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The human Caco-2 cell line spontaneously differentiates in cullure to epithelial cells possessing intestinal enterocytic-like 
properties. These cells possess a proton-dependent dipeptide transport carrier that mediates the uptake of the cephalosporin 
antibiotic ccphalexin (Dantzig, A H. and Bcrgin, L. (1990) Biochim. Biophys. Acta 1027, 211-217). In the prescnt sludy, the 
uptake of cefaelor was examined and found to be sodium-independent, proton-dependent, and energy-dcpendcnt. The initial 
rate of D-[3ophenyl-3H]cefaclor uptake was measured over a wide concentration range: uptake was mediated t~y a single satmabic 
transport carrier with a K m of 7.6 mM and a V,,~,~ of 7.6 nmol/min per mg protein and by a non-saturable component. Uptake 
was inhibited by dipeptides but not amino acids. The carrier showed a preference for the L-isomer. The effect of the presence of 
a 5-fold excess of other ,8-1actam antibiotics was examined on the initial rates of 1 mM cefacior and 1 mM cephalexin uptake. 
Uptake rates were inhibited by the orally absorbed antibiotics, cefadroxil, cefaclor, loracarbef, and ,:ephradine and less so by the 
parenteral agents tested. The initial uptake rates of both D-[9-~4C]cephalexin and D-[3-phenyl-3F!i]cefaclor were competitively 
inhibited by cephalexin, ccfaclor, and Ioracarbef with K~ values of 9.2-13.2, 10.7-6.2, and 7.7-6.4 raM, respectively. Taken 
together, these data suggest that a single proton-dependent dipeptide transport carrier mediates the uptake of these orally 
absorbed antibiotics into Caco-2 cells, and provide further support for the use of Caco-2 cells as a cellular model for the study of 
the intestinal proton-dependent dipeptide transporter. 

Correspondence to: A.Ii. Danlzig, l.il!y Research Laboratories, l.illy 
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0424, USA. 
Abbreviations: amiloride, 3,5-diamino-N-(aminoiminomethyl)-6- 
chloropyrazinecarboxamide; cefaclor, 7-(D-a-amino-a-phenylacet- 
amido)-3-chloro-3-cephem-4-carboxylic acid; cephalexin, 7-(O-a- 
amino.a-phenylacelamido)-3-methyl-3-cephem-4-carboxylic acid; Io- 
racarbef, 7-(D.a-amino-a-phenylacetamido)-l-carba- l-dethia-3- 
chloro-3.cephem-4-carbo~lic acid; cefadroxil, 7.(D-a.amino.o-(p- 
hydroxyphenyl)acetamido)-3-methyl-3-cephem-4-carboxylic acid; 
cephradine, 7.(D-a.amino-a-(l,4-cyclohexadiene- l-yl)acetamido)-3- 
methyl-3-cephem-4-carboxylic acid; cephalothin, 7-(L~-2-thienylacet- 
aulido)-3-(acetyloxymethyl)-3-cephem-4-carboxylic acid; cefaman- 
dole, 7-(D-mandelamido)-3-[( l-methyl-H-tetrazoi-5-yl)-thio]methyl]- 
3ocephcmo4-carboxylic acid; cefoperazone, 7-[D(-)-a-(4-ethyl-2, 
3-dioxo-l-piperazinecarboxamido)-a-(4-hydroxyphenyl)acetamido]-3- 
[(l-methyl- 1H-tetrazol-5-yl)thiomet hyl]-3-cephem-4-carboxylic acid; 
BBMV, brush-border membrane vesicles; EBSS, Earle's balanced 
salt solution; Mes, 2.(N-morpholino)ethanesulfonic acid; FCCP, 
carbonyl cyanide p.trifluoromethoxyphenylhydrazone; ouabain, 3- 
[(6-deoxy-aq °mannopyranosyl)oxy]- 1,5,11 a, 14,19-pentahydroxycard- 
20(22)-enolide; L-Phe-Gly, L.phenylalanylglycine; Gly-D-Phe, glycyl- 
D-phenylalanine; Gly-L-Phe, glycyI-L-phenylalanine; Gly-L-Pro. glycyl- 
L-praline; L-Pro-Giy, L-prolylglycine; SITS, 4-acetamido-4'-isothio- 
cyanatostilbene-2,2'-disulfonic acid; DIDS, 4,4'-diisothiocyanatostil- 
bene-2,2'-disulfonic acid. 

