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Abstract

Ž .The novel oral hypoglycemic agent nateglinide AY4166 is a nonsulfonylurea insulin secretagogue, and its pharmacokinetic features
include rapid absorption and elimination. As nateglinide is a dipeptide-like drug, we investigated the interaction of nateglinide with
peptide transporters PEPT1 and PEPT2, which mediate the absorption of various peptide-like drugs. Nateglinide exhibited a potent

w14 xinhibitory effect on C glycylsarcosine uptake by the human colon adenocarcinoma cell line Caco-2 and rat PEPT-transfectants. Kinetic
analysis revealed that these inhibitory effects were noncompetitive. Naq-coupled alanine or threonine uptake by Caco-2 cells was not
inhibited by nateglinide, suggesting that the inhibitory effect of nateglinide on peptide transporters was not due to nonspecific interaction.

w14 xThere was little uptake of C nateglinide by peptide transporters. Various sulfonylureas, such as glibenclamide, also inhibited
w14 xC glycylsarcosine uptake by rat PEPT-transfectants. In conclusion, nateglinide as well as sulfonylureas inhibit the transport activity of
PEPT1 and PEPT2, although nateglinide itself is not transported by these transporters. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Impaired glucose-induced insulin secretion and insulin
Žresistance are hallmarks of Type 2 diabetes noninsulin-de-

.pendent diabetes mellitus . To compensate for defective
insulin secretion, sulfonylureas have been widely used for
more than 40 years in the treatment of Type 2 diabetes.
However, there are several disadvantages to sulfonylurea
therapy, such as excess hypoglycemia between meals due
to the long duration of action of these agents.

Ž .Nateglinide AY4166, Fig. 1 has been exploited as a
Žnew class of oral hypoglycemic agent Shinkai et al., 1988,

.1989 . Although the mechanism of insulin secretion in-
duced by nateglinide was the same as that of sulfonylureas
Ž .Fujitani and Yada, 1994; Akiyoshi et al., 1995 , nateglin-
ide exhibited a quicker and shorter lasting hypoglycemic
effect than sulfonylureas due to its rapid absorption and
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Ž .elimination Sato et al., 1991; Ikenoue et al., 1997 . Be-
cause of these pharmacokinetic features, it was suggested
that nateglinide could be beneficial in clinical use to
prevent postprandial hyperglycemia without causing pro-
longed hypoglycemia in Type 2 diabetes patients.

Ž .Peptide transporters PEPT1 and PEPT2 mediate the
efficient absorption of a wide variety of oral peptide-like

Ždrugs in the small intestine and kidney Inui and Terada,
. Ž1999 . For example, oral b-lactam antibiotics Saito et al.,

.1995; Terada et al., 1997a,b , anticancer agent bestatin
Ž .Saito et al., 1996 and angiotensine-converting enzyme

Ž .inhibitors Boll et al., 1994 are transported by these
transporters. Furthermore, intestinal PEPT1 has been uti-
lized to improve the intestinal absorption of poorly ab-
sorbed pharmacologically active agents by chemically con-

Žverting to substrates for PEPT1 Hu et al., 1989; Tsuji et
al., 1990; Balimane et al., 1998; Ganapathy et al., 1998;

.Han et al., 1998; Sawada et al., 1999b . Because these
peptide-like drugs are pharmacologically independent each
other, the pharmacokinetic profiles and therapeutic effi-
cacy may be affected in coadministration of other peptide-
like drugs. Therefore, in order to evaluate the appropriate
usage of peptide-like drugs, especially newly developed
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Fig. 1. Chemical structures of nateglinide and various sulfonylureas.

peptide-like drugs, it should be important to investigate
their interaction with peptide transporters.

Nateglinide is a novel oral hypoglycemic agent and a
dipeptide-like drug, and therefore, the present study was
carried out to examine the interaction of nateglinide with
peptide transporters using the human colon adeno-
carcinoma cell line Caco-2, and rat PEPT1- or rat PEPT2-
expressing stable transfectant. Furthermore, the effects of
other hypoglycemic agents, sulfonylureas, on peptide
transporters were also investigated.

