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The uptake kinetics of cephradine, an amino-B-lactam antibiotic,
were studied in rat and rabbit intestinal brush border membrane
vesicles preparations using both the Ca?* and the Mg?* methods of
preparation, in the presence of an inward proton gradient. The Ca?™*
method demonstrated greater uptake of cephradine in intestinal
brush border vesicles prepared from both rat and rabbit and was
used for these studies. The transport was observed to be of Michae-
lis-Menten carrier-mediated type with a passive transport compo-
nent. The kinetic parameters obtained were as follows: for rat and
rabbit, respectively, K,,, 1.6 and 1.9 mM; J_,,’, 1.7 and 20.7
nmol/mg/min; P.' (= J.,'/K,,), 1.1 and 10.9 pL/mg/min; and P,’,
0.4 and 0.8 pL/mg/min. The Kinetic parameters for the rat vesicles
are consistent with those from our previous perfusion study using a
conversion factor of 0.71 cm?mg protein. The rabbit vesicles exhib-
ited a similar Michaelis constant and a 10-fold larger maximal trans-
port velocity, suggesting a quantitative advantage for the study of
carrier-mediated transport in the rabbit compared to rat vesicles
from the intestine. Cephradine uptake was inhibited by phenylpro-
pionylproline, a proline derivative, and enalapril, an ACE inhibitor,
which do not have an a-amino group, as well as dipeptides, tripep-
tides, and amino-B-lactam antibiotics in both rat and rabbit vesicles.
These results support the suggestion that they share the same pep-
tide carrier pathway for oral absorption and that the vesicles may be
a useful tool in developing orally effective peptide-type drugs.
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INTRODUCTION

The intestinal peptide carrier-mediated transport system
required for dipeptide and tripeptide absorption, plays a sub-
stantial role in peptide-type drug absorption. The transport
mechanism of di- and tripeptides has been attributed to a
proton-dependent carrier-mediated transport system on the
brush border membrane of the intestinal epithelial cell (1-6).
Many cephalosporins, including several without an a-amino
group, have also been shown to share the peptide carrier, as
judged from mutual competition with peptides for uptake
and the proton dependence of their transport (7-18). Perfu-
sion studies suggested that some ACE inhibitors and proline
derivatives, which lack an a-amino group, may also share
the peptide carrier (19-24). A peptide-like structure appears
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to be required for transport, but an a-amino group is not
essential. However, the structural requirements for peptide
transport are yet to be fully clarified.

We recently demonstrated nonlinear uptake and com-
petition for transport in the perfused rat intestine for several
compounds sharing the peptide carrier and determined the
kinetic parameters (19-24). To investigate further the trans-
port mechanism for peptide-like compounds and to clarify
the structure-transport relationship, isolated brush border
membrane vesicles were used. With cephradine, an amino-
B-lactam antibiotic, as a model compound, we determined its
kinetic parameters and investigated competitive inhibition
by other possible peptide carrier substrates. Two methods of
preparation, Ca>* and Mg?*, and two animal species, rats
and rabbits, are compared, and the results correlated with
previous results from perfusion studies.

MATERIALS AND METHODS

Materials

Cephradine (31-464-12179-617) was supplied by Squibb
& Sons (Princeton, NJ), and enalapril maleate (L-154,739-
001d076) was from Merck Sharp and Dohme Research Lab-
oratories (Rahway, NIJ). Phenylpropionylproline was syn-
thesized (24). p-[1-*H(N)]Glucose (15.5 Ci/mmol) was pur-
chased from DuPont-NEN Co. (Boston, MA). The other
cephalosporins, dipeptides, tripeptides, and amino acids
were purchased from Sigma Chemical Co. (St. Louis, MO).
All other reagents were of analytical or HPLC grade.