Introduction 

A proton-dependent  dipeptide transport carrier, lo- 
cated in the brush-border membrane  of the small in- 
testinal enterocyte [1], is believed to be a major route 
for the intestinal assimilation of dipeptides [2-9], 
tripeptides [3,10,11], and certain hydrophilic drug pep- 
tide mimetics. Drugs taken up by the transporter in- 
clude orally absorbed //-lactam antibiotics and an- 
giotensin converting enzyme (ACE) inhibitors [12-19]. 
The properties of the peptide transporter  have been 
extensively studied in everted sacs, enteroc:,tes, and 
intestinal b rush-border  membrane  vesicles from 
chicken, rabbit, rats, hamsters, and humans [2,4- 
10,20-23]. Studies have also demonstrated the pres- 
ence of a closely related proton-dependent  dipeptide 
transport carrier in the human intestinal Caco-2 cell 
line [12]. Caco-2 cells spontaneously differentiate in 
culture to polar cells possessing microvilli and many 
enterocytic-like properties [24-26]. These cells grow as 
a monolayer forming a tight epithelium and expressing 
several of the intestinal transport carriers and pepti- 
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dases present in the small intestine [26-30]. When 
differentiated, Caco-2 cells have a proton-dependent 
dipepiide transport carrier [!2]. B-Lactam antibiotics, 
which possess certain structural features of peptides 
including a peptide bond with an a-amino group and a 
free carboxylic acid group (Fig. 1), are ideal substrates 
with which to characterize peptide transport in intact 
tissue without complications due to hydrolysis by pepti- 
dases or metabolism. Using the /3-1attain antibiotic 
cephalexin as the substrate (Fig. 1), the properties of 
the dipeptide transport carrier of Caco-2 cells were 
found to closely resemble the properties of the intesti- 
nal proton-dependent dipeptide transport carrier of 
other species. The cephalexin transport carrier exhibits 
sodium-independence, proton-dependence, energy-de- 
pendence, and a preference l'or the L-stereoisomer. 
Cephalexin uptake into Caco-2 cells is competitively 
inhibited by dipeptides and is unaffected by the pres- 
ence of amino acids. Thus, Caco-2 cells may provide a 
convenient in vitro model lbr the study of absorption 
via the proton-dependent dipeptide transport carrier in 
the small intestine. 

The present study was undertaken to evaluate the 
specificity of the proton-depcndent dipeptide transport 
carrier of Caco-2 cells for other cephalosporin antibi- 
otics. Studies were conducted with cefaclor, a close 
structural analog of cephalexin (Fig. 1), The uptake of 
cefaclor was found to be mediated by the proton-de- 
pendent dipeptide transporter. Kinetic properties of 
the transporter for cephalexin and cefaclor are com- 
parcd. 
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Fig. !. Structures of/J-lactam antibiotics used in this study. 

Methods and Materials 

Materitds. Cephalexin, cefaclor, and loracarbef were 
obtained from Eli Lilly, Indianapolis, IN. D-i9- 
14C]Cephalexin (12.25 Ci/mol) and D.[3-phenyl-~tl]- 
cefaclor (1,0 Ci/mmol) was prepared by Lilly/ 
Amcrsham, A dispersion of collagen was generous gift 
of Ethicon, Somerville, N J, Growth media and EBSS 
was purchased from Gibco, Grand Island, NY. The 
other reagents were purchased from Sigma, St. Louis, 
MO. 

Cell culture, The human adcnocarcinoma cell line 
Caco-2 was obtained from Dr. J. Fogh at the Research 
Unit of Memorial SIcan-Kettcring Cancer Center in 
Rye, NY. The cells were passaged as previously de- 
scribed [12]. For flux mea:;urements, (0.5-1.0). 105 cells 
were grown in collagen-coated multiwell dishes (24 
well) for 13-18 days and the medium was replaced 
every two to three days. The cells were mycoplasma-free 
and were used between passage aumbers 28 and 44. 