2. Materials and methods

2.1. Materials

w14 x Ž .Nateglinide and C nateglinide 9.00 MBqrmmol
Ž .were supplied by Ajinomoto Yokohama, Japan .

w14 x Ž .C glycylsarcosine 1.78 GBqrmmol was obtained from
Ž . w3 xDaiichi Pure Chemicals Ibaraki, Japan , and H alanine

Ž . w3 x Ž .2.07 TBqrmmol and H threonine 485 GBqrmmol
Ž .were from Amersham Int. Buckinghamshire, UK . Gly-

cylsarcosine, tolbutamide and chlorpropamide were ob-
Ž .tained from Sigma St. Louis, MO . Glibenclamide was
Ž .purchased from Wako Kyoto, Japan . All other chemicals

used were of the highest purity available. Fig. 1 shows the
chemical structures of nateglinide and various sulfony-
lureas.

2.2. Cell culture

Ž .Caco-2 cells passage 18 were obtained from the
Ž .American-Type Culture Collection ATCC HTB37 and

Ž .cultured as described previously Inui et al., 1992 . Parental
LLC-PK cells were obtained from the American-Type1

Ž .Culture Collection ATCC CRL-1392 . LLC-PK cells1
Ž .transfected with rat PEPT1 cDNA LLC-rPEPT1 , with rat

Ž .PEPT2 cDNA LLC-rPEPT2 and with empty vector
Ž .LLC-pBK were produced and cultured as described pre-

Ž .viously Terada et al., 1997a, b . For uptake studies,
2=105 cells were inoculated into 35-mm plastic dishes in
2 ml of complete culture medium.

2.3. Uptake studies by cell monolayers

Uptake measurements were performed as described pre-
Ž .viously Terada et al., 1997b . The incubation medium

Ž .contained millimolar NaCl, 145; KCl, 3; CaCl , 1;2
Ž .MgCl , 0.5; D-glucose, 5, and 2- N-morpholino ethane-2

Ž . Ž .sulfonic acid, 5 pH 6.0 or HEPES, 5 pH 7.4 . In
Naq-free medium, NaCl was replaced with N-methyl-D-
glucamine. Hypoglycemic agents were dissolved in aceto-
nitrile, and final concentrations of acetonitrile in the incu-
bation medium were 0.5%. The protein contents of cell
monolayers solubilized in 1N NaOH were determined by

Ž .the method of Bradford 1976 , using a Bio-Rad Protein
Ž .Assay Kit Bio-Rad, Richmond, CA with bovine g-

globulin as the standard.

2.4. Statistical analysis

Data were analyzed statistically by one-way analysis of
variance followed by Scheffe’s test.´

3. Results

3.1. Inhibitory effects of nateglinide on glycylsarcosine
uptake by peptide transporters

Caco-2 cells have been used as a model for studying the
Žfunctions of peptide transporters Inui et al., 1992; Saito

.and Inui, 1993 , and it was reported that human PEPT1
Ž .was expressed in Caco-2 cells Liang et al., 1995 . First,

w14 xwe examined the effects of nateglinide on C gly-
cylsarcosine uptake by Caco-2 cells and rat PEPT1- or

ŽPEPT2-expressing transfectant LLC-rPEPT1 and LLC-
. w14 xrPEPT2 cells, respectively . As shown in Fig. 2, C gly-

cylsarcosine uptake was not affected in the presence of
0.05 mM nateglinide, but was markedly inhibited by 0.5
mM nateglinide in Caco-2, LLC-rPEPT1 and LLC-rPEPT2
cells. The solvent used for nateglinide, acetonitrile showed

w14 xno effect on C glycylsarcosine uptake in Caco-2 cells.
w14 xNateglinide did not affect the C glycylsarcosine uptake

in LLC-pBK cells, the mock-transfectant. Fig. 3 shows the
effects of increasing concentrations of nateglinide on
w14 x w14 xC glycylsarcosine uptake. C glycylsarcosine uptake by
all cells was inhibited by nateglinide in a concentration-de-
pendent manner, and IC values were calculated to be 29050

mM in Caco-2 cells, 160 mM in LLC-rPEPT1 cells, and
70 mM in LLC-rPEPT2 cells.
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w14 xFig. 2. Effects of nateglinide on C glycylsarcosine uptake by peptide
Ž .transporters. Caco-2 cells A or LLC-pBK, LLC-rPEPT1 and LLC-

