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tissues and hormonal regulation can be excluded (5,6). There-Transepithelial Transport of
fore, although levofloxacin was metabolized to a considerable

Levofloxacin in the Isolated extent in rats (3), the isolated perfused rat kidney was considered
to be a good model for the study of renal secretion mechanismsPerfused Rat Kidney
of levofloxacin in humans. The multiple indicator dilution tech-
nique is often used for investigation of the kinetic behavior
of substrates and metabolites in eliminating organs (7,8). In

Tatsuya Ito,1 Ikuko Yano,1 Yukiya Hashimoto,1 and addition, because the venous outflow and renal excretion curves
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following renal artery injection can be simultaneously deter-
mined in the kidney, the drug disposition on both the brush-
border and basolateral membranes of the renal epithelial cells
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in the intact kidney could be estimated by non-compartment

Purpose. The transepithelial transport of levofloxacin was evaluated moment analysis (9,10). In this study, we investigated the trans-
in the isolated perfused kidney to investigate its renal secretory epithelial transport of levofloxacin using the isolated perfused
mechanisms. rat kidney and non-compartment moment analysis to evaluate
Methods. Levofloxacin was instantaneously administered into the renal the interaction of levofloxacin with each membrane.
artery together with inulin and Evans blue-labeled albumin, and the
single-pass dilution curves of the renal venous and urinary outflow
were determined in the absence or presence of various compounds. MATERIALS AND METHODS
Kinetic parameters were computed based on non-compartment
moment analysis. Materials
Results. The ratio of fractional excretion to filtration fraction (FE/FF)
for levofloxacin was 2.99 6 0.18, indicating the involvement of tubular [14C]Levofloxacin (1.07 GBq/mmol), unlabeled levofloxa-
secretion. In the presence of cimetidine and quinolones, the FE/FF of cin, and grepafloxacin were kindly supplied by Daiichi Pharma-
levofloxacin was significantly decreased and the transepithelial mean ceutical Co. (Tokyo, Japan) and Otsuka Pharmaceutical Co.
transit time (Tcell) of levofloxacin was prolonged. The Tcell showed a (Tokyo, Japan), respectively. [3H]Inulin (12.91 GBq/g) was
negative correlation with renal secretion of levofloxacin, while the purchased from Du Pont-New England Nuclear Research Prod-
volume of distribution of levofloxacin showed no correlation. ucts (Boston, MA). Cimetidine, tetraethylammonium (TEA)
Conclusions. Transport on the brush-border membrane plays a

and p-aminohippurate (PAH) were purchased from Nacalaidetermining step in the renal secretion of levofloxacin, and cimetidine
Tesque, Inc. (Kyoto, Japan). Bovine serum albumin (BSA, Frand quinolones interact with levofloxacin transport on the brush-bor-
V, Reagent Grade) was purchased from Miles Inc. (Kankakee,der membrane.
IL). All other chemicals used were of the highest purity

KEY WORDS: quinolones; transport; renal secretion; isolated per-
available.fused kidney; moment analysis.

Preparation of the Isolated Perfused Rat KidneyINTRODUCTION

The animal experiments were performed in accordanceLevofloxacin is frequently used to treat various bacterial
with the Guidelines for Animal Experiments of Kyoto University.infections. It is well absorbed from the intestine and distributed
Male Wistar albino rats weighing 270–350 g were used forto tissues, and is mainly eliminated by renal excretion in humans
the perfused kidney studies. The rat kidney was perfused as(1). Renal excretion of levofloxacin in humans is the sum of
described previously (11), with some modifications. Briefly,glomerular filtration, tubular secretion, and tubular reabsorption
the animals were anesthetized with sodium pentobarbital (50processes (2). We evaluated the renal handling of levofloxacin
mg/kg), and 100 mg of mannitol in isotonic saline was injectedin rats and found that its tubular secretion was inhibited by
into the femoral vein. The right kidney was exposed, and thecimetidine (3). We also reported that levofloxacin was transpor-
ureter was cannulated for urine collection using a PE-10 tubeted unidirectionally from basolateral to apical side in a kidney
(Becton Dickinson, Parsippany, NJ). Heparin solution (1000epithelial cell line, LLC-PK1, and that levofloxacin had higher
IU/kg) was injected into the femoral vein, and a venous cannulaaffinity for the transport system on the apical membrane, distinct
(polyethylene tubing, o.d. 2 mm, i.d. 0.8 mm, Hibiki, Tokyo,from the H+/organic cation antiport system (4). However, there
Japan) was placed in the vena cava just below the right renalis no information regarding how transport of levofloxacin on
vein. The renal artery was cannulated via the mesenteric arterythe luminal membrane contributes to the renal secretion of
using a 20 G needle, and the kidney was perfused withoutlevofloxacin in the intact kidney.
interrupting the renal blood flow. The rat kidney was equili-The isolated perfused kidney is a useful system to investi-
brated with constant perfusion at 16 ml/min. The perfusategate the transcellular transport of drugs in intact tissue, because
consisted of Krebs-Henseleit bicarbonate buffer containing 5%nonrenal factors such as hepatic metabolism, binding to other
BSA, 5 mM glucose, 3% mannitol, and 8 amino acids (0.5 mM
methionine, 2 mM alanine, 5 mM glycine, 2 mM serine, 1 mM
arginine, 2 mM proline, 1 mM isoleucine and 3 mM aspartic
acid) (12), aerated with 95% O2 1 5% CO2 and was kept at1 Department of Pharmacy, Kyoto University Hospital, Faculty of Med-
37 8C. An initial equilibration time of 10 min was allowedicine, Kyoto University, Sakyo-ku, Kyoto 606-8507, Japan.
before the injection of radiolabeled levofloxacin. Glomerular2 To whom correspondence should be addressed. (e-mail: inui@kuhp.

