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Abstract

Nateglinide, a novel oral hypoglycemic agent, possesses a carbonyl group and a peptide-type bond in its structure. We previously
reported that nateglinide transport occurs via a single system that may be identical to the ceftibuten/H" cotransport system by the rat
small intestine. We speculated that the absorption system present on the intestinal epithelium may be similar to that found on the renal
tubular epithelium. The aim of this study was to characterize the transporters on the apical side of the kidney that may contribute to the
reabsorption of ceftibuten and nateglinide. The uptake of nateglinide by rat renal brush-border membranes is associated with an H'-
coupled transport system. Ceftibuten competitively inhibited H'-dependent nateglinide uptake. In contrast, Gly-Sar, cephradine and
cephalexin had no effect on nateglinide uptake. Nateglinide competitively inhibited H'-driven transporter-mediated ceftibuten uptake. We
conclude that nateglinide transport occurs via a single system that is H'-dependent and may be identical to the ceftibuten/H" cotransport

system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Although nateglinide, an orally active hypoglycemic
agent, quickly reaches the maximal serum concentration
after oral administration, it has been reported that nategli-
nide itself is not transported by PepT1 or MCT1 [1,2]. We
previously found that the uptake of nateglinide by rat
intestinal brush-border membrane vesicles (BBMV) was
associated with an H'-coupled transport system and that
Gly-Sar, cephradine and cephalexin, which are substrates of
PepTs, did not significantly inhibit the uptake of nategli-
nide despite the fact that ceftibuten competitively inhibited
H'-dependent nateglinide uptake [3]. We speculated that
the absorption system present on the intestinal epithelium
may be similar to that found on the renal tubular
epithelium. This transport system has not yet been
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elucidated at the molecular level. Transporter function
offers the possibility of delivering a drug to the target
organ, avoiding distribution to other organs (thereby
reducing the chance of toxic effects), controlling the
elimination process and/or improving oral bioavailability.
Uwai et al. studied the interactions of sulfonylureas and
nateglinide with a rat renal organic anion transporter
(rOAT1), located on basolateral membranes, expressed in
Xenopus laevis oocytes and they reported that these drugs
were not translocated via the transporter but that they
interact with rOAT1 [4]. Ceftibuten possesses a relatively
long elimination half-life when compared with other
cephem antibiotics. To clarify this reabsorption system,
nateglinide is used as model compound.

The present study was undertaken to elucidate the
mechanism of nateglinide transport in brush-border
membranes and we examined the transporters from the
viewpoint of function on renal BBMV that may contribute
to the reabsorption of ceftibuten and nateglinide in the
kidney.
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2. Materials and methods
2.1. Chemicals

Nateglinide was kindly donated by Yamanouchi (Tokyo,
Japan). Cephradine and ceftibuten were kindly supplied by
Sankyo (Tokyo, Japan). Gly-Sar was purchased from ICN
Biomedicals, Ltd. (CA, USA). Cephalexin was purchased
from Wako Pure Chemical (Osaka, Japan). All other
reagents were of the highest grade available and used
without further purification.

2.2. Animals

Male Wistar rats, aged 6 to 7 weeks (300—350 g in weight),
were obtained from NRC Haruna (Gunma, Japan). The
housing conditions were described previously [5]. The ex-
perimental protocols were reviewed and approved by the
Hokkaido University Animal Care Committee in accordance
with the “Guide for the Care and Use of Laboratory Animals”.

2.3. Preparation of rat renal brush border membrane
vesicles

BBMYV from the rat kidney cortex were prepared by Ca*"
precipitation as described previously [6]. In most cases, the
suspending buffer was solution B (100 mM D-mannitol, 100
mM KCI and 20 mM HEPES/Tris, pH 7.5). Enrichment of
the brush-border membrane fraction was determined by
alkaline phosphatase. The activity level of the brush-border
membrane was routinely more than 10-fold higher than that
of the initial homogenate. No increase in specific Na'—
K" ATPase activity as a marker for the basolateral membrane
was observed. Protein concentration in preparations of
BBMYV was adjusted to 6~10 mg/ml.

