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transport of these drugs were investigated in Caco-2 cellCarrier-Mediated Transport of
monolayers.

Macrolide Antimicrobial Agents
Across Caco-2 Cell Monolayers MATERIALS AND METHODS

Materials

Hidetaka Saito,1,3 Yoshiki Fukasawa,1 Dulbecco’s modified Eagle medium (DMEM), non-essen-
Yoko Otsubo,1 Kenji Yamada,1 Hitoshi Sezaki,2 tial amino acids (NEAA), fetal bovine serum (FBS), L-gluta-

mine (200 mM), trypsin (0.25%)-EDTA (1 mM), and antibiotic-and Shinji Yamashita2

antimycotic mixture (10000 U/ml penicillin G, 10000 m g/ml
streptomycin sulfate and 25 mg/ml amphotericin B in 0.85%

Received December 24, 2000; accepted February 29, 2000 saline) were purchased from Life Technologies, Inc., Rockville,
MD, USA. [14C]-CAM and [14C]-EM were purchased fromKEY WORDS: Caco-2 monolayers; P-glycoprotein; in vitro drug

permeability; clarithromycin; erythromycin; macrolide; verapamil. Daiichi Pure Chemicals Co.,Ltd. and American Radiolabeled
Chemicals, Inc., respectively. All other reagents used were of
the highest purity.INTRODUCTION

Erythromycin (EM) is known to be poorly absorbed from Preparation of Caco-2 Monolayer
the gastrointestinal tract after oral administration due to exten-
sive hydrolysis in the stomach under acidic conditions (1). Caco-2 cells (American Type Culture Collection, Rock-

ville, MD) were seeded on polycarbonate filters (0.3 mm pores,Clarithromycin (CAM) was synthesized in order to overcome
this disadvantage of EM, as a new 14-membered macrolide 4.71 cm2 growth area) inside Transwell cell culture chambers

(Coaster, Cambrige, MA) at a density of 2 3 105 cells/filter.antibiotic in which the hydroxy group of EM is methylated at
the C6 position of the lactone ring (2). CAM is very stable in The cells were grown in DMEM supplemented with 10% FBS,

1% L-glutamine, 1% NEAA, and 5% antibiotic-amimycoticacidic solution (3), well absorbed after oral administration and
is distributed to various tissues in animals at significantly higher solution at 378C in a humidified air-5% CO2 atmosphere (11).

The culture medium (1.5 ml in the insert and 2.6 ml in the well)levels than EM. Moreover, CAM has excellent clinical efficacy
and is now in widespread clinical use (4). was first replaced after 72 hour and every 48 hour thereafter. The

transport studies were conducted with the monolayers betweenRecent studies of drug absorption from the gastrointestinal
tract have suggested P-glycoprotein (P-gp) acts as an intestinal 15 to 20 days in culture. Cell passage number were between

40 to 48.excretion system, and that it might reduce the oral absorption
of various hydrophobic compounds (5). In addition, some sub-
strates of P-gp are substrates of P-450 (CYP3A4) simultane- Transport Studies
ously (6), and first-pass metabolism in intestinal cells also limits

The transport experiments were performed in Hank’s bal-their bioavailability. Since EM and CAM are substrates of
anced salts solution (HBSS) using Transwell cell culture cham-CYP3A4 (7,8), and EM and CAM also inhibit P-gp in liver
bers. Initially, the Caco-2 cell monolayers were pre-incubatedand kidney, it is presumed these systems are involved in the
for 20 min at 378C in HBSS. Then, new prewarmed HBSSprocess of absorption from the GI tract of both drugs affecting
containing a radioactive compound, [14C]-CAM or [14C]-EM,their oral bioavailability.
was applied to either the apical (1.5 ml) or the basal (2.6 ml)The use of the transformed human intestinal cell line,
side of Caco-2 cell monolayers and drug-free HBSS was appliedCaco-2, as a model of small intestinal cell absorption has been
to the opposite side. In the inhibition study, verapamil wasproposed by several investigators. Although Caco-2 cells
added to either the apical or the basal side at a concentrationexpress P-gp on their apical (brush-border) membrane (9), they
of 0.5 mM (12). Aliquots of samples (0.1 ml) were taken fromappear to express insignificant levels of drug metabolizing
the apical or the basal side every 10 minutes for 1 hour andenzymes of the cytochrome P450 class, which are found at
were replaced with equal volumes of drug-free HBSS. Thehigh levels in the human intestine (10). This functional feature
apical-to-basal or basal-to-apical permeability of each drug wasof Caco-2 cells might permit evaluation of the effect of P-gp
calculated from its flux rate estimated as the rate of increaseon the intestinal absorption of CAM and EM, without any
in the basal or apical concentration.effects by CYP3A4 metabolism.

