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Pivampicillin (PIVA), an acyloxymethylester of ampicillin, is thought to enhance the oral bioavailability of
ampicillin because of its greater lipophilicity compared to that of ampicillin. The fate of PIVA in intestinal cells
and the exact location of its conversion into ampicillin have, however, never been unambiguously established.
Polarized Caco-2 cells have been used to examine the handling of PIVA and the release of ampicillin from PIVA
by the intestinal epithelium. Experiments were limited to 3 h. Cells incubated with PIVA (apical pole) showed
a fast accumulation of ampicillin and transport toward the basolateral medium, whereas PIVA itself was only
poorly accumulated and transported. Cells incubated with free ampicillin accumulated and transported only
minimal amounts of this drug. Release of ampicillin from cells incubated with PIVA was unaffected by PEPT1
and OCTN2 inhibitors but was sharply decreased after ATP depletion or addition of bis(4-nitrophenyl)-
phosphate (BNPP; an esterase inhibitor). PIVA incubated with Caco-2 lysates released free ampicillin, and this
release was inhibited by BNPP. Efflux studies showed that the ampicillin that accumulated in cells after
incubation with PIVA was preferentially transported out of the cells through the basolateral pole. This efflux
was decreased by multidrug resistance-associated protein (MRP) inhibitors (probenecid, MK-571) and by ATP
depletion. A phthalimidomethylester of ampicillin that resists cellular esterases failed to cause any significant
release (cell lysate) or transport (polarized Caco-2 cells) of ampicillin. These results show that when PIVA is
given to Caco-2 cells from their apical pole, ampicillin is released intracellularly and that ampicillin is

thereafter preferentially effluxed into the basolateral medium through an MRP-like transporter.

Pivampicillin (PIVA; the pivaloyloxymethylester of ampicil-
lin) is one of the acyloxymethylesters of penicillins made orig-
inally to improve the oral bioavailability of ampicillin (46). The
basic underlying concept was to obtain more lipophilic deriv-
atives since lipid solubility was considered an essential deter-
minant in the capacity of drugs to diffuse across biological
membranes and through the intestinal barrier in particular.
Among various potential candidates, PIVA was found (i) to
give rise to elevated serum ampicillin concentrations after oral
administration to rats with little or no circulating unhydrolyzed
ester and (ii) to be quickly split off enzymatically by both se-
rum and tissue esterases. It was concluded that PIVA diffuses
through the intestinal cells. Neither its fate within intestinal
cells nor the exact location (tissue or plasma) of its conversion
into ampicillin, however, has been determined.

In the course of an ongoing program aimed at designing new
prodrug esters of ampicillin, we reexamined the available evi-
dence and found three elements that suggested to us that the
delivery of ampicillin in serum from orally administered PIVA
could rely on mechanisms more complex than those that were
originally foreseen.

First, the discoverers of PIVA themselves noted that more
lipophilic acyloxymethylesters of penicillins, such as those ob-
tained with nonaminated penicillins (benzylpenicillin, methi-
cillin, cloxacillin), had lower oral bioavailabilities than those
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obtained from ampicillin (45). Second, a simple diffusion mod-
el would predict that PIVA, as a weak organic base, would
accumulate in cells and that once it was in the cells it would be
sequestered in lysosomes and other acidic, membrane-bound-
ed organelles (15), as is the case for other basic drugs such as
chloroquine (50) and macrolide antibiotics (8, 9). When this
property was specifically looked for in cultured macrophages,
however, we observed that PIVA was merely bound to the
pericellular membrane, with no evidence of true intracellular
penetration and lysosomal accumulation (11). Third, studies
with Listeria-infected macrophages showed that macrophages
incubated with low concentrations of PIVA accumulated large
amounts of free ampicillin (which was active against this intra-
cellular organism), whereas no ampicillin (and no antibacterial
activity) could be seen when cells were incubated with similar
concentrations of ampicillin (10).

This eventually led us to directly reexamine the transport
and ampicillin delivery capabilities of PIVA using as controls
ampicillin itself and its phthalimidomethylester (PIMA; this
compound is not an acyloxymethylester and, therefore, is less
susceptible to hydrolysis by serum and cell esterases (36). Both
PIVA and PIMA are weak bases and are therefore positively
charged at neutral pH. In contrast, ampicillin, which carries a
basic and an acidic function, is zwitterionic under the same
conditions.

We elected to work with Caco-2 cells because (i) these cells
have been extensively used to characterize the transintestinal
absorption of many compounds (35, 47, 52) and (ii) they ex-
hibit many morphological and functional similarities to the
human small intestinal epithelial cells when they are grown as
polarized cells (25) and express several drug transporters, the



1280 CHANTEUX ET AL.

roles of which can be studied with inhibitors. On the basis of
the structural determinants and general properties of ampicil-
lin and the two prodrugs studied, we concentrated on two
influx transporters, namely, the proton-coupled oligopeptide
transporter PEPT1 (1), which recognizes beta-lactams due to
their peptide-like structures (7, 19, 48, 49), and the organic
cation/carnitine transporter OCTN2 (33). We also examined
the ATP-dependent efflux transporters expressed at either the
apical or the basolateral membrane, namely, the multidrug
resistance protein (MDR1; P-glycoprotein) and the multidrug
resistance-associated proteins (MRPs), which preferentially
transport cationic and anionic amphiphiles respectively.

