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Abstract

The role of an a-amino group on interaction with the intestinal and renal peptide carriers
(PEPT 1 and PEPT 2, respectively) has been the subject of much investigation. Studies
have differed in their conclusions about the role of an a-amino group on carrier-mediated
absorption. Most studies have used brush-border membrane vesicles or perfused intestinal
segments. These techniques enable the determination of membrane uptake and luminal
disappearance, respectively, but not transepithelial transport. Transepithelial transport
should be more predictive of absorption because it includes basolateral ef¯ux, which
could be the rate-limiting process in drug absorption. The objective of this study was to
evaluate the in¯uence of an a-amino group on PEPT 1-mediated transepithelial transport in
Caco-2 cells.

The apical-to-basolateral permeability coef®cients of cephalosporins with or without a
free a-amino group were determined in the presence and absence of a pH gradient.
Permeability coef®cients obtained under these conditions were used to calculate a
permeability ratio (i.e. Papp (pH 6�0)/Papp (pH 7�4)), which should indicate whether
PEPT 1 is involved in transport. For cephalosporins with an a-amino group (cephalexin,
cefaclor, cefadroxil, cephradine, cephaloglycin) the permeability ratios ranged between
1�77 and 2�77. In contrast, the permeability ratios for cephalosporins without an a-amino
group were 1 (approx.; range� 0�74 ± 1�26).

These data suggest that the presence of an a-amino group on cephalosporins increases
their PEPT 1-mediated transepithelial transport in Caco-2 monolayers.

Peptide transporters are involved in the absorption
or excretion of di- and tripeptides. The intestinal
peptide transporter (PEPT 1) is located on the
apical membrane of enterocytes and mediates the
absorption of di- and tripeptides (Addison et al
1975). PEPT 1 plays a role in the intestinal
absorption of b-lactam antibiotics (Okano et al
1986), angiotensin-converting enzyme inhibitors
(Friedman & Amidon 1989), renin inhibitors
(Kramer et al 1990) and the anti-cancer agent
bestatine (Saito & Inui 1993). The broad substrate-
speci®city of this carrier makes it attractive as a
potential means of enhancing the oral bioavail-
ability of peptidomimetic drugs. The renal peptide
transporter (PEPT 2) is located on the luminal
surface of proximal tubule cells and mediates the
re-absorption of di- and tripeptides from the glo-

merular ®ltrate. In man PEPT 1 and PEPT 2 differ
in their af®nity for cephalosporins and penicillins
(Ganapathy et al 1995). This difference in substrate
af®nity is consistent with recent studies which
indicate that the homology in amino acid sequence
between PEPT 1 and PEPT 2 is only (approx.) 50%
(Liu et al 1995).

Cephalosporins have low intrinsic membrane
permeability, probably because of their low lipo-
philicity and zwitterionic character at physiological
pH. Despite these unfavourable physicochemical
characteristics the oral bioavailability of cepha-
lexin, cefadroxil, cefaclor, cephradine and lor-
acarbef is high (Smith et al 1992). This oral
bioavailability is in part the result of PEPT 1-
mediated transport across the intestinal brush-bor-
der membrane (Dantzig & Bergin 1990; Lowther et
al 1990; Dantzig et al 1992). Cephalosporins have
been used to probe the structural speci®city of
peptide transporters (Dantzig et al 1992; Wenzel
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et al 1995). One structural feature that has been the
focus of much attention is the free amino group.
The role of this group in the interaction of pepti-
domimetic compounds with both PEPT 1 and PEPT
2 has been studied using cephalosporins, penicillins
and model peptides (Tsuji et al 1987; Bai et al
1991; Sugawara et al 1991). Unrelated studies
found that cephalosporins with a free a-amino
group inhibited the uptake of [3H]glycylglutamine
in rabbit renal brush-border membrane vesicles
(BBMV; Daniel & Adibi 1993) and the uptake of
[14C]cephalexin in Caco-2 cells (Dantzig et al
1992). In both instances, uptake was inhibited by
cephalosporins containing an a-amino group, but
not by cephalosporins lacking this group. On the
basis of these studies it might be suggested that an
a-amino group is needed for interaction with PEPT
1 and PEPT 2 (Dantzig et al 1992; Daniel & Adibi
1993), although other studies have found that an a-
amino group is not needed for PEPT 1-mediated
uptake. For example, two compounds lacking an a-
amino group (ce®xime and ceftibuten) underwent
carrier-mediated uptake in intestinal BBMV
(Dantzig et al 1994; Muranishi et al 1994) and the
uptake characteristics of dipeptide analogs in per-
fused intestinal segments suggest that the presence
of an a-amino group is not essential for PEPT 1-
mediated transport (Bai et al 1991).

