ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Mar. 2000, p. 574-577
0066-4804/00/$04.00+0

Vol. 44, No. 3

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Faropenem Transport across the Renal Epithelial Luminal
Membrane via Inorganic Phosphate Transporter Nptl

HIROSHI UCHINO,"? IKUMI TAMAL"?* HIKARU YABUUCHI,'* KAYOKO CHINA,’
KEN-ICHI MIYAMOTO,? EIJl TAKEDA,? anp AKIRA TSUJI'*

Faculty of Pharmaceutical Sciences, Kanazawa University, 13-1 Takara-machi, Kanazawa 920-0934," CREST,
Japan Science and Technology Corporation, 4-1-8 Moto-machi, Kawaguchi 332-0012,% and
Department of Clinical Nutrition, School of Medicine, Tokushima University,

Kuramoto-Cho 3, Tokushima 770-0042,> Japan

Received 22 January 1999/Returned for modification 4 November 1999/Accepted 10 December 1999

We previously showed that the mouse inorganic phosphate transporter Nptl operates in the hepatic
sinusoidal membrane transport of anionic drugs such as benzylpenicillin and mevalonic acid. In the present
study, the mechanism of renal secretion of penem antibiotics was examined by using a Xenopus oocyte
expression system. Faropenem (an oral penem antibiotic) was transported via Nptl with a Michaelis-Menten
constant of 0.77 = 0.34 mM in a sodium-independent but chloride ion-sensitive manner. When the concen-
tration of chloride ions was increased, the transport activity of faropenem by Nptl was decreased. Since the
concentration gradient of chloride ions is in the lumen-to-intracellular direction, faropenem is expected to be
transported from inside proximal tubular cells to the lumen. So, we tested the release of faropenem from
Xenopus oocytes. The rate of efflux of faropenem from Nptl-expressing oocytes was about 9.5 times faster than
that from control water-injected Xenopus oocytes. Faropenem transport by Nptl was significantly inhibited by
B-lactam antibiotics such as benzylpenicillin, ampicillin, cephalexin, and cefazolin to 24.9, 40.5, 54.4, and
26.2% of that for the control, respectively. Zwitterionic 3-lactam antibiotics showed lesser inhibitory effects on
faropenem uptake than anionic derivatives, indicating that Npt1 preferentially transports anionic compounds.
Other anionic compounds, such as indomethacin and furosemide, and the anion transport inhibitor 4,4'-
diisothiocyanostilbene-2,2'-disulfonic acid significantly inhibited faropenem uptake mediated by Nptl. In

conclusion, our results suggest that Nptl participates in the renal secretion of penem antibiotics.

From the pharmacokinetic point of view, B-lactam antibiot-
ics are classified into renal and biliary excretion types in terms
of elimination pathway (1, 17), presumably due to the differ-
ences in their affinities to membrane transporters responsible
for the renal and hepatic cell membrane transport processes
among derivatives (21-23, 26-29). In renal tubular secretion
there are two membrane transport processes, i.e., extraction of
the antibiotics from blood across the basolateral membrane
and release from the epithelial cells to the tubular lumen
across the luminal brush-border membrane. Accordingly, it is
essential to identify the transporters at both the basolateral
and luminal membranes to understand the renal secretion
mechanism of the antibiotics.

Recent molecular biological studies identified an organic
anion-dicarboxylic acid exchange transporter, OAT1 (ROATTI),
as the renal basolateral membrane transporter (19, 20). It
exhibits a broad substrate specificity for organic anions, includ-
ing benzylpenicillin, cephaloridine, p-aminohippuric acid, and
others (10). Although at present an organic anion transporting
polypeptide (oatpl) that transports bile salts and sulfobromo-
phthalein (2, 9) and a kidney-specific anion transporter (OAT-
K1) which specifically mediates transport of methotrexate (14,
18) are known as the luminal anion transporters, little is known
about transporters for B-lactam antibiotics that exist at the
renal luminal membrane.

We have reported (31) that mouse Nptl, which was origi-
nally cloned as the renal sodium-dependent phosphate trans-
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porter and which functions in the reabsorption of phosphate
(6), is present at the hepatic sinusoidal membrane and accepts
a variety of B-lactam antibiotics. Furthermore, rabbit NaPi-1
was shown to transport organic anions such as benzylpenicillin
and probenecid (4). Accordingly, Nptl, which is localized at
the luminal membrane in the kidney, may be a pharmacolog-
ically important transporter in the renal excretion of 3-lactam
antibiotics.

Faropenem, which is a penem antibiotic with a previous
code of SUNS5555, is eliminated exclusively through the kidney
and is expected to be secreted actively into urine (11, 30). In
the present study, to clarify the renal secretion mechanism of
faropenem, we examined the relevance of the renal luminal
anion transporter Nptl on the renal secretion of faropenem
using an Nptl gene expression system.