Preparation of Brush Border Membrane Vesicles

Intestinal brush border membrane vesicles were pre-
pared by the calcium precipitation method of Kessler et al.
(25) with slight modifications. A male NZW rabbit (2-2.5
kg), 1 m jejunum, or eight male SD rats (250-350 g), 40 cm
jejunum each, were used, and all procedures were performed
on ice or under refrigeration. The intestinal lumen was
washed with ice-cold saline, and the intestinal tissue was
removed by squeezing. The tissue (approximately 13 g) was
homogenized in 50 mM mannitol, 2 mM Hepes/Tris solution
(pH 7.5) to make a 5% homogenate with a Waring blender for
2 min. After adding 1 M CaCl, solution to give a final con-
centration of 10 mM, the homogenate was stirred for 2 min
and left standing for 18 min under refrigeration, then centri-
fuged at 3000g for 15 min. The supernatant was then centri-
fuged at 27,0002 for 30 min. The resultant pellet was sus-
pended in 50 mL of loading solution, 100 mM mannitol, 100
mM KCl, 10 mM Hepes/Tris (pH 7.5), and homogenized
with a glass/Teflon Potter homogenizer at 1140 rpm and 10
strokes. Then the homogenate was centrifuged at 3000g for
15 min and the resultant supernatant was centrifuged at
27,000g for 30 min. The final pellet was resuspended with 0.6
mL of loading solution to give a brush border membrane
vesicle preparation. Protein content was determined (see be-
low) and verified with regard to a marker enzyme and trans-
port activity (see Verification of Brush Border Membrane
Vesicles, below), then used for uptake studies. The brush
border membrane vesicles were kept on ice until use.
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Uptake Experiments

Uptake experiments were conducted by a rapid filtra-
tion technique, using a Millipore filtration apparatus (Milli-
pore Co. Bedford, MA). The uptake reaction was initiated
by the addition of 80 pL of test solution containing a sub-
strate to 20 pL of membrane vesicle solution (5 mg/mL for
rabbit and 10 mg/mL for rat) at 25°C and stopped by adding
1 mL of ice-cold stop solution consisting of 150 mM NaCl
and 10 mM Hepes/Tris (pH 7.5). The mixture was immedi-
ately applied on a prewetted Millipore membrane filter
(PHWP; 0.30-pum pore, 25-mm diameter) for filtration under
vacuum and washed twice with 2 mL of the ice-cold stop
solution. The membrane filter was transferred into a count-
ing vial and subjected to quantitation of the substrate taken
up by the vesicles.

The vesicles were pre equilibrated in the loading solu-
tion, 100 mM mannitol, 100 mM KCIl, 10 mM Hepes/Tris (pH
7.5) and the test solutions consisted of 100 mM KCl, 100 mM
mannitol, and 10 mM Mes/Tris (pH 5.8), giving pH 6.0/7.5,
for outside/inside, of the initial inward proton gradient in the
mixture. Concentrations of cephradine, the substrate, and
test compounds used as competitive inhibitors of cephradine
uptake were set 25% higher in the test solution than those
stated, to compensate for the dilution by the vesicles solu-
tion.

Quantitation by HPLC

Cephradine was extracted with 0.3 mL of distilled water
adjusted to pH 3.0 with HCI by vortexing for 10 min and
analyzed with a HPLC system: column, pBondapak C,g, 3.9
mm X 30 cm (Waters, Milford, MA); mobile phase, 13%
acetonitrile in 0.02 M NaH,PO, (pH 5.0); flow rate, 1.6
mL/min; and detector, UV 262 nm.

Data Treatment

The initial cephradine uptake was measured at 1 and 0.5
min, respectively, for rat and rabbit, corrected for the non-
specific binding to the membrane filter, and expressed in
terms of milligrams of protein. The nonspecific binding was
typically 10 to 20% of uptake. The initial uptake rate was
estimated as nanomoles per milligram of protein per minute,
assuming the initial uptake is proportional to time, and the
transport coefficient (permeability) was calculated as the ini-
tial uptake rate/concentration. The transport coefficient is
expressed as P’ (nL/mg/min in this report), the product of
the permeability coefficient (cm/min) and the surface area
(cm?/mg).

The Michaelis-Menten-type carrier-mediated transport
model with a passive transport is expressed by either Eq. (1)
or Eq. (2) as follows:

P = Jpal(K,, + O) + Py’ (1
P =P'I(1 + CIK,) + P’ )
where P’ is the aforementioned permeability—surface area
product, C is the concentration, and J,..,.,’, X,,,, P,’, and P’
are the maximal transport velocity, the Michaelis constant,

the passive transport coefficient, and the carrier-mediated
transport coefficient (=J,,,,'/K,,), respectively. Equations
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(1) and (2) were fitted to P'-C profiles separately to estimate
Jmax's Km» Pn', and P.', using a nonlinear regression pro-
gram, NONLIN.

Protein Determination

Protein content was determined with a Bio-Rad protein
assay kit (Bio-Rad Laboratories, Richmond, CA) with bo-
vine serum albumin as the standard. The protein concentra-
tion in the 5% homogenate was 4.3 and 5.2 mg/mL, respec-
tively, for rat and rabbit. The yield of brush border mem-
brane vesicles was 23 and 20 mg/preparation, respectively,
for rat and rabbit.