2.4. Uptake experiments

The uptake of nateglinide into BBMV was measured by
the rapid filtration technique described previously [7]. In a
routine assay, 40 pul of a suspension of membrane vesicles
(0.2—0.3 mg protein) was added to 200 pl of incubation
medium kept at 25 °C. The compositions on the media are
described in the figure legend. At selected time intervals, the
uptake was stopped by diluting the incubation medium with
5 ml of ice-cold 10 mM MES buffer (pH 5.5) containing
150 mM KCI. The mixture was immediately filtered through
a Millipore filter (0.45 pm, 2.5 cm in diameter; HAWP). The
filter was rinsed once with 10 ml of the same buffer.
Substrate trapped on the filter was extracted with 300 pl of
water, and the concentration of substrate was determined.

2.5. Analytical procedures

Nateglinide and ceftibuten were determined using an
HPLC system equipped with a JASCO 880-PU pump and

870-UV UV/VIS detector described previously [8]. The
column was a Hitachi ODS Gel #3053 (4 mm i.d. x 250 mm).
In the assay for nateglinide, a mobile phase containing of 50
mM H;PO,4 (pH 2.5): acetonitrile (55 : 45, v/v) was used.
Column temperature and flow rate were 55 °C and 0.7 ml/
min, respectively. The wavelength for detection of nategli-
nide was 210 nm. In the assay for ceftibuten, a mobile phase
containing acetonitrile /0.05 M citric acid buffer with pH
adjusted to 2.5 by NaOH (1:9) was used. Column temper-
ature and flow rate were 25 °C and 0.7 ml/min, respectively.
The wavelength for detection of ceftibuten was 262 nm.
Protein was measured by the method of Lowry et al. with
bovine serum albumin as a standard [9]. Student’s ¢-test was
used to determine the significance of differences between
two group means. Statistical significance among means of
more than two groups was determined by one-way analysis
of variance (ANOVA). Nonlinear regression analysis and
least-squares fitting for an Eadie—Hofstee plot of substrate
uptake were performed by using Origin® (version 6.1J).

3. Results

3.1. Inhibitory effect of nateglinide on H'-driven ceftibuten
transporter-mediated ceftibuten uptake

Naasani et al. previously showed that ceftibuten is
transported in the rat renal BBMV via at least two H'-
driven transport systems: PepT- and H'-driven transporter
[10]. In order to determine whether the nateglinide transport
system is identical to the ceftibuten/H" cotransport system,
the inhibitory effect of nateglinide on the uptake of
ceftibuten was investigated. Gly-Sar was used as an
inhibitor of PepT. As shown in Fig. 1, Gly-Sar significantly
reduced the uptake of ceftibuten and this inhibitory effect
was saturable at a concentration of more than 30 mM (data
not shown). And nateglinide significantly reduced the
uptake of ceftibuten. Moreover, the combination of Gly-
Sar and nateglinide greatly reduced the uptake of cefuti-
buten. The effect of the combined treatment was signifi-
cantly greater than that of Gly-Sar alone. The inhibitory
effect of nateglinide on the H'-driven ceftibuten transporter-
mediated ceftibuten uptake was saturable at a concentration
of more than 250 pM. We then investigated the kinetics of
the inhibitory effect of nateglinide on the H'-driven
ceftibuten transporter-mediated ceftibuten uptake. Fig. 2
shows the concentration-dependence of H'-driven cefti-
buten transporter-mediated ceftibuten uptake in the presence
or absence of nateglinide. Eadie—Hofstee plots suggested
that nateglinide inhibits H'-driven ceftibuten transporter-
mediated ceftibuten uptake in a competitive manner.

3.2. Effect of proton gradient on nateglinide uptake

In the next part of this study, we directly evaluated
the transport mechanism of nateglinide. The effect of an
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Fig. 1. Additive inhibitory effects of Gly-Sar and nateglinide on the uptake
of ceftibuten by rat renal BBMV. Uptake of 100 uM ceftibuten by rat renal
BBMYV was measured for 20 s with or without (control) inhibitors. Each
column represents the mean with S.D. of 3—6 determinations. *P <0.05,
significantly different from that in the absence of Gly-Sar, TP<0.05,
significantly different from that in the absence of nateglinide.