Transport measurements and calculations. Drug up- 
take was measured at 37°C using D-[9-t4C]cephalexin 
or D-[3ophenyl.3H]cefaclor employing a cluster-tray 
technique [12,31]. The flux buffer was bicarbonate-free 

EBSS containing 25 mM Mes titrated to pH 6.0 with 
KOH. The sodium-free flux buffer contained choline 
chloride in place of sodium chloride. The osmolality of 
the flux buffer was adjusted to 300 + 5 mosmol/kg 
with choline chloride. The extracellular fluid that ad- 
hered to the cells during the washing procedure was 
estimated using [3H]inulin as the marker and used to 
estimate the zero time for the determination of the 
rate of uptake. Fresh solutions of the cephalosporins, 
dipeptides, SITS, and DIDS were prepared daily. Pro- 
tein was measured by the method of Lowry et al. [32]. 

Calculations. Uptake was measured at l, 2, 3 and 4 
min. Initial uptake rates were calculated by linear 
regression from these points along wi~h the estimated 
zero time as described above. Initial rates of l mM 
drug uptake ranged from 0.7 to 2.2 nmol/min per mg 
protein for cephalexin and from 0.3 to 1.7 nmol/min 
per mg protein for l mM cefaclor depending on the lot 
of serum and collagen. Percent inhibition was calcu- 
lated based on the control uptake rate measured in 
each experiment. Alternatively, uptake was measured 
at 4 min and was corrected for trapped water. A 
general nonlinear curve-fitting procedure, a Marquardt 
algorithm (IBM Share No. 3094), was used to deter- 
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mine the kinetic parameters for the computer fitting of 
the data [33]. The uptake rates measured at 4°C were 
used in the computer fitting to estimate the Kd for the 
non-saturable component. 

Results 

Time course for cefaclor uptake into Caco-2 cells and 
effect of extracelhdar pH 

Tile accumulation of 1 mM rJ-[3-phenyl-3H]cefaclor 
into Caco-2 cells was examined over a 2-h time course 
at pH 6.0 which is within the reported pH range of 5.5 
to 6.3 present in the lumen of the small intestine 
[34,35]. As illustrated in Fig. 2, cefaclor uptake was 
much more rapid at 37°C than at 4'C. At 37°C, uptake 
of I mM cefacior was linear for the first six rain (data 
not shown) and had reached a plateau by 2 h with an 
intracellular drug concentration of 3.2 5:0.3 raM. By 
contrast the drug intracellular concentration was only 
0.5 5:0.2 mM when cells were incubated at 4°C with 1 
mM cefaclor for 2 h. When cells were incubated for 2 h 
at 37°C in buffer at pH 7.3 (close to the reported 
intracellular pH of 7.35 [36]), an intracellular concen- 
tration of only 0.5 _+ 0.1 was achieved. Unless indicated 
otherwise in the experiments described below, the ini- 
tial rates of ceiaelor uptake were measured over a 4 
min time course in sodium-free buffer pH 6.0. 

Effect of energy poisons, protonophores, and the presence 
of sodium gradient 

To ascertain whether uptake was energy-dependent, 
the effect of metabolic inhibitors and protonophores 
was examined on the initial uptake rate of l mM 
D.[3.phenyl..aH]cefaclor. As illustrated in Table l, up- 
take was inhibited significantly by 68 to ,~i% by 
oligomycin, 2,4-dinitrophenol, sodium azide, and the 
two protonophores, nigericin and FCCP. To further 
examine the role of the pH gradient across the plasma 
membrane, the intracellular pH of the cells was 
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Fig. 2. Time dependence of D-[3-phenyl-3H]cefaclor uptake into 
Caco-2 cells. Cells were incubated with l mM cefaclor for up to 2 h 
at 37°C (e) and 4°C (o) at pH 6.0 or at 37°C at pH 7.3 (A). The 

curves are representative of two independent experiments. 