In this study, we focused on the mechanisms of membrane
Drug Accumulation in Caco-2 Cellstransport of EM and CAM. The effects of drug concentration

and P-gp inhibitors on the apical-to-basal and basal-to-apical After the transport experiment, the Caco-2 monolayer was
rinsed with ice-cold saline solution, blotted gently to remove
residual water, and then scraped off to be dissolved overnight
with 1N NaOH. The accumulated amount of drugs in Caco-21 Taisho Pharmaceutical Co., Ltd., Yoshino-cho 1-chome, Ohmiya-shi,
cells was calculated from the radioactivity in the dissolvedSaitama, 330-8530 Japan.
tissue sample and expressed as nmol/mg protein. The amount2 Faculty of Pharmaceutical Sciences, Setsunan University, 45-1
of total protein in each sample was determined by the methodNagaotoge-cho, Hirakata, Osaka 573-0101 Japan.

3 To whom correspondence should be addressed. of Lowry et al. (13).
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Analytical Methods was 0.5 mM. The a → b and b → a transport rates of CAM
were both faster than those of EM. In the case of CAM, a →

The radioactivity of the samples was determined by liquid b flux was greater than b → a flux at this concentration. On
scintillation counter (LS6000TA, Beckman Instruments, Inc., the other hand, b → a transport of EM was much faster than
CA). a → b transport, suggesting the involvement of efflux systems

in its transport from the basal to apical direction.
Kinetic Analysis of Drug Transport Across Cell The effects of verapamil, a typical inhibitor of P-gp efflux
Membranes pump, on a → b and b → a permeability of CAM and EM are

shown in Fig. 2. In the case of EM, verapamil markedlyKinetic parameters for drug transport across Caco-2 cell
increased a → b permeability and reduced b → a permeability,membranes were estimated according to the following equation,
regardless of the side to which it was added. Verapamil alsobased on the drug concentration in Caco-2 cells.
significantly increased the a → b permeability of CAM, but its

Jca or Jcb 5 Jmax ? Ccell /(Km 1 Ccell) 1 Pdif ? Ccell (1) effect on b → a permeability was not clear. When cyclosporin
A was used as the inhibitor instead of verapamil, almost thewhere Jca and Jcb are the cell-to-apical and cell-to-basal rate of
same results were obtained (data not shown). The b → a perme-flux of drugs (n mol/cm2/min), respectively, Ccell is the drug
ability of CAM increased significantly only when verapamilconcentration in the Caco-2 cell (n mol/mg protein), Km is the
was added to the basal side.Michaelis constant (n mol/mg protein), Jmax is the maximum

The permeability coefficients for both a → b and b → aflux rate (n mol/cm2/min), and Pdif is the nonspecific efflux
directions were determined at six different concentration ofclearance (mg protein/cm2/min). Assuming the paracellular
CAM and EM (Fig. 3). For both drugs, b → a permeabilitytransport of both drugs is negligible due to their large molecular
decreased with increasing drug concentration on the donorweight (733.94 and 747.96 for EM and CAM, respectively),
(basal) side. At low concentrations, the b → a permeabilitythe transmural flux rate is identical to the flux rate across the
of CAM was significantly higher than a → b permeability,cell membrane, i.e.,
suggesting that efflux systems, probably P-gp, participated in