Verification of Brush Border Membrane Vesicles

Alkaline phosphatase activity was determined with p-ni-
trophenylphosphate as the substrate. A diluted vesicle or
homogenate sample, 0.2 mL, was mixed with 0.7 mL of a
solution, consisting of 7.1 mM MgCl,, 0.36 mM CaCl,, 0.3
mM ZnCl,, and 71 mM Tris/maleate (pH 9.0), and 0.1 mL of
50 mM p-nitrophenylphosphate, and incubated at 37°C for 15
min. The reaction was stopped by the addition of 3 mL of 1
M NaOH and released p-nitrophenol was determined spec-
trophotometrically (410 nm).

D-Glucose uptake was measured in the same manner as
described under Uptake Experiments, above. The test solu-
tion consisted of 125 mM NaCl, 50 mM mannitol, and 10 mM
Hepes/Tris (pH 7.5) and contained 0.625 mM D-glucose with
a tracer amount of *H-D-glucose, giving 100 mM/0 mM, for
outside/inside, of the initial inward Na™* gradient and 0.5
mM D-glucose in the mixture. D-Glucose was quantitated by
radioactivity determination with a liquid scintillation
counter, after adding 10 mL of scintillation cocktail (Cyto-
Scint: ICN Biomedicals Inc., Cleveland, OH) to the mem-
brane filter.

RESULTS

The activities of alkaline phosphatase, a brush border
marker enzyme, and the Na*-dependent D-glucose uptake,
a marker of transport function, were measured to verify the
enrichment and transport capacity of the brush border mem-
brane vesicle preparations (25). The Na™-dependent D-glu-
cose transport system is located only at the brush border
membrane, and D-glucose uptake by the brush border mem-
brane vesicles also shows overshoot, i.e., the initial and tem-
porary accumulation over the equilibrium uptake, in the
presence of Na™.

Alkaline phosphatase activity was enriched in the brush
border membrane vesicle preparation compared with the
starting 5% homogenate as follows: for rat and rabbit, re-
spectively, the enzyme activity in the vesicles was 11 and
0.78 U/mg; that in the homogenate was 1 and 0.07 U/mg;
giving enrichment factors of 11 and 12, respectively. D-Glu-
cose uptake showed overshoot as follows: for rat and rabbit,
respectively, the maximum uptake (at 0.5 min for rat and 1
min for rabbit) was 4.3 and 13 nmol/mg, while the equilib-
rium uptake (at 60 min) was 0.53 and 1.2 nmol/mg; giving
maximum-to-equilibrium uptake ratios of 8.0 and 11, respec-
tively. These results indicate that the brush border mem-
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Fig. 1. Concentration dependency of cephradine uptake in the pres-
ence of an inward proton gradient pH 6.0/7.5 (outside/inside). Data

are represented as mean + SE (n = 3). The curves show the results
of nonlinear regression fitting.

brane vesicle preparations were well enriched and that the
transport function was intact.

The concentration dependence of cephradine uptake
was tested in the presence of an inward proton gradient, pH
6.0/7.5 (outside/inside). The cephradine uptake exhibited the
typical concentration dependency in both rat and rabbit, in-
dicating the presence of carrier-mediated transport (Fig. 1).
The faster initial uptake rate, or the larger P’, for rabbit than
rat was attributed to the larger J,,,’ for rabbit (Table I). The
effect of various compounds (10 mM) on the cephradine (1
mM) uptake was tested in the presence of an inward proton
gradient, pH 6.0/7.5 (Table II). In both rat and rabbit, ceph-
radine uptake was not inhibited by glycine and proline, but it
was significantly inhibited by other substrates of the peptide
carrier, enalapril, an ACE inhibitor, and phenylpropionyl-
proline (Phenylpropionyl-Pro), a proline derivative, which
does not have an a-amino group, as well as cephalexin and
cefadroxil, amino-B-lactam antibiotics, glycylglycine (Gly-
Gly) and glycylproline (GlyPro), dipeptides, and glycylgly-
cylproline (GlyGlyPro) and glycylglycylphenylalanine (Gly-
GlyPhe).

DISCUSSION

The Uptake Kinetics of Cephradine

For a simple and efficient divalent cation precipitation
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method, the choice of divalent cation, Ca®>* or Mg?*, has
been an issue of discussion (26); hence, we compared vesi-
cles prepared by the Ca®>* and Mg?™* precipitation methods.
For comparison, a pooled homogenate was divided into two
portions and subjected to the Ca?* or the Mg?>* methods.
Calcium vesicles showed faster initial cephradine uptake
than Mg?* vesicles by 20% in rats and 60% in rabbits. We
also observed comparable initial D-glucose uptake in Ca?™*
and Mg?™* vesicles in both rats and rabbits, contrary to the
observation in renal brush border membrane vesicles (27).
Thus, we chose the Ca?* precipitation method in this proj-
ect.