MATERIALS AND METHODS

Materials. ['“C]faropenem (specific activity, 52 mCi/mmol) and unlabeled
faropenem were gifts from Suntory Co. Ltd. (Tokyo, Japan). T7 RNA polymer-
ase was purchased from Gibco BRL Life Technologies (Gaithersburg, Md.). All
other chemicals were commercial products of reagent grade.

Expression of mouse Nptl in Xenopus laevis oocytes. Mouse Nptl was cloned
from a mouse kidney cDNA library by using the human NPT1 cDNA fragment
(5, 16) as the probes as described elsewhere (31). Capped cRNA for mouse Npt1
was synthesized in vitro by using T7 RNA polymerase. Oocytes from X. laevis
were defolliculated and injected with Nptl cRNA (15 ng) or with water as the
control. After injection, the oocytes were incubated for 4 days in modified Barth’s
solution (88 mmol of NaCl, 1 mmol of KCI, 0.33 mmol of Ca(NO3),, 0.41 mmol
of CaCl,, 0.82 mmol of MgSO,, 2.4 mmol of NaHCOj3, and 10 mmol of HEPES-
NaOH [pH 7.4] per liter) containing gentamicin at 18°C and were used for the
transport study.

Transport assay. Four days after cRNA injection, the oocytes were transferred
to the Cl™-free uptake solution (100 mmol of sodium gluconate, 2 mmol of
potassium gluconate, 1 mmol of calcium gluconate, 1 mmol of magnesium glu-
conate, and 10 mmol of HEPES-NaOH [pH 7.4] per liter) containing 1 wCi of
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FIG. 1. Time course of [**C]faropenem uptake by Xenopus oocytes express-
ing mouse Nptl. ['*C]faropenem (20 wM) uptake was measured in chloride
ion-free medium. Closed and open symbols represent the results obtained with
Xenopus oocytes injected with mouse Nptl and water, respectively. Data are
expressed as the means = SDs for six to eight uptake measurements.

radiolabeled faropenem per ml and were incubated for 60 min at 25°C unless
otherwise noted. For the inhibition study, oocytes expressing Nptl were incu-
bated in the uptake solution described above with or without 5 mM test com-
pound. For the efflux study, oocytes expressing Npt1 were loaded by microinjec-
tion of 50 nl of ['*C]faropenem (1 pnCi/pl) and were allowed to recover for 30
min in modified Barth’s solution (13). Then, the oocytes were washed twice with
Cl™ -free uptake solution, and efflux was initiated by resuspending the oocytes in
150 wl of uptake solution in the presence or absence of 1 mM test compound.
After 30 min of incubation, 125 wl of incubation medium was removed from each
well and was mixed with the same volume of 20% sodium dodecyl sulfate (SDS)
to estimate the drug concentration in the medium. The oocytes were transferred
to scintillation vials and were solubilized with 10% SDS. The radioactivity in each
incubation medium and the corresponding oocyte was quantified with a liquid
scintillation counter (Aloka, Tokyo, Japan). Efflux of ['*C]faropenem was esti-
mated from the radioactivity in the medium as a percentage of the total injected
radioactivity, i.e., radioactivity in medium/sum of radioactivities in medium and
oocyte.

Statistical methods. Results are given as the mean * standard deviation (SD).
Statistical analysis was performed by the Mann-Whitney U test. The criterion of
statistical significance was deemed to be a P value of less than 0.05.

RESULTS

Time course and monovalent ion dependence of faropenem
transport. The uptake of ['*C]faropenem by oocytes express-
ing mouse Nptl was significantly higher than that by water-
injected oocytes and increased linearly up to 60 min (Fig. 1).
The uptake rate of [**C]faropenem was five times higher than
that of water-injected control oocytes at 60 min.

The replacement of sodium ions in the medium by potas-
sium ions had no effect on [**C]faropenem uptake (Fig. 2A).
Chloride ions in the medium, however, had a significant effect
on the uptake rate of [**C]faropenem (Fig. 2B). When the
concentration of chloride ions was increased, the rate of faro-
penem transport was decreased. So, faropenem transport by
mouse Nptl was suggested to be sodium independent and
chloride sensitive.

Concentration dependence of faropenem transport. Kinetic
parameters of faropenem transport via mouse Nptl were eval-
uated from the concentration dependence of faropenem up-
take. The faropenem uptake by mouse Nptl was estimated
after subtracting the uptake by water-injected oocytes from
that by Nptl cRNA-injected oocytes (Fig. 3). The faropenem
uptake was saturable with a Michaelis-Menten constant (K,,,)
of 0.77 = 0.34 mM and a maximum uptake rate (V,,,,) of
271 £ 45.6 pmol/h/oocyte (mean = standard error).
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Faropenem efflux from the cell via Nptl. To confirm the
movement of [**C]faropenem in the cell-to-extracellular me-
dium direction via mouse Nptl, an efflux study was performed.
Efflux of preloaded ['“C]faropenem from oocytes expressing
mouse Nptl was significantly greater than that of water-
injected control oocytes. As shown in Fig. 4, in the case of
oocytes expressing mouse Nptl, 58.9% * 4.6% (mean *= SD;
n = 4) of preloaded [**C]faropenem was released into the
medium within 30 min, whereas only 6.2% * 0.6% (n = 4) was
released from control oocytes.