Jab 5 Jcb and Jba 5 Jcb (2) the transport of not only EM but also CAM. The a → b perme-
ability of EM increased slightly with increasing concentrations

where Jab and Jba are the apical-to-basal and basal-to-apical flux of EM, whereas that of CAM peaked at 0.05 mM concentration,
rates, respectively. Then, Eq. (1) was fitted to the data sets sharply decreased, and then became constant in the range of
(transmural flux rate and concentration in Caco-2 cells) by an higher concentrations.
iterative nonlinear least-squares method using a MULTI pro- Figure 4 shows the relationship between drug concentra-
gram (14) to obtain kinetic parameters for the cell-to-apical or tion added to the apical or basal side and the steady-state
cell-to-basal flux of each drug. accumulation of drugs into Caco-2 cells, which was standard-

ized to the initially applied drug concentration and represented
RESULTS as n mol/mg protein/mM. The cellular accumulation of CAM

was markedly higher than that of EM regardless of the side ofFigure 1 shows the time course of apical-to-basal (a →
drug application, and increased with increasing drug concentra-b) and basal-to-apical (b → a) transport of CAM and EM across
tion in the range of 0.01 to 0.25 mM. EM exhibited nearlyCaco-2 monolayers. The initial concentration of drugs applied
constant accumulation at all concentrations tested. Cellular
accumulation of CAM from the apical side was about twice
that from the basal side. In contrast, EM exhibited higher accu-
mulation from basal solution.

The a → b and b → a transport rates of both drugs were
plotted against their accumulated amount Caco-2 cells (Fig. 5).
This figure enables characterization of the transport of drugs
across apical and basal membranes of Caco-2 cells, individually.
For both drugs, cell-to-apical transport exhibited clear saturation
against cellular concentration, indicating the involvment of a
carrier-mediated process. A saturable process was also detected
in the cell-to-basal transport of CAM across the basal mem-
brane, but that of EM was non-saturable. Kinetic analysis based
on the Michaelis-Menten equation revealed that both drugs
possess Km and Jmax values similar to those of the efflux
system at the apical membrane (Table 1). The affinity of CAM
for the saturable process in cell-to-basal transport was lower
(thus the higher value of Km) than that for the process in cell-
to-apical transport.

DISCUSSION
Fig. 1. Transport of CAM and EM across Caco-2 monolayers. CAM

Concerning transport of EM across Caco-2 monolayers,or EM was added to apical or basal side of Caco-2 monolayers at an
all results presented here clearly indicate EM is effluxed by P-initial concentration of 0.5 mM. Each point represents the mean 6

S.E. of at least three experiments. gp from the inside of the cell to the apical solution. The effect
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Fig. 2. Effect of P-glycoprotein inhibitor (verapamil) on the permeability of CAM and EM to
Caco-2 monolayers. CAM or EM was added to apical or basal side of Caco-2 monolayers at an
initial concentration of 0.5 mM with or without verapamil. Initial concentration of verapamil
applied was 0.5 mM. Each bar represents the mean 6 S.E. of at least three experiments. Significant
differences are *: P , 0.05 and **: P , 0.01.

of verapamil on the transport of EM (Fig. 2) was characterized In contrast, the mechanisms of transport of CAM in Caco-
2 monolayers appear to be more complicated. In Fig. 5, aby a typical pattern of P-gp-mediated transport (15). The satura-

ble fraction detected in the cell-to-apical transport of EM (Fig. saturable fraction was detected in cell-to-apical transport of
CAM with kinetic parameters (Km, Jmax) similar to those of5) appeared to represent the fraction of active efflux by P-gp

at the brush-border membrane. The partition coefficient of EM EM. This finding indicates the efflux of CAM across the brush-
border membrane is also promoted by the P-gp active effluxmeasured in an n-octanol/transport medium (pH 7.4) system

was 12.7, and thus logD was 1.1. EM thus appeared to exhibit system. This result is consistent with the report that CAM
inhibited the P-gp-mediated tubular secretion of digoxin (17).fairly high permeability through the intestinal membrane via a

simple diffusion mechanism. In fact, as shown in Fig. 2, the However, even in the presence of P-gp, CAM exhibited
high permeability to Caco-2 monolayers in both directions (13.2a → b permeability of EM after inhibition of P-gp is high enough

(about 4.2 cm/sec x 1026) to assume good oral absorption in cm/sec 3 1026 for a → b and 9.5 cm/sec 3 1026 for b → a),
indicating good oral absorption in humans. This might havehumans (16). The very low permeability of EM in the absorptive

(a → b) direction in Caco-2 monolayers was thus largely due been due to CAM having a higher partition coefficient (logD
to active efflux by P-gp, which might account in part for the
low bioavailability of EM after oral administration.