Our studies suggest that PIVA is modestly accumulated by
Caco-2 cells from their apical side but that the accumulated
PIVA quickly gives rise to large intracellular concentrations of
ampicillin through the actions of cytosolic esterases. Cell-as-
sociated ampicillin is, thereafter, preferentially released from
the basolateral pole through an MRP-like transporter.

MATERIALS AND METHODS

Preparation of products for experiments. Because of the intrinsic instabilities
of both ester prodrugs in aqueous solutions, all samples were kept under a dry
state at 4°C until they were needed for experiments. An aliquot was then
weighed, dissolved in 100% ethanol, and diluted prior to use in ice-cold modified
Krebs buffer (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 1 mM MgSO,, 0.4 mM
Na,HPO,, 0.4 mM KH,PO,, 10 mM glucose) containing 25 mM 2-(N-morpho-
lino)ethanesulfonic acid (pH 6.0) and was then further diluted in the same
medium to the desired concentration at the beginning of the experiment. To
ensure that only intact prodrug was put into contact with the cells at the onset of
our experiments, all these manipulations were performed in less than 5 min and
all solutions were kept at 4°C until use.

Cell culture. Caco-2 cells, which originated from a human colonic carcinoma,
undergo in vitro epithelial differentiation and, upon reaching confluence, express
characteristics of enterocytic differentiation (54) and form continuous monolay-
ers of polarized cells (21). They were obtained from the American Type Culture
Collection (Manassas, Va.) as ATCC HTB-37 and were routinely cultured in
175-cm? culture flasks with Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 1% nonessential amino acids, and 1% L-glutamine in an
atmosphere of 5% CO,-95% air with 90% relative humidity at 37°C. For prep-
aration of monolayers, the cells were trypsinized, centrifuged, resuspended in
culture medium, and seeded on polyethylene membranes (pore size, 0.4 um; 4.15
cm?; Falcon; Difco-Becton Dickinson and Co., Sparks, Md.) at a density of 6 X
10* cells/cm?. The culture medium was changed every 2 to 3 days, and the cells
were maintained for 21 days to form a complete monolayer. The medium was
then changed, and the transepithelial electrical resistance was measured 24 h
later with a Millicell-ERS device (Millipore Corp., Bedford, Mass.) to check the
integrity of the monolayer.

Uptake and transport studies. Modified Krebs buffer containing 25 mM 2-(N-
morpholino)ethanesulfonic acid (pH 6.0; apical medium) or 25 mM HEPES (pH
7.4; basolateral medium) was used for all studies. Experiments were performed
as follows. Each side of the monolayers was first washed twice with the appro-
priate medium, and the monolayers were then preincubated with the medium for
30 min at 37°C under gentle agitation by placing the culture plate on a con-
trolled-environment shaker (New Brunswick Scientific Co., Inc., New Brunswick,
N.J.) operated at 60 rpm. For the accumulation studies, 100 wl of stock solution
of the prodrugs or ampicillin was added to the apical medium to initiate the
experiment. At appropriate times, cells were collected by washing the monolayer
three times with ice-cold phosphate-buffered saline, followed by scraping the
cells into 250 l of a mixture of methanol-water (70:30; vol/vol) at —20°C (2). We
checked that no degradation of PIVA or PIMA occurred during this step of cell
collection (recovery, >95%). A similar protocol was followed to initiate the
transport studies. At appropriate times, 150-pl aliquots of the apical or basolat-
eral medium were taken and replaced by fresh medium (this dilution factor was
taken into account for the calculation of the actual drug concentrations). Each
sample from the basolateral medium was immediately mixed with 15 pl of 0.1 N
HCI to bring the pH to approximately 6 in order to avoid PIVA or PIMA
degradation. All samples were then stored at 4°C before analysis by high-per-
formance liquid chromatography (HPLC). The flux of mannitol through the

ANTIMICROB. AGENTS CHEMOTHER.

Caco-2 cell monolayer (considered to represent paracellular leakage) was esti-
mated by adding [*H]|p-mannitol (5 M) to the apical side. Samples were taken
from the basolateral side at appropriate times. Radioactivity was determined by
liquid scintillation counting.

PIVA and PIMA degradation and ampicillin release at pH 7.4. Samples were
prepared in the same buffer used for the transport studies and were either left as
such (buffer alone) or mixed with the Caco-2 cell lysate (final protein concen-
tration, 2 mg/ml). These lysates were obtained by harvesting monolayers in buffer
and disrupting the cells by sonication (10 s at 80 W and 4°C). Samples collected
at appropriate times were mixed with cold methanol-water (2:1) and kept at 4°C
until analysis. Degradation of produgs was evaluated by measurement of the
disappearance of the corresponding peak in HPLC recordings.