Ž .rPEPT2 cells B were incubated with incubation medium containing
w14 x Ž .C glycylsarcosine 20 mM, pH 6.0 in the absence or presence of

Ž .nateglinide 0.05 and 0.5 mM for 15 min at 378C. Nateglinide was
resolved in acetonitrile, and the final concentration of acetonitrile in the
incubation medium was 0.5%. Each column represents the mean"S.E.M.
of three monolayers.

w14 xFig. 3. Inhibition of C glycylsarcosine uptake in the presence of
Ž .increasing concentrations of nateglinide by Caco-2 ' , LLC-rPEPT1

Ž . Ž .v and LLC-rPEPT2 cells B . The cell monolayers were incubated
w14 x Ž .with incubation medium containing C glycylsarcosine 20 mM, pH 6.0

for 15 min at 378C in the absence or presence of nateglinide. Each point
represents the mean"S.E.M. of three monolayers. When error bars are
not shown, they are smaller than the symbols.

3.2. Inhibition kinetics of nateglinide on glycylsarcosine
uptake

We then investigated the kinetics of the inhibitory effect
w14 xof nateglinide on C glycylsarcosine uptake by LLC-

rPEPT1 and LLC-rPEPT2 cells. Fig. 4 shows the concen-
w14 xtration dependence of C glycylsarcosine uptake in the

absence or presence of nateglinide. The concentrations of
nateglinide used corresponded to the respective IC val-50

ues for both transporters. The insets of Fig. 4 show
Eadie-Hofstee plots after correction of the nonsaturable
components. The presence of nateglinide markedly de-

Žcreased the maximal velocities V value for control vs.max

that in the presence of nateglinide: 41 vs. 10 for PEPT1;
.2.0 vs. 0.9 for PEPT2, nmolrmg proteinr15 min . On the

Žother hand, the apparent affinities were comparable Km

values for control vs. that in the presence of nateglinide:
.0.9 vs. 1.4 for PEPT1; 0.1 vs. 0.07 for PEPT2, mM .

w14 xFig. 4. Concentration dependence of C glycylsarcosine uptake in the
Ž .absence or presence of nateglinide in LLC-rPEPT1 A and LLC-rPEPT2

Ž .cells B . The cell monolayers were incubated with incubation medium
w14 x Ž .containing various concentrations of C glycylsarcosine pH 6.0 for 15

Ž . Ž . Ž .min at 378C in the absence ` or presence v of 160 mM A or 70
Ž .mM B nateglinide. Nonspecific uptake was evaluated by measuring

w14 xC glycylsarcosine uptake in the presence of 20 mM glycyl-L-leucine,
and the results are shown after correction for the nonsaturable component.
Inset: Eadie-Hofstee plots of glycylsarcosine uptake after correction for
the nonsaturable component. Each point represents the mean"S.E.M. of
three monolayers. When error bars are not shown, they are smaller than
the symbols.
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These results showed that nateglinide noncompetitively
w14 xinhibited C glycylsarcosine uptake by both PEPT1 and

PEPT2.

3.3. Effects of nateglinide on alanine and threonine uptake
by Caco-2 cells

To confirm whether the inhibitory effect of nateglinide
was specific to peptide transporters, we examined the

w3 x w3 xeffects of nateglinide on H alanine and H threonine
Ž .uptake by Caco-2 cells. Alanine Pan and Stevens, 1995

Ž .and threonine Kekuda et al., 1997 uptake by Caco-2 cells
were reported to be Naq-dependent and carrier-mediated.

w3 x w3 xAs shown in Fig. 5, H alanine and H threonine uptake
by Caco-2 cells were decreased under Naq-free conditions

w3 x Ž . w3 x Ž .Fig. 5. Effects of nateglinide on H alanine A and H threonine B
uptake by Caco-2 cells. Caco-2 cells were incubated with incubation

w3 x w3 x Ž .medium containing H alanine or H threonine 20 mM, pH 6.0 in the
Ž .absence or presence of each unlabeled amino acid 10 mM or nateglinide

Ž . q0.05 and 0.5 mM for 15 min at 378C. To examine the Na dependence
of alanine and threonine transport, the cell monolayers were incubated
with Naq-free incubation medium. Each column represents the mean"