inwardly directed H™ gradient on the uptake of nateglinide
was investigated by measuring nateglinide uptake into rat
renal BBMV in the presence (pH;,=7.5, pHyu=5.5) and
absence (pH;,=5.5, pHou=5.5) of an inwardly directed H"
gradient. Fig. 3a shows that typical overshoot uptake of
nateglinide was observed in the presence of an H'
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Fig. 2. Competitive inhibition by nateglinide of H'-driven ceftibuten
transporter-mediated ceftibuten uptake by rat renal BBMV. Uptake of
increasing concentrations of ceftibuten by rat renal BBMV was measured
for 20 s in the presence of 30 mM Gly-Sar alone or in the presence of 30
mM Gly-Sar and 250 uM nateglinide. Incubation conditions were identical
to those described in the legend to Fig. 1. Each point represents the
mean*S.D. of 3 determinations.
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Fig. 3. (a) Stimulating effects of inward H'-gradient on the uptake of
nateglinide by rat renal BBMV. Uptake of 50 uM nateglinide by rat renal
BBMV was measured. Each point represents the mean+S.D. of 3-6
determinations. (b) Effect of FCCP on the uptake of nateglinide by rat renal
BBMV. Uptake of 50 uM nateglinide by rat renal BBMV was measured
with or without (control) FCCP. Each point represents the mean+S.D. of
3—6 determinations.

gradient. Fig. 3b shows the effect of carbonylcyanide p-
trifluoromethoxyphenylhydrazone (FCCP), a protonophore,
on the uptake of nateglinide by rat renal BBMV. The
demonstration that abolishing the transmembrane H"
gradient by FCCP caused the overshoot to disappear
entirely.

3.3. Concentration dependence of nateglinide uptake

To characterize the uptake of nateglinide, the concen-
tration dependence of the uptake of nateglinide was
examined. The uptake of nateglinide was saturated at a
higher nateglinide concentration (Fig. 4). The K, and V.«
values were determined by kinetic analysis to be 94.2 uM
and 61.9 pmol/mg protein/s, respectively.
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Fig. 4. (a) Concentration dependence of nateglinide initial uptake by rat
renal BBMV. Uptake of increasing concentrations of nateglinide by rat
renal BBMV was measured for 15 s. Uptake values in the absence of an
inwardly directed H'-gradient were subtracted from those in the presence of
an inwardly directed H'-gradient. Each point represents the mean=S.D. of
3 determinations. (b) Eadie—Hofstee plot analysis of nateglinide initial
uptake by rat renal BBMV.

3.4. Inhibitory effect of ceftibuten on nateglinide uptake

To characterize the carrier that is responsible for the
uptake of nateglinide in renal BBMV, we investigated the
effect of ceftibuten on the uptake of nateglinide. As
shown in Fig. 5, ceftibuten significantly reduced the
uptake of nateglinide in a concentration dependent
manner. On the other hand, Gly-Sar, a typical substrate
of PepT [11,12], did not significantly inhibit the uptake of
nateglinide. Cephradine and cephalexin, which are also
substrates of PepTl, did not significantly inhibit the
uptake of nateglinide. Results of Eadie—Hofstee plot
analysis of nateglinide uptake in the presence of
ceftibuten and an inwardly directed H' gradient are
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Fig. 5. Inhibitory effects of PepT substrates on the uptake of nateglinide by
rat renal BBMV. Uptake of 50 uM nateglinide in the presence of an
inwardly directed H'-gradient by rat renal BBMV was measured for 15 s
with or without (control) inhibitors. Each point represents the mean with
S.D. of 3 determinations. *Significantly different from control at P<0.05,
**P<0.01.

shown in Fig. 6. Ceftibuten was demonstrated to inhibit
the uptake of nateglinide competitively.

4. Discussion

Since nateglinide is absorbed rapidly from the intestine,
it is likely to be absorbed via a specific transporter [13,14].
It has been reported that nateglinide itself is not transported
by PEPT1 or MCTI1 [1,2]. Recently, we reported that
nateglinide transport occurs via a single system that may be
identical to the ceftibuten/H" cotransport system by the rat
small intestine [3]. Ceftibuten is a third generation
cephalosporin that shows good oral bioavailability [15]
and Ceftibuten transport across Caco-2 cells is thus
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Fig. 6. Competitive inhibition by ceftibuten of the uptake of nateglinide by
rat renal BBMV. Uptake of increasing concentrations of nateglinide in the
presence of an inwardly directed H'-gradient by rat renal BBMV was
measured for 15 s in the presence or absence (control) of 10 mM ceftibuten.
Each point represents the mean+S.D. of 3 determinations.
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mediated by the pH and energy dependent PEPT1 [16].
Naasani et al. previously showed that ceftibuten is trans-
ported in the rat renal BBMV via at least two H'-driven
transport systems: PepT and H'-driven transporter [10]. In
the present study, we examined the contribution of a
ceftibuten transporter to the uptake of nateglinide by rat
renal BBMV. In the first part of this study, we investigated
the kinetics of the inhibitory effect of Gly-Sar, a substrate of
PepT, on ceftibuten uptake. Gly-Sar inhibited concentration-
dependence of ceftibuten uptake in a competitive manner
and revealed monocomponent: ceftibuten/H" cotransport
system (data not shown). To clarify whether nateglinide is
transported via the H'-driven ceftibuten transporter, we
examined the inhibitory effect of nateglinide on the H'-
driven ceftibuten transporter-mediated ceftibuten uptake.
Nateglinide significantly reduced the uptake of ceftibuten
via the H'-driven ceftibuten transporter. This result suggests
that a ceftibuten transporter may contribute to the uptake of
nateglinide. Moreover, the results shown Fig. 2 suggest that
ceftibuten and nateglinide share the same transport system at
renal BBMV.