Analyses. Ampicillin, PIVA, and PIMA were assayed as described previously
(11) by HPLC (Alliance 2690 separation module equipped with a 996 photo-
diode array detector [Waters Corp., Milford, Mass.]). All samples were subjected
to centrifugation (14,000 rpm, 6 min, 4°C; Eppendorf 5415C centrifuge [Eppen-
dorf AG, Hamburg, Germany]) prior to analysis. Typical retention times were
6.6, 10.3, and 10.1 min for ampicillin, PIVA, and PIMA, respectively. Assay
parameters were as follows: lowest limits of quantification, 20 ng for ampicillin,
25 ng for PIVA, and 5 ng for PIMA; intraday coefficient of variation, <1%.
Figure 1 shows an overlay chromatogram demonstrating the relationships be-
tween the peak area and the drug concentration for both ampicillin and PIVA
(similar results were obtained with ampicillin and PIMA [data not shown]).
There were no spurious peaks that interfered with those of ampicillin, PIVA, or
PIMA in any of the samples analyzed. Spectral analyses of each peak were
systematically made for all critical experiments, and the results did not show
significant differences in comparison with the results for genuine samples or for
ampicillin, PIVA, or PIMA. Total cell ATP was assayed as previously described
for cultured fibroblasts (43) by using the ATP-dependent oxidation of p-luciferin
by luciferase (Boehringer Manheim ATP-bioluminescence assay kit CLS II;
Roche Diagnostics, F. Hoffmann-La Roche Ltd., Basel, Switzerland). Readings
were made with a WALLAC type 1410 liquid scintillation counter (Perkin-Elmer
Life Science, Boston, Mass.). Cell protein was assayed by the Folin-Ciocalteu
biuret method (29) with serum albumin as the standard.

RT-PCR. Total RNA was isolated from Caco-2 cells with the TRIzol reagent,
and 2 pg of total RNA was used for the reverse transcriptase reaction. Reverse
transcription-PCR (RT-PCR) was performed with a portion of the reverse tran-
scriptase-generated cDNA and primers specific for PEPT1 (sense primer, 5'-A
TACTTTTAACGAGCTCAT-3'; antisense primer, 5'-TGCTGAACTGGCCT
GCCCCT-3") and OCTN2 (sense primer, 5'-CATCTTTGTGAACTGCTTC
CTTTC-3'; antisense primer, 5'-TGACTCCAAACTTGCCCACCATCA-3")
(Invitrogen Corp. Carlsbad, Calif.). The PCR was performed by using optimized
conditions (for PEPT1, denaturation at 94°C for 30 s, annealing at 47°C for 30's,
and extension at 72°C for 30 s through a total of 35 cycles; for OCTN2, dena-
turation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s
through a total of 35 cycles) with a thermocycler (Gene Cycler model; Bio-Rad
Laboratories, Hercules, Calif.). The reaction products were electrophoretically
separated in a 2% agarose gel. Ethidium-stained bands were detected with a Gel
Doc 2000 apparatus (Bio-Rad Laboratories).

Materials. PIVA (of 99.5% purity and in compliance with the specifications of
the Pharmacopée Européenne [3rd ed., suppl. 2000, p. 1076]) was obtained from
Leo Laboratories Ltd. (Dublin, Ireland) on behalf of Leo Pharmaceutical Prod-
ucts Ltd. A/S (Ballerup, Denmark). PIMA was synthesized at the Unité de
Chimie Pharmaceutique of our university (18) and was obtained as the chloride
salt (purity, >95%). Strawberry and banana extracts were kindly donated by P.
Augustijns (Laboratory for Pharmaceutical Technology and Biopharmacy, Cath-
olic University of Louvain, Louvain, Belgium). Gly-sarcosine (Sar), Gly-Leu,
captopril, tetraecthylammonium, quinidine, L-carnitine, sodium azide, monensin,
ampicillin, and the TRIzol reagent were purchased from Sigma-Aldrich Co. (St.
Louis, Mo.); verapamil and 2-p-deoxy-glucose were from Fluka Chemie (Buchs,
Switzerland); and [*H]p-mannitol were from NEN (Perkin-Elmer Life Sciences,
Boston, Mass.). *H-labeled Gly-Sar was obtained from Amersham BioScience
(Piscataway, N.J.). Rabbit polyclonal anti-OCTN2 antibody (raised against a
17-amino-acid sequence in the cytoplasmic C-terminal region of OCTN2) was
purchased from Alpha Diagnostic International (San Antonio, Tex.). Cell culture
media and sera were from Life Technologies (Paisley, United Kingdom). All
other reagents were from E. Merck AG (Darmstadt, Germany).

RESULTS

Characterization of Caco-2 cells. Confluent Caco-2 cell mono-
layers were obtained within 21 days of culture with a resistivity
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FIG. 1. Overlay of five chromatograms of ampicillin (AMPI) and PIVA standards at increasing concentrations (from 250 ng to 5,000 ng).
Typical retention times: ampicillin, 6.64 min; PIVA, 10.34 min. The inset shows the correlation between the peak area and the concentration (R* =

0.999). AU, arbitrary units.

of =300 Q - cm? and a permeability to [*H]mannitol of less
than 0.25% - cm~ 2 - h™, as in previous studies (26). mRNAs
of PEPT1 and OCTN?2 transporters were clearly detected in
our cells by RT-PCR analysis. Uptake experiments with *H-
labeled Gly-Sar, a known substrate of PEPT1, showed a satu-
rable process, with K, values (1.38 = 0.24 mM) similar to
those reported by others (32, 43). Competitive inhibition stud-
ies also revealed that an excess of unlabeled Gly-Sar or that the
addition of Gly-Leu and ampicillin inhibit the uptake of *H-
labeled Gly-Sar by Caco-2 cells (data not shown). This analysis
revealed a strong band compatible with the known molecular
weight of this transporter (data not shown), as recently found
by others (16). As a negative control, the expression of OCTN2
at the protein level was also checked by Western blot analysis
with THP-1 cells (a human macrophage cell line; as far as is
known, OCTN2 is expressed only in epithelial cells). Caco-2
cells have been screened and found to be positive for MRP1
and MRP2 mRNAs (5) and for MRP3 mRNA (A. F. Gabriel
and Y. J. Schneider, personal communication; sense primer,
5'-CTCCAAGGACATCTATGTCG-3'; antisense primer,
5'-GTAGCGCACAGAATAATTCC-3").