S.E.M. of three monolayers.
U

P -0.05, significantly different from con-
trol.

w14 x Ž .Fig. 6. Uptake of C nateglinide by peptide transporters. A Time
w14 xcourse of C nateglinide uptake by Caco-2 cells. Caco-2 cells were

incubated for the specified periods at 378C with incubation medium
w14 x Ž . Ž .containing C nateglinide 300 mM, pH 6.0 in the absence ` or

Ž .presence v of 10 mM glycylsarcosine. Each point represents the
mean"S.E.M. of three monolayers. When error bars are not shown, they

Ž . w14 xare smaller than the symbols. B Uptake of C nateglinide by LLC-pBK,
LLC-rPEPT1 and LLC-rPEPT2 cells. Cells were incubated for 15 s or 1

w14 x Žmin at 378C with incubation medium containing C nateglinide 300
.mM, pH 6.0 . Each column represents the mean"S.E.M. of three mono-

layers.

and inhibited by unlabeled excess amino acids, which
w3 x w3 xsuggested that H alanine and H threonine uptake were

indeed Naq-dependent and carrier-mediated. In contrast to
w14 xthe inhibitory effect of nateglinide on C glycylsarcosine

w3 x w3 xuptake, neither H alanine nor H threonine uptake was
inhibited by nateglinide.

3.4. Nateglinide uptake by peptide transporters

Then, we examined whether nateglinide per se was
transported by peptide transporters. Fig. 6A shows the time

w14 xcourse of C nateglinide uptake by Caco-2 cells in the
w14 xabsence or presence of excess glycylsarcosine. C nate-

glinide uptake was increased rapidly, but was not inhibited
w14 xby glycylsarcosine. In addition, C nateglinide uptake at

1 min by Caco-2 cells was not inhibited by excess oral
Žb-lactam antibiotics or unlabeled nateglinide data not

. w14 xshown . Fig. 6B shows the uptake of C nateglinide by
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LLC-pBK, LLC-rPEPT1 and LLC-rPEPT2 cells. There
w14 xwere no differences in C nateglinide uptake among the

three transfectants. Similar results were observed using
Žwater-injected and rat PEPT1 cRNA-injected oocytes data

.not shown . These findings suggested that nateglinide was
not transported by PEPT1 and PEPT2, but was transported
by passive diffusion. However, the contribution of other

Ž .transporter s to nateglinide uptake can not be excluded.

3.5. Effects of Õarious oral hypoglycemic agents on glycyl-
sarcosine uptake by PEPT-transfectants

Finally, we examined the effects of other hypoglycemic
w14 xagents; i.e., sulfonylureas, on C glycylsarcosine uptake

w14 xFig. 7. Effects of various hypoglycemic agents on C glycylsarcosine
Ž . Ž .uptake by LLC-rPEPT1 A and LLC-rPEPT2 cells B . The cell mono-

w14 xlayers were incubated with incubation medium containing C glycyl-
Ž .sarcosine 20 mM, pH 6.0 for 15 min at 378C in the absence or presence

of each inhibitor at 1 mM. Each inhibitor was resolved in acetonitrile, and
the final concentration of acetonitrile in the incubation medium was
0.5%. Each column represents the mean"S.E.M. of three monolayers.
U

P -0.05, significantly different from control.

by LLC-rPEPT1 and LLC-rPEPT2 cells. As shown in Fig.
w14 x7, C glycylsarcosine uptake by both transfectants was

inhibited significantly by tolbutamide and chlorpropamide
as well as nateglinide. The solvent acetonitrile showed no

w14 xeffect on C glycylsarcosine uptake in both transfectants.
Due to the solubility problem, we examined the effect of

w14 xglibenclamide on C glycylsarcosine uptake in a separate
experiment. Glibenclamide at 50 mM also inhibited the
w14 x ŽC glycylsarcosine uptake by LLC-rPEPT1 cells control
826"19 pmolrmg proteinr15 min; glibenclamide 316"

4 pmolrmg proteinr15 min, mean"S.E.M. of three
. Žmonolayers, P-0.05 and by LLC-rPEPT2 cells control

212"5 pmolrmg proteinr15 min; glibenclamide 74"1
pmolrmg proteinr15 min, mean"S.E.M. of three mono-

.layers, P-0.05 . Glibenclamide was shown to be the
most potent inhibitor among the hypoglycemic agents ex-
amined.