TABLE I 

Effect of enet~, poisons, protonophores, and ~odium on the uptake rate 
of ! mM cefach~r 

The rate of 1 mM o-[3-phenyl-'~H]cefaclor uptake wa~ measured in 
sodium-free buffer pi t  6.0 containing choline chloride or in buffer 
pH 6.0 containing sodium chioride in place of choline chloride. Cells 
were incubated for 15 min with the indicated compound prior to 
measuring uptake. Initial uptake rates were determined in duplicate 
over a 4 rain time course. The uptake rate for untreated ceils in 
sodium-free buffer was 0.34 ± 0.04 nmol /min  pe~ mg protein (mean 
+S.E.). The res,dts are representative of two independent experi- 
ments. 

Incubation condition % Inhibition 
Oligomycin (25 p g / m l )  68 _+ I i ~ 
Sodium azide (ll) raM) 69 ± i I " 
2,4-Dinitrophenol (I).5 raM) 81 ± I 1 '' 
Nigericin (10 #g/ml) 1)4 ± I I " 
FCCP ( I~1 ,ug/ml)  77 ± ! I " 
NaCI " 5 :t: ! I ¢ 
NaCI i, plus oualmin (I raM) - 5 ± I I ~ 

" The uptake rates were analyzed by covariance and were iom)d to 
bc sitmificanlly different from unlrea:ed celb, (P  < 11.(11)5). 

" Sodium chloride containing buffer, pI! 6.0. 
¢ The uptake rates were analyzed by covariance and ~c~c fl)und nol 

to he significantly ( F =; 11.5) different from unlrcatud cells. 

clamped to pH 6.0 by incubation of the cells with 
nigericin in pH 6.|f buffer containing 91) mM KCI; the 
rate of cefaclor uptake was reduced significantly by 
41% (data not shown). To de,ermine the effect of 
sodium, tb.e uptakc of 1 mM t~-[3-phen)'l-~H]ccfaclor 
was measured in the presence of sodium; no effect was 
observed on the rate of drug uplakc. I::ur|hcrmt~rc, 
when the cells were incubated in sodium-containing 
buffet" containing I mM ouabain, an inhibitor of 
Na ',K '-ATPase, nt) signilicant effect was m~.asured on 
the rate of I mM cehtclor uptake (Table J. 

Kinetic attalysis of cefach," uptake 
The initial rate of cefaclor uptake was determined 

over the concentration range ol ! ~o 25 mM at 37°C 
and at 1, 5, and 10 mM at 4°C (Fig. 3). An Eadie- 
Hofstee plot of the data indicated the presence of a 
single transport system (inset, Fig. 3). The uptake rates 
were subsequently fitted to a single Michaelis-Menten 
term and a non-saturable term: 

v,,,Js] 
~, ' + K,dSl i I ) 

Km+ISl 

where t' is the velocity of uptake, IS] i, the substratc 
concentration, V,,,,x is the maximum turnover rate, K,, 
is the substrate concentration at which the velocity is 
half.maximal, K,i is a constant for a non-saturable 
component. The kinetic parameters for the drug trans- 
port carrier were determined to be: V,,:,~ of 7.6 :t: 0.9 
nmol/min per mg protein, K m of 7.6 +_ 1.5 raM, and 
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Fig. 3. Concentration dependence of the rate of D-[3-ph,~'nyl-3H] - 
cefaclor uptake, The initial uptake rate was measured ~)ver the 
concentration range of 1 to 25 mM at 37°C. The initial rate of drug 
uptake was also measured at I, 5, and 10 mM at 4°C. Each point is 
the mean of 4-6 points determined from two independent experi- 
ments. The curve is the computer fit of the data to the sum of one 
Michaelis.Menten term plus a non-saturable term (Eqn. I). An 
Eadie-Hofstee plot o* the uptake rates after correction for the 
non-~turable portion of uptake is shown in the inset. The line was 
drawn by the method of least squares (r 2 m 0.92). The plot indicates 
the presence of one transport system with an estimated I"m, x of 7.1 

nmol/min per mg protein and Kr, of 6.2 raM. 

for the non-saturable component, the K d w a s  esti- 
mated to be 0.09 + 0.02 nmol/min per mg protein per 
mM. 