The cephradine uptake showed nonlinear kinetics and
could be described by the Michaelis-Menten-type carrier-
mediated transport model with parallel passive transport,
suggesting the contribution of carrier-mediated transport,
probably via the proton dependent peptide carriers as dis-
cussed elsewhere (13-15). This suggestion is further sup-
ported by the inhibition of cephradine uptake by dipeptides
and tripeptides. Cephradine uptake was accelerated by the
inward-directed proton gradient (Fig. 2). Inhibition of ceph-
radine uptake by other amino-B-lactam antibiotics supports
the suggestion that they generally share the peptide carrier
(7-9,17,18,23). Inhibition of cephradine uptake by enalapril
and phenylpropionylproline suggests that they also bind to
the peptide carrier, consistent with our findings in perfusion
studies that their absorption showed nonlinear kinetics and
was inhibited by peptides and amino-B-lactam antibiotics
(21,24). These results further support the suggestion that an
a-amino group is not an absolute requirement for peptide
carrier substrates, though a peptide bond-like structure
seems to be necessary (20-22,24).

The kinetic parameters for the rat vesicles are consis-
tent with those from our previous perfusion study (19) with
a similar X,, and P_.'-to-P,' ratio, suggesting a comparable
contribution of the carrier-mediated and passive transport
pathways. The rabbit vesicles exhibited a 10-fold larger
Jmax than rat vesicles but similar K,,, suggesting a similar
substrate affinity but a different number of carriers, and
hence, a quantitative advantage for transport studies in rab-
bit compared to rat vesicles.

Comparable values of K,, and J,,,,' of cephradine up-
take with those in this report were reported in intestinal
brush border membrane vesicles: 9.4 mM and 5.7
nmol/mg/min in rats (13) and 5.0 mM and 38 nmol/mg/min in
rabbits (15). Inui et al. (15) have further suggested the exis-
tence of two different transport systems, a neutral pH-
preferring system (Type I) and an acidic pH-preferring sys-
tem (Type II), but also suggested that the Type I system was

Table I. Kinetic Parameters of Cephradine Uptake®

K,
Jmax” me’ PC,Y PC’ Pl'n,’ Pm,
vesicles perfusion Vesicles  Perfusion vesicles perfusion vesicles perfusion
Animal (nmol/mg/min)  (nmol/cm*min)® (mM) (mM)? (uL/mg/min)  (uL/cm¥min)® (pL/mg/min)  (wL/cm?min)®
Rat 1.7+ 1.0 24+1.2 1611 15=%x08 1.1 £0.2 1.7 £ 0.2 0.4 = 0.1 0.5%0.2
Rabbit 20.7 = 4.6 1.9 £ 0.5 10.9 = 0.6 0804

4 Values are represented as parameter = SE.
% Data from our previous report (19), parameter = SD.
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Table II. Effect of Various Compounds on Cephradine Uptake®*
Rat Rabbit
Uptake Uptake

Compound (nmol/mg/min) % inhibited (nmol/mg/30 sec) % inhibited
None (control) 1.01 + 0.07 3.93 + 0.34
Cephalexin 0.77 = 0.09° 24 1.33 = 0.14% 66
Cefadroxil 0.82 + 0.04° 18 1.21 = 0.19? 69
Enalapril 0.38 = 0.05* 62 0.47 = 0.24* 88
Phenylpropionyl-Pro 0.63 = 0.11° 38 1.19 = 0.07* 70
GlyGly 0.27 = 0.06* 74 0.51 = 0.19* 87
GlyPro 0.82 = 0.06° 19 1.62 = 0.10* 59
GlyGlyPhe 0.59 + 0.032 42 1.32 £ 0.18* 66
TyrGlyGly 0.77 = 0.08° 24 1.63 = 0.10* 59
Glycine 1.07 = 0.02 0 3.33 = 0.03 15
Proline 1.02 = 0.05 0 3.47 = 0.11 12

¢ Values of uptake are represented as mean + SE (n = 3). The experiments were conducted at 1 mM cephradine, 10 mM test compound
and in the presence of an inward proton gradinet, pH 6.0/7.5 (outside/inside).
* Significance levels of difference against control (Student’s ¢ test) are as follows: a, P < 0.01; b, P < 0.05; ¢, P < 0.1.

the major system at pH 6.0 and the Type II system contrib-
uted minimally, consistent with our analysis assuming a sin-
gle transport system.