Experiments to determine structure ± transport
relationships are controversial partly because of the
systems employed. Many studies have used brush-
border membrane vesicles or perfused intestinal seg-
ments. These systems are useful for studying the
intestinalabsorptionofdrugsforwhichtransepithelial
transport is limited by uptake across the apical enter-
ocyte membrane. However, when the basolateral
ef¯ux is the rate-limiting barrier for transepithelial
transport (Gochoco et al 1994; Matsumoto et al 1994),
use of brush-border membrane vesicles and perfused
intestinal segments might lead to over-estimation of
the true absorption potential of a compound. Obser-
vations made using perfused intestinal segments are
based on the disappearance of the substrate from the
perfusate.Equating the rate of disappearance from the
perfusate with the rate of absorption might be mis-
leading because sometimes the rate at which a com-
pound disappears from the lumen is greater than the
rate at which it crosses the intestinal mucosa (Suga-
waraetal1990).Brush-bordermembranevesiclesand
perfused intestinal segments are useful models for
studying carrier-mediated apical transport but do not
provide information about transepithelial transport.
This limitation is important because there is evidence
that binding of a drug to PEPT 1, or PEPT 1-mediated
apical transport, might not be predictive of H�-
dependent transport (Ryan & Smith 1989; Gochoco et

al 1994). The use of binding-uptake studies to predict
transcellular transport assumes that the basolateral
release of the compound is not the rate-limiting step in
transcellular transport. This assumption is not sup-
ported by two studies, which suggested that the rate-
limiting step in the transport of cephalexin across
Caco-2 cells seems to be basolateral ef¯ux and not
apical uptake (Gochoco et al 1994; Matsumoto et al
1994). Few data are available on the structural
requirements for interaction with the basolateral
peptide transporter and so the possible importance of
basolateral ef¯ux on transepithelial transport cannot
be ignored.

The objective of this study was to evaluate the
in¯uence of an a-amino group on the transport of
cephalosporin across Caco-2 cell monolayers. The
carrier-mediated transport (apical-to-basolateral)
was determined for a series of structurally related
cephalosporins (Figure 1) with or without an a-
amino group. We conclude that the presence of an
a-amino group is required for H�-dependent
transport of cephalosporin antibiotics across Caco-
2 cell monolayers. Whether this observation is
unique to cephalosporins or applicable to a wider
variety of peptidomimetic compounds cannot be
determined from these results.

Materials and Methods

The cephalosporins (Figure 1), HEPES (N-[2-
hydroxyethyl]-piperazine-N0 and MES (2-[N-mor-
pholino]ethanesulphonic acid) were purchased
from Sigma (St Louis, MO). Dulbecco's modi®ed
Eagle's media (DMEM) and foetal bovine serum
were obtained from Gibco BRL (Grand Island,
NY). Penicillin G (10 000 units mL71), streptomy-
cin solution (10 000 mg mL71), trypsin (0�25%)-
EDTA (1 mM) solution and non-essential amino
acids solution were obtained from JRH Biosciences
(Kansas, MO). The Transwell culture inserts
(4�71 cm2 surface area and 0�4mm pore size) were
purchased from Corning Costar (Cambridge, MA).
Caco-2 cells were obtained from The American
Tissue Culture Collection (Rockville, MD) and
used between passages 35 and 65. Caco-2 cells
were cultured on polycarbonate Transwell inserts
as described elsewhere (Hidalgo et al 1989) and
used 15 ± 20 days after seeding.

Apical-to-basolateral transport studies
Monolayer integrity was veri®ed by measuring the
¯ux of [14C]mannitol. Apical-to-basolateral ¯ux
experiments were conducted in quadruplicate at
37�C. The pH of the basolateral side was 7�4
(10 mM HEPES in HBSS) and the pH of the apical
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side was either 6 (10 mM MES in HBSS) or 7�4.
Before being used to perform transport studies the
cells were washed twice with HBSS. The cells were
then pre-incubated with HBSS at pH 6�0 or 7�4 on
the apical side for 30 min. The HBSS in the baso-
lateral side remained at pH 7�4. The transport study
was initiated by replacing the apical buffer with a
solution containing 1 mM drug. Samples then were
collected every 30 min up to 2 h. The apparent
permeability coef®cients (Papp) of cephalosporins
were calculated according to equation 1. Previous
studies showed pH-dependent transepithelial
transport of cephalexin in Caco-2 cell monolayers
(Gochoco et al 1994; Matsumoto et al 1994). Thus,
in this study we assumed that transport at pH 7�4 is
the result of passive diffusion and is pH-indepen-
dent. For each cephalosporin we obtained both the
Papp at pH 6�0 and the Papp at pH 7�4. The Papp at pH
6�0 was divided by the Papp at pH 7�4. This ratio
(Papp (pH 6�0)/Papp (pH 7�4)) was assumed to
indicate the H�-dependent, or carrier-mediated,
component of transepithelial transport, (equation 2).