Effect of amino acids and dipeptides on cefaclor uptake 
To examine the properties of the transport carrier 

for cefaclor, the effect of addition of dipeptides, amino 
acids, organic anions and SITS and DIDS was exam- 
ined on the uptake of 1 mM D-[3.phenyl.aH]cefaclor. 
Table II summarizes the results. Uptake was inhibited 
significantly by the presence of I or 10 mM concentra- 
tions of neutral dipeptides but not by the presence of 
10 mM amino acids, 1 mM SITS, or 1 mM DIDS. 
Cefaclor uptake was inhibited to a greater extent by 
the presence of the L-isomer than the o-isomer of the 
dipeptide, Gly-Phe; a 10-fold higher concentration of 
Gly-o-Phe than Gly-t.-Phe was required to achieve 
roughly 50% inhibition. The renal organic anion trans- 
porter has also been reported to take up dipeptides 
and cephalosporins [37]. Two substrates, p-aminohip- 
puric acid and furosemide, and two inhibitors, SITS 
and DIDS, of the renal organic anion transporter were 
without affect on the uptake of 1 mM cefaclor (Table 
!1). 

Effect of cephalosporins on cefaclor and cephalmTn up- 
take 

Next, the effect of the presence of other/3-1actam 
antibiotics on drug uptake via the dipeptide transport 
carrier was examined. The initial rate of 1 mM D-[3- 
pheny/-3Hkefacior or 1 mM D-[9-n4C]cephalexin up- 

TABLE I! 

Effect of dipeptides, amino acids, organic anions, SITS and DIDS on 
the uptake of I mM cefaclor 

Uptake of 1 mM D-[3-pkenyl-3H]cefaclor was measured in the pres- 
ence of the indicated compound for 4 rain in triplicate. The control 
uptake rate was 1.47+0.10 nmol/min per mg protein. The results 
are representative of two independent experiments. 

Compound Concn. (mM) % Inhibition 

Dipeptides 
Giy-L-Pro 
Gly-L-Phe 

Giy-D-Phe 

L-Phe-Gly 
Carnosine 

10 71 ± 1 a 
10 72± 1 a 

1 54 :t: 1 a 
10 53±3 a 

1 16=. ! a 
10 58~:4 a 
10 46±3 a 

Amino acids 
Givcine 10 - 8 + 3 
L.-Proline 10 - 5 :t: 6 
L-Phenylalanine 10 I 1:1:7 

Organic anions 
p-Aminohippuric acid I - 2 ± 4 
Furosemide 1 15 ± 3 b 

Inhibitors 
SITS 1 - 5 :L 5 
DIDS 1 1 ± 3 

a Significantly different from the control (P  < 0.005) by Student's 
t-test. 

b Significantly different from the control (P  = 0.02) by Student's 
t-test. 

TABLE !!! 

Effect of 13-1actam antibiotics on the uptake rau, of ! m M  cefaclor 

The uptake rate of ! m M  n.[3.phenyl. ~lt]cefaclor was measured in 
duplicate in the absence and presence of 5 mM of each compound in 
sodium-free buffer. The control uptake rate was 0.7 nmel/min per 
mg protein. The percent inhibition by each compound was normal.. 
ized to that of ~; mM Gly-L-Pro which was 52+ 11% (mean+S.E,). 
Inhibition by t~e dipeptide, Gly-L-Pro, represents the contribution 
due to the carrier-mediated pathway under these assay conditions. 
The results are representative of two independent experiments. 

Compound (5 raM) % Inhibition 

Orally absorbed 
Cephalexin 33 + ! 1 a 
Cefaclor 47 + 11 a 
Cephradine 66 + 11 a 
Loracarbef 50 + 1 ! a 
Cefadroxil 82 + 11 a 

Parenterai 
Cephalothin 17 + 11 b 
Cefamandole 30 + 11 a 

a The uptake rate was significantly different (P < 0.05) than the 
control when analyzed by covariance. 

b The uptake rate was not significantly different than the control 
(P  > 0.5). 