kyoto-u.ac.jp) filtration rate (GFR) was determined by inulin clearance
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together with the administration of levofloxacin. Fractional F 5 Fv,LVFX /FGF (3)
reabsorption of sodium and glucose, and GFR were used as

where FGF is the availability for the glomerular filtration processindices to monitor the viability of perfused kidney. Perfusate
and was calculated from the extraction ratio of inulin (EGF )flow rates were controlled in a similar range (14–19 ml/min)
and unbound fraction in the perfusate of levofloxacin (fu) asfor all experiments. The perfusion experiments were performed
FGF 5 1 2 fu ? EGF. Fv,LVFX is the organ availability of levofloxa-under osmotic diuresis with 3% mannitol to collect a constant
cin and was calculated as the ratio of the recovery from venousvolume of urine (0.1 ml/min).
blood to the total recovery. The apparent tubular secretion intrin-To investigate the interaction of levofloxacin with various
sic clearance (CLint) was calculated from the availability:compounds in renal secretion, the inhibitory experiments were

performed under steady-state conditions. Each inhibitor (100– CLint 5 Q ? (1 2 F)/fu/F (4)
500 mM) was continuously added to the perfusate all the time

where Q is the renal perfusate flow rate. The CLint is the overallto keep the drug concentration in the kidney constant.
parameter including the rates of influx and sequestration. The
mean time for secreted molecules to transfer across renal epithe-Multiple Indicator Dilution Experiment
lial cells was described in terms of the mean residence time in

The renal handling of levofloxacin was investigated by renal epithelial cells, Tcell, as follows:
measuring single-pass outflow of each indicator simultaneously

Tcell 5 MTTu,s 2 MTTu,g (5)injected into the renal artery. Evans blue-labeled albumin was
used as a vascular space marker and [3H]inulin was used as a The parameters MTTu,s and MTTu,g are MTTu for the secreted
marker of the extracellular space and glomerular filtration. The fraction and filtrated fraction, respectively. This made it possible
injection solution contained [14C]levofloxacin (0.5 mM, 0.533 to determine the mean residence time in the renal tubular cells.
MBq/ml), [3H]inulin (0.287 mg/ml, 3.7 MBq/ml) and Evans The volume of distribution for noneliminated drugs such as
blue-labeled albumin (8.5 mg/ml Evans blue and 5% BSA) in albumin and inulin in tubules was model-independently calcu-
Krebs-Henseleit bicarbonate buffer. After a bolus injection of lated according to the following equation:
0.05 ml of this solution via the renal artery, venous effluent

Vd 5 Q ? MTTv (6)and urine samples were collected up to 15 min as described
previously (13). At the end of the experiment, the kidney was The steady-state equivalent volume of distribution for levoflox-
removed, blotted and weighed, then homogenized with four acin (VdLVFX ) was calculated based on the well-stirred model:
volumes of saline. The fractional excretion (FE) of levofloxacin

VdLVFX 5 Q ? MTTv 1 CLint ? Tcell (7)was computed by taking the ratio of the amount excreted in
urine to the sum of recoveries in plasma, urine and tissue. The
filtration fraction (FF) of levofloxacin was estimated from the Analytical Methods
fractional excretion of [3H]inulin and the unbound fraction in

The radioactivity of [14C]levofloxacin and [3H]inulin werethe perfusate of levofloxacin (68.3 6 2.5%).
simultaneously measured using a liquid scintillation counter. Evans
blue-labeled albumin in the perfusate was determined by spectro-Data Analysis
photometry (610 nm). Sodium concentration was determined using
a selective ion electrode (pH meter F-8 AT, Horiba, Kyoto, Japan).Moment analysis was performed according to the pre-
Glucose concentration was determined by the o-toluidine methodviously described procedure (9,10) with a slight modification.
(Glucose test-Wako, Wako Pure Chemical Industries, Osaka,In this study, levofloxacin movement in the epithelial cell was
Japan). Protein binding of levofloxacin in the perfusate was deter-assumed to be unidirectionally transported from the blood to
mined by the ultrafiltration method using a micropartition systemthe lumen side because levofloxacin reabsorption could be
(MPS-1, Amicon, Beverly, MA).ignored due to relatively high urine flow rate. The mean transit

time for venous outflow (MTTv) and the urine outflow (MTTu)
were calculated by the trapezoidal integration from 0 to 30 Statistical Analysis
sec and during a 15-min period, respectively, according to the

Statistical comparisons were performed by the appropriatefollowing equations:
analysis of variance model; Dunnett’s test for multiple compari-
sons was used if the variances of groups were similar. If not,

MTTv 5 #
30

0

t ? Cout (t) dt/#
30

0

Cout (t) dt (1)
a Dunnet-type test was applied after Kruskal-Wallis analysis.
Differences were considered significant when P , 0.05.