Fig. 4. Concentration-dependence of CAM and EM accumulation in
Fig. 3. Concentration-dependence of CAM and EM permeability Caco-2 cells. Steady-state accumulation of CAM and EM into Caco-

2 cells was measured after finishing the transport experiments. Cellularacross Caco-2 monolayers. CAM or EM was added to apical or basal
side of Caco-2 monolayers at various concentrations. Initial concentra- accumulation was standardized to the initially applied drug concentra-

tion and represented as n mol/mg protein/mM. Each point representstion of verapamil applied was 0.5 mM. Each point represents the mean
6 S.E. of at least three experiments. the mean 6 S.E. of at least three experiments.
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Fig. 5. Accumulation-dependence of CAM and EM transport across Caco-2 monolayers. Transport rates of CAM and EM were plotted
against their accumulated amount in Caco-2 cells. The line in each figure demonstrates the theoretical correlation obtained by the nonlinear
least-squares fitting based on the Michaelis–Menten equation. Each point represents the mean 6 S.E. of at least three experiments.

5 1.8) than EM. When CAM was applied to the apical side In addition to the high partition of CAM to the cellular
of the monolayer, its influx into cells across the brush-border membrane, some of our findings suggest the possibility that
membrane should have been faster than the capacity of active transporters other than P-gp participate in the transport of CAM
efflux by P-gp, resulting in high permeability in the a → b across Caco-2 monolayers. In particular, the concentration-
direction. The finding of very high cellular accumulation of dependent pattern of a → b permeability of CAM (Fig. 3),
CAM compared with that of EM (Fig. 4) also indicates a high which peaked at 0.05 mM, appeared to be similar to that demon-
rate of influx of CAM into cells from both apical and basal strated for azasetron absorption from rat intestinal loop (18)
solutions. In the case of EM, the rate of influx across the brush- where at least two nonlinear events are suggested to be involved
border membrane was low and a large portion of the influxed in the intestinal absorption of azasetron. If this is also the case
EM could be effluxed again promptly by P-gp. This resulted for CAM transport, the increase in a → b permeability observed
in the low permeability of EM in the a → b direction, although at lower concentration corresponds to the saturation of P-gp
the affinity of EM for P-gp is almost the same as with that efflux. At a higher concentration, a transporter of CAM in the
of CAM.

absorptive direction was saturated, decreasing a → b permeabil-
ity. The saturated fraction detected in the cell-to-basal transport
of CAM (Fig. 5), and the enhanced b → a permeability of

Table 1. Kinetic Parameters of CAM and EM Transport Based on the CAM by verapamil (Fig. 2) might relate to transporters other
Cellular Concentration of Drugs

than P-gp. However, we have at present no further evidence to
support this hypothesis. Identification of the absorptive trans-Apical to Basal Basal to Apical
porter of CAM in Caco-2 cells is now proceeding.

CAM EM CAM EM
In conclusion, we have demonstrated both EM and CAM

Km 5.23 2 1.26 0.645 are substrates of P-gp, and that both are actively effluxed in
Jmax 1.03 2 1.75 1.40 cell-to-apical direction in Caco-2 monolayers. In the presence
Pdif 0.07 0.27 0.15 0.30 of P-gp, CAM exhibited high permeability in the absorptive

direction due to the high partition to the cell membrane whichNote. Parameters were determined by Damping Gauss-Newton analysis
saturated the active efflux system. In addition, multiple trans-according to equation (1) in the text. Parameters were expressed as
porter mechanisms appeared to participate in the transmuralfollows: Km (nmol/mg protein), Jmax (nmol/cm2/sec/1023), Pdif (mg

protein/cm2/sec/1023). transport of CAM.



Transport Mechanisms of Macrolide Antimicrobial Agents 765

resistance to mitoxantrone and adriamycin in Caco-2 human colonREFERENCES
adenocarcinoma cells: A possible role for glutathione S-trans-
ferases. Cancer. Res. 52:1886–1890 (1992).