TABLE IV 

Effect of B-lactam atuihiotics on the uptake rate of I mM cephalexin 

The uptake rate of I mM D-[9-14Clcephaiexin was measured in the 
absence and presence of 5 mM of each compound in sodium-free 
buffer. The control uptake rate varied between 0.9-1.7 nmol/nfin 
per mg protein. The percent inhibition by each compound was 
normalized to that of 5 mM Gly-L-Pro which was 62 + 4% (mean + 
S.D.). Inhibition by the dipeptide, Gly-L-Pro, represents the contri- 
I'~ution due to the carrier-mediaied pathway under these assay condi- 
tions. 

Compound (5 mM) % Inhibition 

Orally absorbed 
Cephalexin 48:1:3" 
Cefaclor 58 _+ 3" 
Cephradine 51 ± 3 "  
I.x~racarhef 53 5:3 " 
Cefadroxil 70 ± fl " 

Parenteral 
Cephalothin 8 :t: 8 i, 
Cefilmandole 17 _:t: 3 h 
Cefl)perazone 9 ~: 4 i, 

" Values represent the nlcans 5:: S.D. of 3-5 independent determina- 
lions. Data are significantly different (P  < 0.1)5) than the control 
when analyzed by Student's t-test. 

h Values represent the means+ range o|  two independent determi- 
nations. 

take was measured in the presence and absence of 5 
mM of several /3-1actam antibiotic,~. The results are 
summarized in Tables 111 and IV; the structures of 
these antibiotics are shown in Fig. 1. The uptake rates 
of both cefacior and cephalexin were significantly in- 
hibited by 33 to 70% in the presence of the orally 
absorbed /~-lactam antibiotics, cephalexin, cefaclor, 
cephradine, Ioracarbef, and cefadroxii. The uptake rate 

/ [Cefaclor] 

1.0 

0.5 

i 

- 1 5 - 1 0  - 5  0 5 10 15 20 25 
[Loracarbeq, mM 

Fig. 4. Dixon-Webb plot of the rate of D-|3-phenyi-'~H]cefaclor up- 
take in the presence of Ioracarbef. Initial rates of drug uptake were 
measured at I and 3 mM cefaclor in the presence of increasing 
concentrations of Ioracarbef. The units on the ordinate are nmol/min 
per mg protein. Each point represents the average of duplicate 
values. Values were not corrected for diffusion. The plot is represen- 
tative of two independent experiments. Lines were drawn by linear 
regression of the points for each drug concentration. The K i was 

determined from the intersection of the two lines. 
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TABLE V 

Affinity of the transport carrier fi~r seh,cted fl-lactam antihiotics, 
cephak,xin, cefaclol; and Ioracarbef 

Initial uptake rates of D-t9-t4Clcephalexin or o-[3-pheto,l. 3H]cefacior 
were measured at l and 3 mM in the presence of increasing concen- 
trations of cefaclor, cephalexin, or Ioracarbef. The K i was deter- 
mined from a Dixon-Webb plot as described in Fig 4. 

/3-Lactam competitor K i (raM) 

cephalexin cefilclor 

Cephalexin 9.2 13.2 
Cefaclor 10.7 6.2 
Loracarbef 7.7 6.4 

of cefaclor was inhibited 30% by the presence of 
cefamandole and not significantly by the presence of 
another parentcrai agent, cephalothin (Table Iil); the 
uptake rate of cephalexin was not affected by the 
presence of three parenteral agents examined, 
cephaiothin, cefamandole, and cefoperazone (Table 
IV). 

Competition by fl-lactams for cefaclor and cephalexhl 
uptake 

The affinity of the transport carrier for cephalexin, 
cefaclor, and Ioracarbef wa,; determined. The initial 
uptake rates of D-[3-phenyi-3H]cefaclor and D-[9- 
14C]cephalexin were measured at 1 mM and 3 mM in 
the presence of increasing concentrations of the indi- 
cated fl-lactam antibiotic. The data were analyzed by a 
Dixon-Webb plot as illustrated in Fig. 4 fo:' the inhibi- 
tion of t~-[3-phenyl-'~H]cefaclor uptake by Ioracarbef. 
All three /3-1actams showed competitive inhibition of 
both substrates. The K i values are summarized in 
Table V. 