To confirm the function of the nateglinide transport
system in rat renal BBMV, we investigated the effect of an
inwardly directed H" gradient on the uptake of nateglinide.
The nateglinide uptake exhibited an overshoot in the
presence of an H' gradient. The initial uptake of nateglinide
was saturable at higher concentrations. Moreover, FCCP, a
protonophore, inhibited the H'-dependent uptake of nate-
glinide by rat renal BBMV. These results suggest that
nateglinide is transported across the rat renal brush-border
membrane via an H -coupled transport system.

To confirm the contribution of the ceftibuten/H" cotran-
sport system to the uptake of nateglinide in the renal brush-
border membrane, we examined the opposite inhibitory
effect of ceftibuten on the uptake of nateglinide. Ceftibuten
significantly reduced the uptake of nateglinide in a com-
petitive manner. These results further support the hypothesis
that ceftibuten and nateglinide share the same transport
system at the renal brush-border membrane. Although the
estimated K; value of ceftibuten for nateglinide uptake (17.9
mM) is not similar to the estimated the Km value for
saturable uptake of nateglinide (94.2 uM), we think that the
difference of affinity may derive from the contribution of
H'/ceftibuten transporter. On the other hand, although we
examined trans-stimulation effect of ceftibuten on the
uptake of nateglinide and vice versa, trans-stimulation was
not observed. These results may indicate that yet unknown
transporter or H'-dependent transporter (i. e. monocarbox-
ylate transporter) other than ceftibuten transporter is
involved in nateglinide uptake. This transport system has
not yet been elucidated at the molecular level. Further
investigations in progress are to elucidate at the molecular
level and to clarify the difference of the affinity.

In contrast, Gly-Sar, cephradine and cephalexin, which
are also substrates of PepT [11,12], did not significantly
inhibit the uptake of nateglinide. Moreover, p-aminohippu-

rate (PAH), a substrate of OAT [17], had no effect on
nateglinide uptake (data not shown). These findings indicate
that nateglinide is not transported via PepT or OAT in the
renal brush-border membrane.

Transporters present in the renal brush-border mem-
branes mediate the reabsorption of many compounds and
thereby influence the plasma levels of their substrates [18].
Classic and well-characterized drug substrates of PEPT1
and PEPT2 are the numerous amino beta-lactam antibiotics
of the cephalosporin and penicillin classes [19], selected
angiotensin-converting enzyme inhibitors such as captopril,
and ester prodrugs such as enalapril and fosinopril [20,21].
Their interaction with PEPT1 in the gut epithelium provides
very good oral availability (generally between 40% and
90% of a dose) of these drugs. The renal tubular peptide
transporters may, by their ability for efficient reabsorption,
contribute to the renal clearance of the drugs and thereby
affect the pharmacokinetics. The present findings provide
important information that will enable improvements in
drug reabsorption or drug design by targeting the nategli-
nide/H" cotransport system. By utilizing the nateglinide/H"
cotransport system as the target for drug delivery, it will be
possible to avoid drug—drug interactions involving PepT.

In conclusion, ceftibuten transport occurs via at least two
H"-dependent transport systems: one is PepT and the other
is the ceftibuten /H" transport system in the rat renal brush-
border membrane. On the other hand, we have demonstrated
that nateglinide transport occurs via a single system that is
H'-dependent but is distinct from PepT and may be identical
to the ceftibuten/H" cotransport system in the rat renal
brush-border membrane.
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