This result indicates that mouse Nptl mediates the transport
of faropenem bidirectionally, from cell to medium as well as
from medium to cell.

Substrate specificity of mouse Nptl. An inhibition study
was performed to characterize further the Nptl-mediated
["*C]faropenem uptake (Table 1). The addition of 5 mM un-
labeled B-lactam antibiotics, including faropenem, benzylpen-
icillin, ampicillin, cefazolin, and cephalexin, significantly inhib-
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FIG. 2. Sodium and chloride ion dependences of ['“C]faropenem uptake by
Xenopus oocytes expressing mouse Nptl. (A) Uptake of ['“C]faropenem was
measured in the presence or absence of sodium ions. In the sodium ion-free
experiment, sodium ions were replaced with potassium ions. (B) Uptake of
['4C]faropenem was measured in medium containing various concentrations of
chloride ions. The chloride ion concentration was adjusted by replacing sodium
chloride with sodium gluconate to give a constant sodium ion concentration.
Closed and open symbols represent the results obtained with Xenopus oocytes
injected with mouse Nptl cRNA and water, respectively. Data are expressed as
the means * SDs for six to eight uptake measurements.
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FIG. 3. Concentration dependence of ['*C]faropenem uptake by Xenopus
oocytes expressing mouse Nptl. [1*C]faropenem uptake was measured in chlo-
ride ion-free medium. Uptake of faropenem via Nptl was estimated by subtrac-
tion of the uptake by water-injected oocytes from that of mouse Nptl cRNA-
injected oocytes. Data are expressed as the means * SDs for six to eight uptake
measurements.

ited the uptake of ['*C]faropenem (P < 0.05). Among them,
zwitterionic ampicillin and cephalexin were relatively weak
inhibitors compared with the anionic derivatives. Anionic com-
pounds such as indomethacin, furosemide, benzoic acid, lactic
acid, and probenecid significantly reduced the uptake of faro-
penem. On the other hand, 2-ketoglutaric acid was not inhib-
itory.

Considering the effect of chloride ions, Nptl-mediated trans-
port of faropenem was thought to occur via an anion-exchange
mechanism. Hence, the effect of 4,4’-diisothiocyanostilbene-
2,2'-disulfonic acid (DIDS), a classical anion-exchange in-
hibitor, on faropenem transport was examined. The uptake of
[**C]faropenem was strongly inhibited by a low concentration
of DIDS (0.01 mM), with comparable levels of inhibition oc-
curring at higher concentrations (0.1 and 1 mM). Thus, DIDS
is a potent inhibitor of Nptl-mediated transport of faropenem,
therefore implying that transport of faropenem via mouse
Nptl proceeds through an anion-exchange mechanism.

DISCUSSION

The mechanism of elimination of B-lactam antibiotics from
the body are of pharmacological and therapeutic interest. Al-
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FIG. 4. Efflux of ['*C]faropenem from Xenopus oocytes via mouse Nptl.
Efflux of preloaded ['*C]faropenem was measured in water- or mouse Nptl
cRNA-injected oocytes in chloride ion-free medium. Open and closed bars
represent the fractional amounts in oocytes and extracellular medium after 30
min of efflux, respectively.
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TABLE 1. Inhibitory effect on [**C]faropenem uptake by
mouse Nptl-expressing oocytes”

Relative uptake

Inhibitor Conen (mM) (% of that for control)
Control 100.0
Faropenem 5 18.7 + 4.8°
Benzylpenicillin 5 24.9 * 5.6
Ampicillin 5 40.5 = 29.2°
Cephalexin 5 54.4 302>
Cefazolin 5 26.2 = 10.3°
Indomethacin 1 8.3 = 0.4°
Furosemide 1 15.6 + 4.3°
Benzoic acid 5 32.1 2220
Lactic acid 5 51.1 = 2220
Probenecid 5 6.4 = 0.5°
DIDS 0.01 39.9 = 14.2%
DIDS 0.1 19.9 + 2.3
DIDS 1 6.0 = 0.8"
2-Ketoglutaric acid 5 839+ 6.2

“ The uptake was measured in chloride ion-free medium in the absence or
presence of each inhibitor. Each value represents the mean + SD for six to eight
oocytes. The data were obtained by subtraction of the uptake by water-injected
oocytes from that by Nptl cRNA-injected oocytes.

b Significantly different from the control uptake by Mann-Whiney U test (P <
0.05).

though some B-lactam antibiotics are excreted in part via the
liver (12, 15), most of them are excreted via the kidney (1, 23,
29). However, the secretion pathway of B-lactam antibiotics
at the apical membrane of renal proximal tubule cells has
not been clarified at the molecular level, although basolateral
transporter OAT1 was shown to participate (19, 20). Organic
anion transporters such as oatpl and OAT-K1 have been iden-
tified as renal luminal membrane transporters (2, 14), but they
are unlikely to accept B-lactam antibiotics as substrates.