Papp � �dQ=dt�=A:C0 �1�

Papp�H�� � Papp �pH 6�=Papp �pH 7�4� �2�
where dQ/dt is the rate of transport (nmol s71), C0

the initial concentration on the apical side
(nmol mL71) and A is the diffusional area of the
inserts (4�71 cm2). Papp values (cm s71) are the
means of results from 3 or 4 monolayers and
Papp[H�] is the PEPT 1-mediated (H�-dependent)
component of transepithelial transport.

Sample analysis
HPLC was performed with a dual pump (model
HPXL, Rainin Instrument, Woburn, MA), an
automatic sampler (model AS-100T HRLC, Bio-
Rad, Richmond, CA), and a UV detector (model
785A, Applied Biosystems). The HPLC system was
operated by means of a Macintosh IIsi computer
(Apple, Cupertino, CA). Data acquisition and
integration were conducted using Rainin Dynamax
software (Version 1.4). Samples were separated on
a reversed-phase column (5 mm6 100 mm, 4 mm
particle size, Waters C18 Radial-Pak cartridge)
under isocratic conditions. The mobile phase, a
mixture of acetonitrile and 10 mM ammonium
acetate, was delivered at 0�8 mL min71. The acet-
onitrile content varied between 5 and 30%,
depending on the drug being tested. Under these
conditions the retention times of the compounds
were between 2�3 and 12 min. UV absorbance was
measured at 254 nm.

Figure 1 The structures of the cephalosporins tested in this
study.
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Results and discussion

Studies to determine the role of an a-amino group
on the interaction of peptides and b-lactam anti-
biotics with PEPT 1 and PEPT 2 have led to dif-
ferent conclusions (Tsuji et al 1987; Bai et al 1991;
Sugawara et al 1991; Daniel & Adibi 1993). This
situation is partly because of the experimental
systems used. In this study we evaluated the role of
an a-amino group on the transepithelial transport of
cephalosporins in Caco-2 cell monolayers, a model
system of the small intestinal epithelium.

The intestinal absorption of cephalosporins gen-
erally involves two processes Ð passive diffusion
and PEPT 1-mediated transport. Passive diffusion
is pH-independent and PEPT 1-mediated transport
is pH-dependent. In our study, the apical-to-baso-
lateral transport of cephalexin increased threefold
when the pH of the apical buffer was reduced from
7�4 to 6�0 (Figure 2). This observation is consistent
with reports (Dantzig & Bergin 1990; Gochoco et
al 1994) of PEPT 1-mediated, pH-dependent
transport of cephalexin, a compound that is com-
pletely absorbed after oral administration (Began
1984). In contrast, the transport of cephalothin, a
compound that is not absorbed after oral dosing
(Klein et al 1964), was low and pH-independent
(Figure 3). One structural difference between these
compounds is that cephalexin contains an a-amino
group and cephalothin does not (Table 1). Thus,
these results support previous data which suggest
that an a-amino group might be needed for inter-
action of cephalosporins with PEPT 1 (Dantzig et al
1992). An a-amino group also seems to in¯uence
the interaction of cephalosporins with PEPT 2. For
example, the uptake of the model dipeptide gly-
cylglutamine by rabbit renal brush-border mem-
brane vesicles was inhibited by cephalosporins
containing an a-amino group, but not by cepha-
losporins lacking this group (Daniel & Adibi 1993).

In the absence of PEPT 1 involvement, the per-
meability coef®cient obtained with a pH gradient
should be the same as that without. To assess the
involvement of PEPT 1 on the transepithelial
transport of cephalosporins, permeability coef®-
cients obtained in the presence (Papp (6�0)) and
absence (Papp (7�4)) of a pH gradient were used to
calculate a permeability coef®cient ratio (i.e. Papp

(pH 6�0)/Papp (pH 7�4)) for each compound. For
PEPT 1-mediated transepithelial transport this ratio
should be greater than 1 and for passive transe-
pithelial transport the ratio should be 1 (approx.)
Our results show that for cephalosporins with an a-
amino group Papp (pH 6�0)/Papp (pH 7�4) varied
between 1�77 and 2�77, and that for cephalosporins
without an a-amino group the ratio was 1 (approx.)

(Table 1). This indicates that for cephalosporins
containing an a-amino group a pH gradient
increased transepithelial transport by at least 77%

Figure 2. Apical-to-basolateral transport of cephalexin across
Caco-2 cell monolayers: s, Caco-2 cell monolayers incubated
with pH 6�0 solution on the apical side and pH 7�4 on the
basolateral side; d, pH 7�4 on both the apical and basolateral
sides. Results are the means� standard deviations from four
separate monolayers.