4. Discussion

The present study have clearly demonstrated that
nateglinide have the inhibitory effects on the glycylsarco-
sine uptake by PEPT1 and PEPT2. The inhibitory effects
of this agent on both transporters were characterized as
kinetically noncompetitive. Recently, we found that
w14 xC glycylsarcosine uptake by PEPTs was inhibited by
glibenclamide in a noncompetitive fashion, and it was
suggested that this agent was bound to a site distinct from

Ž .the glycylsarcosine binding site Sawada et al., 1999a . An
angiotensin-converting enzyme inhibitor, quinapril, was
also reported to noncompetitively inhibit glycylsarcosine
uptake by binding to the different site from the substrate

Ž .binding site Akarawut et al., 1998 . As similar to these
agents, nateglinide may bind to the transporter proteins at
site other than substrate binding site. The amide bond of
nateglinide seemed to be important for the interaction with
peptide transporters, because alanine and threonine trans-
port was not inhibited by nateglinide. Although it is un-
clear whether nateglinide, glibenclamide and quinapril
share a common binding site, these agents will be useful
compounds to investigate the mechanisms of transport of
peptide transporters.

The present findings may have clinical implications
because nateglinide and various sulfonylureas inhibited the

Žfunction of peptide transporters. At therapeutic doses 90
.mg every 8 h , local concentrations of nateglinide in the

intestine may be reached to millimolar level, and if so, the
concentrations are greater than the IC values of this50

Ž . Ž .agent for rat 160 mM or human 290 mM PEPT1.
Furthermore, we recently reported that the Ki value of

Žglibenclamide for rat PEPT1 was 25 mM Sawada et al.,
.1999a , which was smaller than the IC value of nateglin-50

ide. Taken together, these findings indicated the possibility
of drug interaction at intestinal absorption level between
these antidiabetic agents and peptide-like drugs. For exam-
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ple, when Type 2 diabetes patients treated with nateglinide
or glibenclamide are coadministered oral b-lactam antibi-
otics, the oral bioavailability of b-lactam antibiotics may
be reduced. In vivo studies are needed to verify whether
this interaction occurs in vivo, and collecting clinical data
with combinations of these drugs are also important.

Nateglinide exhibited a more rapid and shorter lasting
Žhypoglycemic effect than sulfonylureas Sato et al., 1991;

. Ž .Ikenoue et al., 1997 . Ikenoue et al. 1997 reported that
the plasma concentration of nateglinide after oral adminis-
tration increased rapidly and then decreased with a short

Ž .biological half-life t , 0.63"0.35 h; t , 1.8 h . Onmax 1r2

the other hand, the plasma concentration of glibenclamide
was found to increase gradually followed by a slow de-

Ž . Žcrease t , 3.17"0.75 h; t , 6.3 h Ikenoue et al.,max 1r2
.1997 . Based on these findings, the rapid and short-term

hypoglycemic effect of nateglinide was suggested to be
due to its pharmacokinetic profile; i.e., rapid absorption

Ž .and elimination Ikenoue et al., 1997 . We were interested
in whether the intestinal PEPT1 was involved in the rapid
absorption of nateglinide. However, in the present study,
nateglinide was demonstrated to be not transported by
peptide transporters. This result suggested that intestinal
PEPT1 did not mediate the rapid intestinal absorption of
this agent. This may have been due to the structural
features of nateglinide, a D-phenylalanine derivative, be-
cause peptide transporters were reported to be stereoselec-

Ž .tive Daniel et al., 1992; Lister et al., 1995 . Alternatively,
it may be a reason that nateglinide does not have an
a-amino group, of which component is one of the impor-

Žtant factors for recognition by peptide transporters Terada
.et al., 1998 . Further studies are needed to elucidate the

mechanism of rapid intestinal absorption of nateglinide.
In conclusion, we found that the new oral hypogly-

cemic agent nateglinide was a noncompetitive inhibitor of
peptide transporters, although this agent per se was not
transported via peptide transporters. In addition, we
demonstrated that various sulfonylureas also inhibited the
function of peptide transporters. These findings should
provide important insight into the biochemical and clinical
characteristics of peptide transporters.
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