Recently, it was revealed that the mouse and rabbit sodium-
dependent inorganic phosphate transporter Npt1 exhibits trans-
port activities for organic anions such as benzylpenicillin and
phenol red (4, 31). To investigate the relevance of this phos-
phate transporter to B-lactam antibiotic transport, we cloned
the mouse sodium-dependent phosphate transporter (Nptl)
and used faropenem as a test substrate. Faropenem, a novel
penem antibiotic, is eliminated mainly through the renal tu-
bules rather than through the glomeruli in animals (10, 30),
and the process seems to involve an active secretion mecha-
nism sensitive to probenecid (11).

As has been demonstrated in the present study, mouse Nptl
transported faropenem with an apparent K,,, value of 0.77 mM
(Fig. 3). Interestingly, faropenem transport via mouse Nptl
was chloride ion sensitive (Fig. 2B). Since the concentrations
of chloride ions in proximal tubule cells and outside the prox-
imal tubule cells are about 7.9 and 110 mM, respectively (8),
faropenem is expected to be transported from proximal tubular
cells into urine via mouse Nptl. To confirm this, we examined
the direction of the Nptl-mediated transport of faropenem.
We observed accelerated release of faropenem from oocytes
expressing mouse Nptl (Fig. 4). Therefore, we conclude that
faropenem transport by Nptl is bidirectional and the drug is
expected to be transported across the renal epithelial luminal
membrane depending on the chloride ion concentration and/or
other factors.

The molecular recognition characteristics of membrane trans-
porters form one of our fields of interest. A peptide transport-
er (PepT1) recognizes several B-lactam antibiotics such as
cefadroxil and cefixime (23, 24) but does not recognize faro-
penem as a substrate (unpublished data). As regards the sub-
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strate selectivity for mouse Npt1, we showed that anionic B-lac-
tam antibiotics are more potent inhibitors than zwitterionic
derivatives. These results suggest that the molecular recog-
nition of B-lactam antibiotics is different between Nptl and
PepT1. PepT1 has a crucial role in the intestinal absorption of
B-lactam antibiotics (24, 25), while Nptl could have an impor-
tant role in their secretion in the kidney. Thus, our results
should be helpful in understanding the pharmacological role of
physiological transporters in the absorption and secretion pro-
cesses of B-lactam antibiotics at the molecular level.

In addition to B-lactam antibiotics, several organic anions
such as probenecid, indomethacin (a nonsteroidal anti-inflam-
matory drug), and furosemide (a diuretic) reduced the level of
uptake of faropenem by Nptl. We have already reported that
benzylpenicillin and foscarnet (an antibiotic that contains a
phosphate moiety) are transported via mouse Nptl (31). These
observations suggest that mouse Nptl has a broad substrate
specificity and could make a significant contribution to the
renal excretion of antibiotics.

Localization of mouse Nptl in the kidney is predominantly
at the luminal membrane in proximal tubules (3, 7). Mouse
Nptl transports inorganic phosphate in a sodium ion-depen-
dent manner (6). In this study, however, we found that Nptl
transports faropenem in a sodium ion-independent manner. In
the basolateral membrane, B-lactam antibiotics are expected to
be commonly transported via the organic anion transporter
OAT1I (19, 20). An outwardly directed dicarboxylate gradient
is essential to energize the transport activity. Accumulation of
B-lactam antibiotics from blood into proximal tubule cells via
OAT1 and the elimination of these anions into urine via Nptl
across the luminal membrane may cooperate to achieve effi-
cient renal secretion. In the present study, 2-ketoglutarate had
no effect on faropenem transport, so Nptl seems to transport
faropenem in a manner different from that in which OAT1
transports faropenem.

In conclusion, mouse Nptl, initially cloned as a phosphate
transporter, was identified as the transporter responsible for
faropenem secretion in renal proximal tubules. The physiolog-
ical direction of faropenem transport is considered to be from
proximal tubular cells to urine across the brush-border mem-
brane because of the gradient of chloride ion and the accumu-
lation of anions from the basolateral side. These results should
be helpful in understanding the secretion of antibiotics at the
molecular level.
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