Figure 3. Apical-to-basolateral transport of cephalothin
across Caco-2 cell monolayers: s, Caco-2 cell monolayers
incubated with pH 6 solution on the apical side and pH 7�4 on
the basolateral side; d, pH 7�4 on both the apical and
basolateral sides. Results are the means� standard deviations
from four separate monolayers.
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whereas a pH gradient had no effect on the trans-
port of cephalosporins without this group. Papp (pH
6�0)/Papp (pH 7�4) found for cephalexin in this study
(2�77) is comparable with that (2�3) found in a
previous study of Caco-2 cells (Gochoco et al
1994).

Interestingly, the permeability coef®cients for the
cephalosporins used in this study seem to correlate
well with their af®nity for PEPT 1. In a recent study
cephalosporins were assessed for their capacity to
inhibit the uptake of [3H]glycylglutamine in rabbit
renal brush-border membrane vesicles (Daniel &
Adibi 1993). The Ki values for the cephalosporins
containing an a-amino group (63 ± 1561mM) were
much lower than those for cephalosporins without an
a-amino group (>10 000mM) (Daniel & Adibi 1993).

The structures of the aminocephalosporins tested
in this study are similar (Figure 1). Physicochem-
ical variables that could in¯uence intestinal
absorption were also considered. For example, the
potential correlation with octanol ± water partition
coef®cient (log P) and the number of hydrogen-
bonds, parameters that have been reported to
in¯uence membrane permeability (Burton et al
1992) were evaluated. We found no correlation
between either log P or the number of hydrogen-
bonds with the permeability coef®cients of the
cephalosporins used in this study (data not shown).

In a recent study, we showed that these com-
pounds have common conformations at their global

energy minima (Li & Hidalgo 1996). The obser-
vation that an a-amino group had no effect on the
energy-minimized conformation of cephalosporins
led to the suggestion that the a-amino group might
enhance the af®nity of cephalosporins for PEPT 2
(Li & Hidalgo 1996). Although these results do not
prove that an a-amino group is essential for PEPT
1-mediated transport, the data are supportive of an
important role for this group on PEPT 1-mediated
transepithelial transport. Unlike most previous
studies which examined the role of an a-amino
group on drug uptake or luminal disappearance, the
current study assessed the impact of an a-amino
group on transepithelial transport. This parameter is
more representative of the steps involved in
intestinal absorption. The importance of an a-
amino group found in this study is probably a
reasonable indication of the role of this group on
PEPT 1-mediated intestinal peptidomimetic
absorption.

In summary, we have examined the transepithe-
lial transport of a series of cephalosporins across
Caco-2 cell monolayers. The objective was to
determine the role of an a-amino group on transe-
pithelial transport instead of on uptake or luminal
disappearance, as are measured by most studies.
Results indicate that the H�-dependent transe-
pithelial transport of cephalosporins could be
correlated with the presence of an a-amino group.
This group seems to facilitate the interaction of

Table 1. Permeability coef®cients for transport of cephalosporins across Caco-2 cell monolayers in the
absence or presence of a pH gradient.

Compound Permeability coef®cient6 1077

(cm s71)
Papp (pH 6)/Papp (pH 7�4)

Papp (pH 6�0)* Papp (pH 7�4){

Cephalexin{ 7�58� 0�85 2�73� 0�39 2�77
Cefaclor{ 9�69� 0�74 5�29� 0�47 1�83
Cefadroxil{ 8�80� 0�72 4�80� 0�84 1�83
Cephradine{ 8�17� 0�99 4�35� 0�41 1�88
Cephaloglycin{ 4�74� 0�44 2�67� 0�28 1�77
Cephapirin 3�71� 0�34 3�93� 0�46 0�94
Cephalothin 4�48� 0�25 3�95� 0�76 1�13
Cephaloridine 3�47� 0�05 3�81� 0�32 0�91
Cefoxitin 1�41� 0�09 1�56� 0�07 0�90
Cefsulodine 1�04� 0�13 1�20� 0�07 0�87
Cefazolin 3�11� 0�22 4�17� 0�17 0�74
Cefamandole 2�24� 0�04 2�69� 0�80 0�83
Cefamandole nafate 3�84� 0�65 3�62� 0�29 1�06
Cefuroxime 1�46� 0�28 1�52� 0�34 0�96
Ceftazidime 2�21� 0�31 2�46� 0�43 0�89
Cefoperazone 2�27� 0�13 2�92� 0�05 0�78
Cefotaxime 1�56� 0�21 1�24� 0�16 1�26

*Papp (pH 6�0) is the Papp value determined from incubations with pH 6 solution in apical chambers and
pH 7�4 in basolateral chambers. {Papp (pH 7�4) is the Papp value determined from incubations with pH 7�4
solution in both apical and basolateral chambers. {Cephalosporins containing an a-amino group.
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cephalosporins with PEPT 1. Additional studies
will be required to determine whether this obser-
vation is unique to cephalosporins.
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