Discussion 

The present study demonstrates that the uptake of 
the cephalosporin antibiotic, cefaclor, is mediated by a 
proton-dependent dipeptide transport carrier in Caco-2 
cells. The properties of the transport carrier are consis- 
tent with that of the intestinal transporter responsible 
for the uptake of dipeptidcs, tripeptides, and orally 
absorbed cephalosporin antibiotics [1]: (a) Cefaclor up- 
take is sodium-independent, energy- and proton-de- 
pendent [2,4-9,13,14,16,21-23,38,39]. Previous studies 
conducted with rabbit intestinal brush-border mem- 
brane vesicles indicate that the rate of 1 mM cefaclor 
uptake is stimulated markedly by an inward directed 
proton-gradient which results in drug accumulation 
against a concentration gradient [14]. (b) Drug uptake 
can be inhibited by dipeptides and not by amino acids 
or inhibitors of renal organic anion transporter 
[3,22,40]. This is consistent with a H +-cefacior cotrans- 
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porter that also transports dipeptides an,..', not amino 
acids. (c) Greater inhibii:.~n of cefaclor uptake was 
observed in the presence of the ~ipeptide, Gly-L-Phe 
than Gly-D-Phe, indicating a preference for the L-stere- 
oisomer [6]. (d) The kinetic parameters for cefaclor 
uptake via the transporter are: K m of 7.6 mM and Vm,,~ 
of 7.6 nmol/min per mg protein. The affinity of the 
transporter compares favorably with the reported K m 

of 3.0 and 16.1 mM for the rat cefaclor transporter 
examined, respectively, in intestinal brush-border 
membrane vesicles and in situ [41,42]. Thus, these 
properties ~f the cefaclor transport carrier in Caco-2 
cells agree favorably with the properties described for 
the intestinal proton-dependent dipeptide transport 
carrier of other species. 

The absorption of peptides and certain oral 
cephalosporin antibiotics including cefaclor has been 
proposed to be mediated by multiple transport carriers 
located in the intestine and the kidney [2,11,12,15,37, 
43-.45]. in studies conducted with rat intestinal brush- 
border membrane vesicles, the uptake of 0.5 mM cefa- 
clot was estimated to be mediated by two distinct 
transporters, a proton-dependent transport mechanism 
(responsible for only 34% of the drug's uptake) and a 
proton-independent transport mechanism (accounting 
for 54%7; the remainder was due to diffusion [l 1]. By 
contrast, studies conducted with rabbit intestinal 
brush-border membrane vesicles indicate that approxi- 
mately 70-75% of 1 mM cefaclor uptake was mediated 
by a proton-dependent transport mechanism [14]. Pre- 
vious studies from our laboratory indicate that differ- 
ent dipeptide transport carriers are responsible for the 
uptake of cephalexin in the two intestinal cell lines, 
HT-29-AI and Caco-2. The HT-29-Ai cell line appears 
to possess an energy-independent dipeptide trans- 
porter that takes up cephalexin [46]: whereas, the 
Caeo-2 cell line possesses a single proton- and energy- 
dependent dipeptide transport carrier for cephalexin 
uptake [12], Moreover, the transport of dipeptides is 
mediated by two independent proton-dependent 
dipeptide transport systems with different affinities in 
rat renal brush-border membrane vesicles [45]. 