Stabilities of prodrugs. Pivaloyl esters are known to be un-
stable in aqueous media. We therefore tested in detail the
stability of PIVA, as well as that of PIMA, under our experi-
mental conditions. Both esters were stable if they were main-
tained in buffer at 4°C (half-lives, >24 h), so the samples could
be handled pre- and postincubation without a significant risk of

TABLE 1. Stability of PIVA and PIMA at 37°C in buffers and
in buffers bathing the apical (pH 6.0) and basolateral
(pH 7.4) poles of Caco-2 cell monolayer

Half-life (min)

Ester pH 6.0 (apical) pH 7.4 (basolateral)

Buffer alone” Buffer with cells” Buffer alone” Buffer with cells”

PIVA 1,505¢ 55 130° 115
PIMA 602° 273 56¢ 46

“ Modified Krebs buffer; pH 6, buffered with 25 mM 2-(N-morpholino)eth-
anesulfonic acid; pH 7.4, buffered with 25 mM HEPES.

» Same buffers described in footnote a, but maintained in contact with Caco-2
cell monolayers.

¢ At 4°C the half-lives were greater than 24 h.
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FIG. 2. Apical-to-basolateral transepithelial transport of ampicillin, PIVA, and PIMA through a Caco-2 cell monolayer at 37°C. (Left panel)
Cells were incubated with PIVA, PIMA, or ampicillin (all at 0.2 mM) in the apical medium, and the appearance of ampicillin was monitored in
the basolateral medium; (right panel) cells were incubated with PIVA or PIMA, as described for the left panel, and the appearance of the
corresponding prodrug was monitored in the basolateral medium. At 3 h, the proportions of PIVA, PIMA, and mannitol present in the basolateral
side corresponded to 2.1, 1.6, and 2.0% of the total amount present in the apical side, respectively. Each datum point is the mean = standard
deviation of three determinations. This experiment was repeated three times, with similar results each time.

degradation by maintaining them in thawing ice. As shown in
Table 1, both prodrugs could also be considered stable at 37°C
at pH 6 in buffer within the time frame of our experiments
(half-lives, approximately 10 h). In contrast, exposure to buffer
in the presence of cells at pH 6 or incubation in buffer with or
without cells at pH 7.4 resulted in a considerably faster deg-
radation (half-life range, 46 to 273 min). This led us to restrict
our incubation periods to 3 h or less.

Transport of ampicillin from PIVA and PIMA. In a first
series of experiments, we examined the net transepithelial
transport of ampicillin in cells incubated with free ampicillin or
with the prodrugs, together with the transport of the prodrugs
themselves. Figure 2 shows the results of these studies with
respect to the appearance of ampicillin and the prodrugs at the
basolateral pole of cells for which the prodrugs or ampicillin
had been added in the medium bathing the apical pole. Con-
centrating on ampicillin first (Fig. 2, left panel), it immediately
appears that its rate of appearance was considerably higher
when cells were exposed to PIVA than to ampicillin itself or to
PIMA. This appearance proceeded almost linearly with time at
a rate of approximately 5 nmol - cm™2 - h™ ! after a first lag
period of about 30 min, followed by an acceleration period of
about 1.5 h (the concentrations of ampicillin in the basolateral
medium were approximately 3.8, 12.4, and 26 uM after 1, 2,
and 3 h, respectively). In contrast, the rate of appearance of
ampicillin from cells exposed to ampicillin or from cells ex-
posed to PIMA was considerably slower throughout the obser-
vation period. This rate was actually quite similar to those of
PIVA and PIMA themselves (Fig. 2, right panel) and to that of
mannitol (see Materials and Methods). We then measured the
basolateral-to-apical fluxes of ampicillin and the prodrugs us-
ing the same conditions. In all cases, the flux was very low and
essentially similar to that of mannitol (data not shown).

Influences of PEPT1 and OCTN2 inhibitors and energy
depletion on the transepithelial transport of ampicillin from
PIVA. To determine the influences of PEPT1 and OCTN2

inhibitors and energy depletion on the transepithelial transport
of ampicillin from PIVA, we sought to further characterize the
process that leads to the release of ampicillin through the
basolateral pole of cells when PIVA was added to the medium
bathing their apical pole. We therefore examined the influ-
ences of selected transporter inhibitors and energy depletion.
Table 2 shows that neither the inhibitors of PEPT1 transporter
(Gly-Leu, captopril) nor the inhibitor of the OCTN2 transport-
er (tetraethylammonium) had significant effects on the trans-
port of ampicillin from PIVA. In contrast, ATP depletion ef-
fectively reduced the level of ampicillin transport to about
one-fourth of the control levels.

