.

[6] Sekine T, Cha SH, Endou H. The multispecific organic anion trans-
porter (OAT) family. Pfliigers Arch 2000;440:337-50.

[7} Uwai Y, Okuda M, Takami K, Hashimoto Y, Inui K. Functional
characterization of the rat multispecific organic anion transporter
OAT1 mediating basolateral uptake of anionic drugs in the kidney.
FEBS Lett 1998;438:321-4.

[8] Motohashi H, Sakurai Y, Saito H, Masuda S, Urakami Y, Goto M, et al.
Gene expression levels and immunolocalization of organic ion trans-
porters in the human kidney. J Am Soc Nephrol 2003;13:866-74.

[9] Griindemann D, Gorboulev V, Gambaryan S, Veyhl M, Koepsell H.
Drug excretion mediated by a new prototype of polyspecific trans-
porter. Nature 1994;372:549-52. )

[10] Okuda M, Saito H, Urakami Y, Takano M, Inui K. cDNA cloning and
functional expression of a novel rat kidney organic cation transporter,
OCT?2. Biochem Biophys Res Commun 1996;224:500-7.

[11] Koepsell H, Gorboulev V, Arndt P. Molecular pharmacology of
organic cation transporters in kidney. J Membr Biol 1999;167:103-17.

(12] Urakami Y, Okuda M, Masuda S, Akazawa M, Saito H, Inui K.
Distinct characteristics of organic cation transporters, OCT1 and
OCT?2, in the basolateral membrane of renal tubules. Pharm Res-
2001;18:1528-34. .

[13] Habu Y, Yano I, Takeuchi A, Saito H, Okuda M, Fukatsu A, et al.
Decreased activity of basolateral organic ion transports in hyperur-
icemic rat kidney: roles of organic ion transporters, rOATF1, rOAT3 and
rOCT2. Biochem Pharmacol 2003;66:1107-14. )

[14] Huang Q, Dunn II RT, Jayadev S, DiSorbo O, Pack FD, Farr SB, et al.
Assessment of cisplatin-induced nephrotoxicity by microarray tech-
nology. Toxicol Sci 2001;63:196-207. ’

[15] Demeule M, Brossard M, Béliveau R. Cisplatin induces renal expres-
sion of P-glycoprotein and canalicular multispecific organic anion
transporter. Am J Physiol Renal Physiol 1999;277:F832-40.

[16] Laouari D, Yang R, Veau C, Blanke I, Friedlander G. Two apical
multidrug transporters, P-gp and MRP2, are differently altered in
chronic renal failure. Am J Physiol Renal Physiol 2001;280:F636-45.

[17] JiL, Masuda S, Saito H, Inui K. Down-regulation of rat organic cation
transporter rOCT2 by 5/6 nephrectomy. Kidney Int 2002;62:514-24.

[18] Brown EA, Kliger AS, Hayslett JP, Finkelstein FO. Renal function in
rats with acute medullary injury. Nephron 1980;26:64-8.

[19] Urakami Y, Okuda M, Saito H, Inui K. Hormonal regulation of organic
cation transporter OCT2 expression in rat kidney. FEBS Lett
2000;473:173-6. '

[20] Iseki K, Oshiro S, Tozawa M, Iseki C, lkemiya Y, Takishita S.
-Significance of hyperuricemia on the early detection of renal failure
in a cohort of screened subjects. Hypertens Res 2001;24:691-7.

[21] Mazaali M, Hughes J, Kim Y-G, Jefferson JA, Kang D-H, Godon KL,
et al. Elevated uric acid increases blood pressure in the rat by
a novel crystal-independent mechanism. Hypertension 2001;38:
1101-1106.

[22] Urakami Y, Nakamura N, Takahashi K, Okuda M, Saito H, Hashimoto
Y, et al. Gender differences in expression of organic cation transporter
OCT?2 in rat kidney. FEBS Lett 1999;461:339-42.

[23] Joven J, Villabona C, Rubies-Prat J, Espinel E, Galard R. Hormonal

profile and serum zinc levels in uraemic men with gonadal dysfunction
undergoing haemodialysis. Clin Chim Acta 1985;148:239-45.

[24] Mitchell R, Bauerfeld C, Schaefer F, Scharer K, Rovertson WR. Less
acidic forms of luteinizing hormone are associated with lower testos-
terone secretion in men on haemodialysis treatment. Clin Endocrinol
1994;41:65-73.

[25] Hori R, Okumura K, Kamiya A, Nihira H, Nakano H. Ampicillin and
cephalexin' in renal insufficiency. Clin Pharmacol Ther 1983;34:
792-8.

[26] Sakurai Y, Motohashi H, Ueo H, Masuda S, Saito H, Okuda M, et al.
Expression levels of renal organic anion transporters (OATs) and their
correlation with anionic drug excretion in patients with renal diseases.
Pharm Res 2004;21:61-7.



Am J Physiol Gastrointest Liver Physiol 288: G664 -G670, 2005.
First published November 4, 2004; doi:10.1152/ajpgi.00270.2004.