1. A. Somogyi, F. Bochner, D. Hetzel, and D. B. Williams. Evalua- 10. C. L. Crespi, B. W. Penman, and M. Hu. Development of Caco-
tion of the intestinal absorption of erythromycin in man: absolute 2 cells expressing high levels of cDNA-derived cytochrome
bioavailability and comparison with enteric coated erythromycin. P4503A4. Pharm. Res. 13:1635–1641 (1996).
Pharm. Res. 12:149–154 (1995). 11. S. Yamashita, Y. Tanaka, Y. Endoh, Y. Taki, T. Sakane, T. Nadai,

2. S. Morimoto, Y. Misawa, T. Asaka, H. Kondoh, and Y. Watanabe. and H. Sezaki. Analysis of drug permeation across Caco-2 mono-
Chemical modification of erythromycins. VI. Structure and anti- layer: implication for predicting in vivo drug absorption. Pharm.
bacterial activity of acid degradation products of 6-O-methyler- Res. 14:486–491 (1997).
ythromycins A. J. Antibiot (Tokyo) 43:570–573 (1990). 12. J. Karlsson, S. M. Kuo, J. Ziemniak, and P. Artursson. Transport

3. Y. Nakagawa, S. Tai, T. Oshida, and T. Nagai. Physicochemical of celiprolol across human intestinal epithelial (Caco-2) cells:
properties and stability in the acidic solution of a new macrolide Mediation of secretion by multiple transporters including P-glyco-
antibiotic, clarithromycin, in comparison with erythromycin. protein. Br. J. Pharmacol. 110:1009–1016 (1993).
Chem. Pharm. Bull (Tokyo) 40:725–728 (1992). 13. Lowry, N.J. Rosebrough, A. L. Farr, and R. J. Randall. Protein

4. N. Nohara, O. Akagi, and A. Ohara. Comparative double-blind measurment with the folin phenol reagent. J. Biol. Chem.
clinical trial on TE-031 (A-56268) and erythromycin in superficial 193:265–275 (1951).
suppurative skin and soft tissue infections. Chemotherapy 14. K. Yamaoka, Y. Tanigawara, T. Nakagawa, and T. Uno. A pharma-
37:172–199 (1989). cokinetic analysis program (multi) for microcomputer. J. Pharma-

5. H. Saitoh and B. J. Aungst. Possible involvement of multiple P- cobiodyn. 4:879–885 (1981).
glycoprotein-mediated efflux systems in the transport of verapamil 15. J. Hunter, M. A. Jepson, T. Tsuruo, N. L. Simmons, and B. H. Hirst.
and other organic cations across rat intestine. Pharm. Res. Functional expression of P-glycoprotein in apical membranes of
12:1304–1310 (1995). human intestinal Caco-2 cells. Kinetics of vinblastine secretion

6. V. J. Wacher, C. Y. Wu, and L. Z. Benet. Overlapping substrate and interaction with modulators. J. Biol. Chem. 268:14991–
specificities and tissue distribution of cytochrome P450 3A and 14997 (1993).
P-glycoprotein: Implications for drug delivery and activity in 16. P. Artursson and J. Karlsson. Correlation between oral drug
cancer chemotherapy. Mol. Carcinog. 13:129–134 (1995). absorption in humans and apparent drug permeability coefficients

7. E. Iatsimirskaia, S. Ulebaev, E. Storozhuk, I. Utkin, D. Smith, in human intestinal epithelial (Caco-2) cells. Biochem. Biophys.
N. Gerber, and T. Koudriakova. Metabolism of rifabutin in human Res. Commun. 175:880–885 (1991).
enterocyte and liver microsomes: Kinetic parameters, identifica- 17. H. Wakasugi, I. Yano, T. Ito, T. Hashida, T. Futami, R. Nohara,
tion of enzyme systems, and drug interactions with macrolides S. Sasayama, and K. Inui. Effect of clarithromycin on renal excre-
and antifungal agents. Clin. Pharmacol. Ther. 61:554–562 (1997). tion of digoxin: Interaction with P-glycoprotein. Clin. Pharmacol.

8. R. J. Riley and D. Howbrook. In vitro analysis of the activity of Ther. 64:123–128 (1998).
the major human hepatic CYP enzyme (CYP3A4) using [N- 18. I. Tamai, A. Saheki, R. Aitoh, Y. Sai, I. Amada, and A. Tsuji.
methyl-14C]-erythromycin. J. Pharmacol. Toxicol. Methods Nonlinear intestinal absorption of 5-hydroxytryptamine receptor
38:189–193 (1997). antagonist caused by absorptive and secretory transporters. J.

Pharmacol. Exp. Ther. 283:108–115 (1997).9. W. H. Peters and H. M. Roelofs. Biochemical characterization of