TABLE 2. Influences of selected transporter inhibitors and ATP
depletion on rate of appearance of ampicillin at basolateral pole of
Caco-2 cells incubated with PIVA (0.2 mM) in apical medium

Rate of appearance

Condition (nmol - em-2- h- iy

CONLTOL s 39+1.1
Inhibitors of PEPT1

Gly-Leu (10 mMM) ... 46*14

Captopril (1 MM) ..o 43+13
Inhibitor of OCTN2 (tetracthylammonium,

10 MM) e 41x11
ATP depletion? .........ooeveecveeeereeeeeeeeeeeee e 0.9 = 0.1°

“ Calculated from regression analysis of cumulative amount detected in the
basolateral medium (2 ml) over 3 h. Values are means *+ standard deviations of
three determinations.

b Depletion for impairment of the ATP binding cassette transporters (which
include the MDR and MRP transporters). The cells were preincubated for 1 h
with NaN; (5 mM) and 2-p-deoxyglucose (60 mM) in both the apical and the
basolateral media; these conditions were maintained during the experiment;
analysis of the cells at the end of the experiment showed an ATP level of 2.89 *
0.21 nmol/mg of protein versus a level of 9.19 + 0.26 nmol/mg of protein for the
controls.

¢ Significantly different from the results for the control (P < 0.01).
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FIG. 3. Accumulation of ampicillin (ampic.), PIVA, and PIMA in cells incubated with PIVA and PIMA and with free ampicillin in Caco-2 cells.
(Left panel) Cells were incubated with PIVA, PIMA, or ampicillin (abscissa) in the apical medium for 2 h, as described in the legend to Fig. 2.
The ordinate shows the accumulation of ampicillin in each case and of PIVA and PIMA when they were incubated with the corresponding ester.
(Right panel) Kinetics of accumulation of ampicillin and PIVA in cells incubated with PIVA, as in the left panel. In both panels, the dotted
horizontal line indicates the cell drug content which would correspond to a 10-fold accumulation of PIVA or PIMA (compared to either the actual
ampicillin concentration in the same medium [cells incubated with ampicillin] or the concentration of ampicillin that would be created in the same
medium if all prodrug was converted to ampicillin [cells incubated with PIVA or PIMA]). Each datum point is the mean = standard deviation of
three determinations. This experiment was repeated three times, with similar results each time. prot, protein.

Accumulation of PIVA, PIMA, and ampicillin by Caco-2
cells. To determine the accumulation of PIVA, PIMA, and am-
picillin by Caco-2 cells, we examined directly whether cells
would accumulate ampicillin, PIVA, and PIMA when they
were present in the apical medium. We also examined whether
incubation of cells with PIVA or PIMA would allow the cel-
lular accumulation of ampicillin. We first used a fixed time
point of 2 h, and the corresponding results are shown in Fig. 3
(left panel). The accumulation of PIVA and PIMA was rela-
tively modest (corresponding to an apparent cellular concen-
tration-to-extracellular concentration ratio of approximately
threefold), and that of ampicillin was negligible when the cells
were incubated with free ampicillin. Quite strikingly, however,
cells incubated with PIVA showed a considerably higher level
of accumulation of ampicillin when PIVA was used at the same
molar concentration as free ampicillin itself (corresponding to
an apparent cellular concentration 80-fold greater than the
maximal extracellular concentration of ampicillin that would
have been reached if all extracellular PIVA had been con-
verted without a loss into ampicillin; the actual cellular con-
centrations of ampicillin were approximately 37, 70, and 95
mmol/mg of protein after incubation with ampicillin, which, on
the basis of a volume-to-protein ratio of 3.6 pl/mg of protein
[7], would correspond to approximately 10.3, 19.4, and 26.4
mM, respectively). This was not observed for PIMA, from
which the amount of ampicillin detected in cells was actually
roughly equivalent to that of PIMA itself. The kinetics of
accumulation of PIVA and ampicillin in cells incubated with
PIVA (in the apical medium) was thereafter studied in more
detail. As shown in Fig. 3 (right panel), the cellular accumu-
lation of PIVA was maximal after approximately 30 min of
incubation but declined slowly but steadily thereafter, most
likely because of the instability of PIVA in the apical medium
(Table 1) and the ensuing partial displacement of cell-associ-
ated prodrug. In contrast, the accumulation of ampicillin,

which was much more stable under these conditions (half-life,
approximately 24 h [data not shown]), increased continuously
over the entire period of examination (3 h).

Influence of transporter inhibitors, ATP and Na™* depletion,
and an esterase inhibitor on the accumulation of PIVA and its
release of ampicillin. We systematically examined the influ-
ences of selected conditions on the accumulation of ampicillin
and PIVA described in the previous section. As shown in Table
3, the addition of inhibitors of the PEPT1 and OCTN2 trans-
porters had either no inhibitory effect or only modest inhibi-
tory effects. ATP depletion also had no significant effect. In
contrast, and quite interestingly, the esterase inhibitor bis(4-
nitrophenyl)-phosphate (BNPP) had divergent effects. Indeed,
it reduced the level of accumulation of ampicillin (about 45%),
while it markedly increased (about fivefold) the level of accu-
mulation of PIVA.