Although there have been no reports of multiple 
proton-dependent dipeptide transport carriers in the 
intestine, the present study investigates the possibility 
that the uptake of cefacior and cephalexin may be 
mediated by distinct transport carriers in Caco-2 cells. 
The results indicate that the uptake of both cephalexin 
and cefaclor is mediated by a single, shared proton-de- 
pendent dipeptide transport system. Cat Both drugs are 
taken up by sodium-independent, proton- and energy- 
dependent transport carrier [12]. (b) The uptake of 
both antibiotics was significantly inhibited by the pres- 
ence of a 5-fold excess of orally absorbed /3-1ac~am 
antibiotics including cephalexin, cefaclor, cephradine, 
Ioracarbef. and cefadroxil and inhibited less well or not 

all by the parenteral fl-lactam antibiotics tested. (c) 
Kinetic analysis of the rate of cefaclor uptake over the 
concentration range of l to 25 mM indicated the 
presence of a single transport carrier (Fig. 37 and that 
this transport system is responsible for approx. 90% of 
the uptake rate of 1 mM cefaclor. Previous studies 
examining the uptake of cephalexin over the same 
concentration range also indicated that a single trans- 
port system was responsible for cephalexin uptake [12]. 
(d) Both cefaclor and cephalexin competitively inhib- 
ited the uptake of the other, indicating a common 
transport mechanism. (e) The K~ values for eefaclor 
and cephalexin were determined to be very. close to the 
calculated K,, values from the kinetic analysis of their 
respective drug uptake, if one transport system is re- 
sponsible tor drug uptake, the affinity of the trans- 
porter for the drug should be the same whether uptake 
was measured directly or indirectly as a competitor for 
the uptake of the another substrate of the transport 
carrier [47]. Thus, the affinity of the transporter for 
cefaclor was determined to be 10.7 mM when mea- 
sured as a K i and was determined to be 7.6 mM when 
determined as the K,, value from the kinetic analysis 
of cefaclor uptake. Similarly, the affinity of the trans- 
porter for cephalexin was determined to be 13.2 mM as 
the K~, which agrees favorably with the previously 
reported K,, of 7.5 mM [12]. if more than one trans- 
port system exists in these cells and if tile putative 
Iransporters h~ive different affinities for these two drugs 
(as has been demonstrated for tl~c uptake of dipeptides 
in tile brush-border of the kidney [45]). then the K i 
values and the K m values would not be expected to be 
in such good agreement, if) When drug uptake was 
measured in the presence of a third /3-1actam antibi- 
otic. Ioracarbef, the uptake rates of both cefaclor and 
cephalexin were competitively inhibited, in addition, 
the affinity of the cefaclor and cephalexin transporter 
for loracarbef (measured as a K~) were in close agree- 
ment, respectively, 6.4 and 7.7 mM. Taken together, 
these data indicate that cefaclor and cephalexin share 
a single proton-dependent transport system for uptake 
into Caco-2 cells [12]. No kinetic evidence could be 
found to support :.he presence of a second saturable 
transport system, contributing significantly to the up- 
take of either of these two drugs at pH 6.0 in Caco-2 
cells. Cephalexin and cefaclor have been proposed to 
be taken up by a common proton-dependent dipeptide 
transport carrier in the intestine of rabbits [14]. 

The Caco-2 cell line can be grown as a tight epithe- 
lium on permeable membrane supports to examine the 
vectorial flux of substrates across the intact epithelium 
[30,48-52]. Recently, the permeability of the Caco-2 
monolayer for a series of small peptides and the tripep- 
tide, thyrotropin-releasing hormone (a substrate of the 
a rat intestinal peptide transporter [19]) and analogs 
was reported, in these studies, no detectable flux of 



any of these compounds across the monolayer was 
mediated by the dipeptide transporter when the cell 
monolayers were incubated in pH 7.4 buffer [53,54]. 
These findings are consistent with the peptide trans- 
port carrier requiring a proton-gradient across the lu- 
menal cellular membrane of the Caco-2 cell as demon- 
strated for the uptake of both cefaclor and cephalexin 
[12]. When evaluating potential substrates of proton- 
dependent transport mechanisms, incubation condi- 
tions should be used that fall within the (acidic) pH 
range of the small intestine. One advantage of the 
intestinal Caco-2 cells is that the cells remain viable 
under these acidic conditions and incubation condi- 
tions may be easily manipula,ed. Thus, Caco-2 cells 
provide a convenient in vitro intestinal epidlelial model 
for examination of the absorption of solutes. 
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