Increased protein level of PEPT1 intestinal H™-peptide cotransporter upregulates

absorption of glycylsarcosine and ceftibuten in 5/6 nephrectomized rats

Yuriko Shimizu, Satohiro Masuda, Kumiko Nishihara, Lin Ji, Masahiro Okuda, and Ken-ichi Inui
Department of Pharmacy, Kyoto University Hospital, Faculty of Medicine, Kyoto University, Sakyo-ku, Kyoto, Japan

Submitted 22 June 2004; accepted in final form 3 November 2004

Shimizu, Yuriko, Satohiro Masuda, Kumiko Nishihara, Lin Ji,
Masahiro Okuda, and Ken-ichi Inui. Increased protein level of
PEPT]1 intestinal H* -peptide cotransporter upregulates absorption of
glycylsarcosine and ceftibuten in 5/6 nephrectomized rats. Am J
Physiol Gastrointest Liver Physiol 288: G664-G670, 2005. First
published November 4, 2004; doi:10.1152/ajpgi.00270.2004.—In
chronic renal failure (CRF), dietary protein is one of the factors that
deteriorates residual renal functions. Numerous studies have indicated
that the products of protein digestion are mainly absorbed as small
peptides. However, how small peptides are absorbed in CRF remains
poorly understood. H¥*-coupled peptide transporter (PEPT1/
SLCI5A1) plays an important role in the absorption of small peptides
and peptide-like drugs in the small intestine. Because dietary protein
intake is one of the risk factors for renal failure, the alteration of
intestinal PEPT1 might have implications in the progression of renal
disease as well as the pharmacokinetics of peptide-like drugs. In this
study, we examined the alteration of intestinal PEPT! in 5/6 nephrec-
tomized (5/6 NR) rats, extensively used as a model of chronic renal
failure. Absorption of ['“C]glycylsarcosine and ceftibuten was signif-
icantly increased in 5/6 NR rats compared with sham-operated rats,
without a change in intestinal protease activity. Western blot analysis
indicated that the amount of intestinal PEPT1 protein in 5/6 NR rats
was increased mainly at the upper region. On the other hand, the
amount of intestinal PEPT1 mRNA was not significantly different
from that of sham-operated rats. These findings indicate that the
increase in absorption of small peptides and peptide-like drugs, caused
by the upregulation of intestinal PEPT1 protein, might contribute to
the progression of renal failure as well as the alteration of drug
pharmacokinetics.

renal failure; H* -coupled peptide transporter; intestine

SMALL PEPTIDES, including di- and tripeptides, are the main prod-
ucts of protein digestion in the gut lumen (2, 13). The absorption
of small peptides is mediated by H* -coupled peptide transporter
(PEPT1), which is localized at the brush-border membranes of
intestinal epithelial cells. Furthermore, PEPT1 mediates the ab-
sorption of a broad range of peptide-like drugs, such as -lactam
antibiotics, the anti-cancer agent bestatin, and angiotensin-
converting enzyme (ACE) inhibitors (10, 12, 21). Recently,
Gangopadhyay et al. (8) reported that uncontrollable diabetes
has a profound effect on the expression of intestinal PEPT1.
In chronic renal failure (CRF), morphological and enzymatic
abnormalities have been found in the small intestinal mucosa
of patients (7) and model rats at 12 wk after nephrectomy (9).
For example, the activities of sucrase and maltase were re-
duced (9), and the expression of intestinal cytochrome P-450
was downregulated in rats at 6 wk after nephrectomy (11).
However, the activity of some dipeptidases was significantly

but weakly increased or unchanged in the isolated brush-border
membranes from the nephrectomized rat intestinal mucosa at 8
wk after surgery (31). It seems plausible to presume that the
absorptive function of the mucosa in CRF is disturbed. Re-
cently, the impairment of intestinal P-glycoprotein function
was reported in CRF rats (30). In CRF, dietary protein is
considered to impair residual renal function, and therefore, pa-
tients with CRF are recommended to take a low-protein diet to
prevent uremia (25). However, the regulation of intestinal PEPT1
in CRF remains unclear. On the basis of this background, we
have hypothesized that the alteration of intestinal PEPT1 has
implications not only in the pharmacokinetics of peptide-like
drugs but also in the progression of renal failure in patients.

In the present study, we examined the functional and ex-
pressional changes of intestinal PEPT] in 5/6 nephrectomized
(5/6 NR) rats and demonstrated the effect of CRF on the
intestinal absorptive rates of small peptides and peptide-like
drugs. We report in this article that the activity of the intestinal
peptide transporter was increased in CRF, which was caused
by an upregulation of PEPT1 expression at the protein level.

MATERIALS AND METHODS

Materials. ["Clglycylsarcosine (Gly-Sar; 1.78 GBg/mmol) was
obtained from Daiichi Pure Chemicals (Ibaraki, Japan). Ceftibuten
was from Shionogi (Osaka, Japan). All other chemicals were of the
highest purity available.

Animals and their treatment. Male Wistar albino rats (200220 g)
were nephrectomized as described previously (16, 26). Briefly, the
right kidney was removed, and the posterior and anterior apical
segmental branches of the left renal artery were individually ligated.
Sham-operated (sham) animals were used as controls. After surgery,
animals were allowed to recover from anesthesia and surgery in cages,
with free access to water and standard rat chow containing 23.6%
(wt/wt) of protein.

To examine renal function, we maintained rats in metabolic cages
for 24 h before the experiments. The blood urea nitrogen (BUN) was
determined using the urease-indophenol method. The levels of creat-
inine in plasma and urine were determined using the Jaffé reaction.
For these measurements, we used assay kits from Wako Pure Chem-
ical Industries (Osaka, Japan). The concentration of urinary albumin
was measured using an ELISA kit (NEPHRAT II; Exocell, Philadel- °
phia, PA). The intestinal protease activity in the mucosal homogenate
of duodenum, jejunum, or ileum was determined using a protease
assay kit (Calbiochem, La Jolla, CA) according to the manufacturer’s
instructions. Data are expressed as percent activity by using trypsin
(10 p.g) as a positive control. The animal experiments were performed
in accordance with the “Guidelines for Animal Experiments of Kyoto
University.” All protocols were previously approved by the Animal
Research Committee, Graduate School of Medicine, Kyoto University.
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