In vitro conversion of PIVA into free ampicillin by Caco-2
cell lysates. The experiments reported so far suggested that the
cellular accumulation of ampicillin could result from the con-
version of cell-associated PIVA into free ampicillin because of
an esterase-dependent activity. The disappearance of PIVA, in
comparison with that of PIMA, was therefore monitored dur-
ing incubation in buffer (pH 7.4) or in the presence of lysates
of Caco-2 cells at the same pH. Figure 4 (left panel) shows that
the concentration of PIVA decreased rather slowly in buffer
(half-life, >120 min) but much faster in the presence of cell
lysates (half-life, ~28 min). In contrast, the concentration of
PIMA decreased faster than that of PIVA in buffer (half-life,
~57 min), but this process was not accelerated by the addition
of cell lysate. In parallel, we measured the liberation of free
ampicillin from both PIVA and PIMA in the presence of cell
lysate. Figure 4 (right panel) shows that about three times
more ampicillin was released from PIVA than from PIMA
within 2 h, both in the presence of Caco-2 cell lysates. It must
be noted that the yield of ampicillin from both PIVA and
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TABLE 3. Influences of selected transporter inhibitors, ATP and
Na™ depletion, and an esterase inhibitor on cellular accumulation
of ampicillin and PIVA in Caco-2 cells incubated for
3 h with PIVA (0.2 mM) in apical medium”

% of control accumulation”

Condition Reference
Ampicillin PIVA

PEPTI inhibitors

Gly-Sar (10 mM) 49 117.8 = 10.8 92.1 £11.5

Gly-Leu (10 mM) 31 93.0 = 10.0 88.2 214

Captopril (1 mM) 42 80.7 = 10.1¢ 61.1 £9.2¢
OCTN2 inhibitors

Tetraethylammonium 16 90.4 + 49 63.8 = 7.6

(10 mM)

Quinidine (1 mM)“ 34 912 *57 86.3 £94

Carnitine (1 mM) 16 932+ 6.7 94.1 £12.3
ATP depletion® 109.5 = 18.9 914 +9.7
Na™ depletion” 16 106.4 = 4.2 141.2 =289
BNPP (5 mM) 40 56.6 = 3.9¢ 502.1 = 52.78

¢ Inhibitors were present only in the apical medium, but they were present at
concentrations that proved effective in previous studies (see the references pro-
vided).

’ Values are means * standard deviations of three determinations in a single
experiment. This experiment was repeated three times, with similar results each
time

¢ Significantly different from the results for the control (P < 0.05).

@ Quinidine also inhibits P-glycoprotein (53).

¢ See footnote b of Table 2.

/Na* was replaced by Li* in both the apical and the basolateral media.

¢ Significantly different from the results for the control (P < 0.01).

PIMA was lower than expected from the extent of disappear-
ance of the prodrugs seen in the left panel of Fig. 4. This
behavior is, however, not surprising because the degradation of
both prodrugs is known to involve at least two pathways, one of
which leads to the liberation of free ampicillin, as demon-
strated here, and the second of which leads to B-lactam ring
opening and the appearance of degradation products (36), for
which assays were not conducted in the present study.

prodrug degradation

ANTIMICROB. AGENTS CHEMOTHER.

Influences of BNPP and other esterase inhibitors on in vitro
release of ampicillin from PIVA and on ampicillin transport
across the Caco-2 cell epithelium. Because BNPP increased
the level of accumulation of PIVA while it decreased that of
ampicillin (Table 3), we reasoned that this esterase inhibitor
blocks the intracellular transformation of PIVA (taken from
the apical pole) to ampicillin and thereby impairs the subse-
quent release of ampicillin through the basolateral pole. This
was tested directly by examining the influence of BNPP on the
hydrolysis of PIVA in Caco-2 cell lysates and on the transport
of ampicillin across the epithelium of Caco-2 cells incubated
with PIVA. Figure 5 (left panel) shows that BNPP was a potent
inhibitor of the release of ampicillin from PIVA exposed to the
cell lysate. BNPP had no influence on the spontaneous release
of ampicillin at a slow rate in buffer (corresponding to the
chemical hydrolysis of PIVA; the degradation of PIVA could
not be measured in these experiments because of interference
from BNPP in the PIVA assay). Figure 5 (right panel) shows
also that the appearance of ampicillin in the medium bathing
the basolateral pole of cells incubated with BNPP was mark-
edly impaired compared to that of control cells. A series of
fruit extracts have also been described to be inhibitors of
Caco-2 cell esterases (44). Two of these extracts (strawberry
and banana) were tested and were also found to impair the
transport of ampicillin from PIVA across Caco-2 cell mono-
layers in the present model (data not shown).