The carrier-mediated transport accounts for 60% (rat)
and 90% (rabbit) of the total cephradine uptake at 1 mM,
based on the estimated kinetic parameters as [J,,,'/(K,, +
O))/P'. Enalapril and glycylglycine appeared to inhibit the
carrier-mediated cephradine uptake completely in both rat
and rabbit. The complete inhibition by enalapril is reason-
able, considering its lower K,,,, 0.070 mM, compared to that
of cephradine, 1.5 mM, in our rat perfusion studies (19,21).
The smaller inhibition by other amino-f-lactam antibiotics
seems to be reasonable, since the reported K,,’s of 7.2 mM
for cephalexin and 5.9 mM for cefadroxil in our rat perfusion
study are two orders of magnitude larger than that of enal-
april and close to that of cephradine (19). Compared to the
K,,’s of cephradine in this report, the K,,’s reported for gly-

£ H 1

Time (min)
Fig. 2. pH-dependent cephradine uptake, rat (squares) and rabbit
(circles), in the presence of pH 6.0/7.5 (outside/inside) of an inward
proton gradient (filled symbols) and the absence of the proton gra-
dient, pH 7.5/7.5 (open symbols). Data are represented as mean *
SE from three preparations.

cylglycine in rabbit vesicles are lower at 0.25 and 0.43 mM,
depending on the proton gradient (1). Phenylpropionylpro-
line, K,,, = 0.045 mM, close to that of enalapril (24), showed
a larger inhibition than the amino-f-lactam antibiotics but a
smaller inhibition than enalapril in both rat and rabbit. For
glycylproline, which least inhibited the cephradine uptake in
both rat and rabbit, the highest reported K,,’s were 30.8 mM
in mouse vesicles (4) and 17.4 mM in rat vesicles (5), though
a relatively low K, of 0.9 mM is also reported in rabbit
vesicles (2). Kinetic parameters for the tripeptides are not
available. Thus the inhibition data are similar in both rat and
rabbit and appear to be reasonable, considering the reported
K,,’s and assuming a simple competitive mechanism.

Comparison Between Vesicles and Perfusion: Vesicle’s
Surface Area Estimation

Vesicles data are expressed in terms of milligrams of
membrane protein since the effective surface area for uptake
is unknown. On the other hand, perfusion data are generally
normalized by the geometrical surface area of the perfused
intestinal segment. From comparison of the Kinetic parame-
ters, J ., from vesicles to J,,,,, from perfusion, an estimate
of the equivalent surface area, S, of the brush border mem-
brane vesicles as an operational factor is 0.71 cm?mg
(1.7/2.4 from Table I). However, the geometric vesicle sur-
face area (S,) is estimated to be about 376 cm?/mg, or about
500 times larger. This estimate is based on a total vesicular
volume of 0.805 nL/mg from the equilibrium uptake of D-glu-
cose and an average diameter of 0.127 wm from electron
microscopic observation, which gives a surface area-to-
volume ratio of 4.7 x 10° cm ™' (28). The S, of 0.71 cm?*/mg
implies that vesicle uptake data gives the same flux as per-
fusion if 1 mg of membrane protein represents 0.71 cm?, or
alternatively the flux in a perfusion experiment could be pre-
dicted by simply dividing the uptake rate in vesicles by S..
The larger S, than S, values suggest a significantly smaller
flux per unit area in vesicles than in perfusion.

There are two possible explanations for the difference.
First, the surface area used in the calculation of the perme-
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ability from perfusion studies is the minimum (geometric)
estimate based on the assumption of cylindrical geometry.
The anatomical surface area could be about 30 times larger
than the cylindrical surface area, lowering the flux per unit
area estimates from the perfusion method. Second, the
transport function might be damaged in vesicles by the prep-
aration procedure. Finally, a difference in kinetic ap-
proaches, steady-state analysis in perfusion versus initial-
rate analysis in vesicles, is another significant factor. It is
possible that membrane binding could slow the initial uptake
rate and hence lead to a lower permeability compared to the
steady-state permeability measured in perfusion.

In summary, the vesicle and perfusion studies of the
peptide transport of drugs are in excellent qualitative agree-
ment. The main quantitative difference resides in the maxi-
mal transport flux. Thus vesicle systems can be used to
study mechanism and rank order drugs regarding their car-
rier transport parameters. Extrapolating the results to extent
of absorption in man requires correlation with more in vivo
systems such as the perfused intestinal segment. Future re-
search should establish a more quantitative relationship be-
tween these two approaches to studying drug absorption.
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