Efflux of PIVA and ampicillin from Caco-2 cells. Having
established that PIVA accumulates in Caco-2 cells and causes
the accumulation of large amounts of ampicillin (presumably
from its intracellular hydrolysis), we examined how and to what
extent both compounds could be cleared from these cells. For
this purpose, cells were first incubated with PIVA in the me-
dium bathing the apical side for 1 h. The cells were then
washed extensively and transferred to fresh medium for further
incubation at either 37 or 4°C to measure the efflux of PIVA
and ampicillin from the cells. In the first series of experiments,
we monitored the total cell contents of PIVA and ampicillin
(with the latter arising from the hydrolysis of either extracel-
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FIG. 4. Degradation of PIVA and PIMA and release of free ampicillin. (Left panel) The prodrugs (0.2 mM) were left either in buffer (pH 7.4)
or in the Caco-2 cell lysate at the same pH; (right panel) the prodrugs (0.2 mM) were incubated in the presence of Caco-2 cell lysates. Each datum
point represents one determination. This experiment was repeated two times, with similar results each time.
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FIG. 5. Influences of BNPP on the release of ampicillin from PIVA and on ampicillin transport through Caco-2 cells incubated with PIVA.
(Left panel) PIVA (0.2 mM) was incubated in the presence of Caco-2 cell lysates or buffer, as described in the legend to Fig. 4, with or without
BNPP (5 mM). Each datum point represents one determination. This experiment was repeated two times, with similar results each time. (Right
panel) Influence of BNPP (5 mM in apical medium) on the appearance of ampicillin through the basolateral side when cells were incubated with
PIVA (0.2 mM) in the apical medium. Each datum point is the mean = standard deviation of three determinations in one experiment. This

experiment was repeated two times, with similar results each time.

lular or cell-associated PIVA during the first incubation period
or from cell-associated PIVA during efflux). The results are
shown in Fig. 6. PIVA was rapidly and extensively cleared not
only at 37°C (half-life, ~52 s) but also at 4°C (half-life, ~11
min). In contrast, the clearance of ampicillin was much slower
at 37°C (half-life, ~150 min), and no drug clearance could be
detected at 4°C. In the second series of experiments, we ex-
amined the cell pole through which ampicillin was cleared.
Thus, we measured the appearance of ampicillin in both the
apical and basolateral media from cells previously incubated
for 1 h with PIVA and then reincubated in PIVA-free medium
for 2 h. As shown in Fig. 7, about two times more ampicillin
was cleared through the basolateral pole than through the
apical pole. Figure 7 also shows that depletion of the cells in
the presence of ATP or the addition of probenecid or MK-571,
two MRP inhibitors, caused a fourfold decrease in the release

of ampicillin through the basolateral pole. These treatments
also decreased the release of ampicillin through the apical
pole, but to a lesser extent. These experiments were repeated
with verapamil (1 mM), as inhibitor of P-glycoprotein (MDR1)
(53), but no significant effect was seen (data not shown).

DISCUSSION

The present study has revisited the mechanism by which
PIVA, a prodrug of ampicillin, may give rise to higher plasma
ampicillin concentrations than ampicillin itself after oral ad-
ministration. PIVA was the first prodrug of B-lactam antibiot-
ics to show a rapid conversion to ampicillin. It has served as a
model for other, similar types of enzymatically cleavable esters,
such as lactonyl (12) and 1-acetoxyethylesters (22).

Molecular biology-based studies of the transepithelial trans-
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FIG. 6. Clearance of PIVA and ampicillin from cells incubated for 1 h at 37°C with 0.2 mM PIVA in apical medium and thereafter transferred
to fresh medium at either 37°C (closed symbols) or 4°C (open symbols). Each datum point is the mean = standard deviation of three
determinations. This experiment was repeated three times, with similar results each time.
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FIG. 7. Appearance of ampicillin in the apical or basolateral me-
dium of Caco-2 cells incubated for 1 h at 37°C with 0.2 mM PIVA in
the apical medium (pulse) and then transferred for 2 h in fresh me-
dium (chase). The drug concentrations observed in the corresponding
medium at the end of the chase are shown. Control, cells without other
treatment; —ATP, cells preincubated for 1 h with 5 mM NaN; and 60
mM 2-p-deoxyglucose to obtain ATP depletion (these conditions were
maintained during the pulse and chase periods); +probenecid and
+MK-571, cells incubated with these MRP inhibitors (5 mM and 100
M, respectively) in both the apical and basolateral media only during
the chase period. Each datum point is the mean * standard deviation
of three determinations. This experiment was repeated three times,
with similar results each time.

port of B-lactam antibiotics and their prodrugs have greatly
benefited from the development of simple models, such as
Caco-2 cell monolayers (28, 30), which nowadays are widely
used for absorption screening in drug discovery and develop-
ment (4, 6). A second critical development has been the rec-
ognition of the role played by transporters such as PEPTI,
which transports B-lactams possessing an a-amino group (37,
38).

The available data suggest that the mechanism by which
pivaloylesters act to enhance the transintestinal resorption of
drugs is probably more complex than was originally anticipated
for PIVA and similar esters (45, 46). A first hint came from the
study of new, original pivaloylesters of anti-human immuno-
deficiency virus acyclic nucleosides phosphonates developed in
the early 1990s (39). These esters showed enhanced transport
across Caco-2 cell monolayers, but detailed studies (2, 3, 44)
demonstrated (i) that they accumulate in cells and are hydro-
lyzed therein by an enzyme(s) that is inhibited by PIVA (and
other esters) and (ii) that the acyclic nucleoside phosphonates
released are exported both apically and basolaterally through
an anion transporter inhibitable by indomethacin and previ-
ously uncovered in Caco-2 cells (13). In a more recent study
(23), PIVA was exposed to Caco-2 cell monolayers for a short
period of time to mimic intestinal transit. It was found that the
prodrug appeared only transiently and in limited amounts in
the basolateral pole, whereas ampicillin was released in large
amounts and in a sustained fashion through that pole but was
not significantly released through the apical pole. These sets of
data clearly suggest the intracellular accumulation and metab-
olism of PIVA, followed by the oriented transport of ampicil-
lin, rather than the simple diffusion of PIVA through the en-
terocytes, followed by hydrolysis in the extracellular milieu, as
has been proposed for cefuroxime axetil (14).

Our data are consistent with this scheme and provide two
additional and important pieces of information. We first show
directly that the intracellular accumulation of PIVA remains
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limited and is not enhanced by the peptide (PEPT1) or cation
(OCTN2) transporters (since the corresponding inhibitors
have no marked influence on PIVA accumulation). We there-
fore propose that PIVA remains largely at the cell surface
since it is almost immediately released upon transfer in fresh
medium, even at 4°C. Both PIVA and PIMA are considerably
more lipophilic than ampicillin, and both bind to a large extent
to cell membranes and liposomes (11). The apical membrane
of Caco-2 cells could therefore act as a reservoir of prodrugs.
This, however, is probably not a determining factor per se in
the overall ampicillin transport process studied here because
PIVA and PIMA accumulate in Caco-2 cells to the same ex-
tent. We showed by computer-aided conformational analysis
that both PIVA and PIMA are able to move across a lipid bi-
layer (11). Our present data would suggest that such mobility
may give PIVA the opportunity to become exposed to cytosolic
esterases and, therefore, to be partly but quickly converted into
ampicillin (which is retained intracellularly, since, as will be
discussed below, it diffuses much more slowly through mem-
branes).

We have seen that PIVA is also degraded in the extracellular
media by both chemical and enzymatic hydrolysis. This relative
instability reduces but does not totally prevent the accumula-
tion of PIVA since at any time a proportion of intact prodrug
can enter the cells and be hydrolyzed by esterases. This process
therefore gives rise to a continuous influx of PIVA into cells
(and, through its hydrolysis, of ampicillin), even though the
total amount of cell-associated PIVA decreases over time. We
believe that this unexpected situation results from the satura-
tion of cytosolic esterases by the high concentrations of cell-
associated PIVA (4 mM at 1 h and 1.2 mM at 2.5 h), causing
ampicillin to be released at a constant rate.

The fact that cell-associated PIVA is quickly hydrolyzed also
explains why it is found only in negligible amounts in the
basolateral media, even though its lipophilic character should
have allowed the fast and efficient transfer across the mono-
layer by passive diffusion, as originally hypothesized (46). Our
data and the hypothesis that we raise are actually in accor-
dance with recent data also obtained with Caco-2 cells that
showed that cell-associated PIVA is almost completely hydro-
lyzed before it ever reaches the basolateral side of the mono-
layer (24). Such an intracellular hydrolysis does not take place
with PIMA because it is insensitive to esterases. It is highly
noteworthy in this context that the esterase inhibitor BNPP,
which inhibits the hydrolysis of PIVA into ampicillin in cell
lysates, almost entirely blocked the transepithelial transport of
ampicillin from PIVA. A similar effect was obtained here with
fruit extracts that, according to a previous study (44), act as
esterase inhibitors.

We next demonstrated that the ampicillin released through
the enzymatic hydrolysis of PIVA is subject to oriented trans-
port through the basolateral pole because of the presence of an
ATP-dependent transport system. However, a close analysis of
the data presented in Fig. 2 and 3 shows that the movement of
ampicillin always goes along a concentration gradient, meaning
that the efflux system only facilitates the transport of the drug.
Data available from the literature indicate that several efflux
transporters of the ATP-binding cassette superfamily are ex-
pressed in Caco-2 cells, among which MDRI1 (also known as
P-glycoprotein) and the group of MRPs (more specifically,
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MRP1 through MRPS5) appear to be the most important ones.
MDRI1 can most likely be excluded since verapamil, which
affects MDR1 (P-glycoprotein [53]) had no effect. Moreover,
localization studies performed with different models of epithe-
lial cells suggest that MDR1 is usually found at the apical sur-
face (41). Moving now to MRPs, we observed marked and sim-
ilar effects of both the nonspecific inhibitor probenecid and the
preferential inhibitor MK-571 (20). We know from data from
the literature (17, 27, 51) that MRP2 and MRP4 are usually
localized at the apical pole, whereas MRP1, MRP3, and MRP5
are usually found in the basolateral membrane. On the basis of
the properties of the basolateral efflux of ampicillin (ATP
dependence and impairment by MRP inhibitors) and data on
MRPs available from the literature, these transporters appear
to be good candidates. The efflux of ampicillin through the api-
cal pole, however, was not negligible, and MRP inhibitors also
decreased it to some extent. An MRP transporter(s) could also
play a role here, but it may show an affinity lower than those of
transporters present on the basolateral membrane. This hy-
pothesis needs to be confirmed in further studies.

In conclusion, the present study stresses the importance of
both the intracellular hydrolysis of PIVA and the subsequent
basolateral transport of ampicillin in the transepithelial flux of
ampicillin in Caco-2 cells incubated with PIVA. If it is assumed
that this model correctly describes the situation that prevails in
vivo, one may explain, in retrospect, why other pivaloyl esters
of B-lactams show quite variable oral bioavailabilities com-
pared to that of ampicillin, since the basolateral transporter
may recognize them very differently than it does ampicillin
itself. It also suggests that the oral bioavailability of ampicillin
will be severely affected by inhibitors of this basolateral trans-
porter if they are present when PIVA is administered.
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