MTTu 5 #
15

0

t (dXu /dt)dt/#
15

0

(dXu /dt) dt (2)
RESULTS

where Cout(t) is the venous outflow concentration normalized Experimental Conditions of Kidney Perfusion
by the dose, and the dXu/dt is the urinary excretion rate normal-
ized by the dose. Since the recovery of levofloxacin in the The perfusate flow rate, urine flow rate, GFR and fraction

reabsorption of sodium and glucose in the present perfusedvenous blood until 30 sec after the injection was more than
98% of that until 15 min, 30 sec was long enough to calculate kidney preparations are summarized in Table 1. Glomerular

filtration rate was not significantly affected by any treatment.the moment.
The availability for the tubular transport process of lev- The fractional reabsorption of sodium and glucose in the control

perfused kidney were more than 50% and 70%, respectively,ofloxacin (F) was evaluated by the following equation:
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Table 1. Various Parameters in the Isolated Perfused Rat Kidney

PFR (ml/min)a UFR (ml/min)a GFR (ml/min)a FRNa1
a FRGlu

a

Control (6) 16.7 6 0.6 0.20 6 0.02 0.29 6 0.03 61.4 6 2.8 83.1 6 2.6
Levofloxacin, 100 mM (3) 15.9 6 1.9 0.20 6 0.01 0.28 6 0.05 61.1 6 5.7 85.2 6 2.6
Levofloxacin, 500 mM (3) 15.7 6 0.9 0.24 6 0.05 0.30 6 0.05 53.2 6 3.6 82.8 6 3.2
Grepafloxacin, 100 mM (3) 16.5 6 0.5 0.21 6 0.04 0.27 6 0.03 56.8 6 3.2 87.7 6 2.6
Cimetidine, 500 mM (3) 17.1 6 0.9 0.15 6 0.02 0.26 6 0.02 70.1 6 1.6 84.3 6 4.6
TEA, 300 mM (3) 18.3 6 0.5 0.11 6 0.02 0.26 6 0.01 81.7 6 4.7 96.0 6 0.6
PAH, 300 mM (3) 16.4 6 0.6 0.23 6 0.05 0.42 6 0.05 67.5 6 5.3 90.4 6 1.4

Note. Values are means 6 S.E. Numbers in parentheses represent the number of experiments.
a PFR, perfusate flow rate; UFR, urine flow rate; GFR, glomerular filtration rate; FRNa1, fractional reabsorption of Na+; FRGlu, fractional

reabsorption of glucose.

and stable throughout the experiment. These indices of kidney handling of levofloxacin. Unlabeled levofloxacin (500 mM)
decreased the urinary excretion rate of levofloxacin to the levelfunction were not different from the control values in any

experiment using inhibitors. of inulin (Fig. 1D). The renal venous concentration of levofloxa-
cin was hardly affected by unlabeled levofloxacin (Fig. 1B),
because the urinary excretion of levofloxacin was less than 5%Renal Excretion of Levofloxacin in the Isolated
of the administered dose (data not shown).Perfused Kidney

Figure 1 shows the typical venous and urinary outflow Effects of Various Compounds on Levofloxacin Secretion
curves of Evans blue-labeled albumin, [3H]inulin and [14C]lev-
ofloxacin after a simultaneous bolus injection into the renal Previously, we reported that the transcellular transport of

levofloxacin was inhibited by several quinolones, accompaniedartery. Under control conditions, although there was little differ-
ence in the venous concentration induced by these substances by the increased cellular accumulation in LLC-PK1 cells (4).

To investigate whether there is a specific quinolone transport(Fig. 1A), the urinary excretion rate of levofloxacin was mark-
edly greater than that of inulin (Fig. 1C), indicating that secre- system exists in the rat kidney, we examined the effects of

quinolones on the renal secretion of levofloxacin. The FE/FFtion was predominant rather than reabsorption in the renal

Fig. 1. Renal venous outflow and urinary excretion rate vs. time curves for levofloxacin, inulin and Evans blue-labeled
albumin in the isolated perfused rat kidney. A and B show renal venous outflow curves, and C and D show urinary
excretion rate vs. time curves in the absence (A and C) or presence (B and D) of unlabeled levofloxacin (500 mM)
after a simultaneous bolus injection of [14C]levofloxacin (v), [3H]inulin (V) and Evans blue-labeled albumin (n).
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Table 2. Non-Compartment Moment Parameters in the Isolated Per-of [14C]levofloxacin was decreased in the presence of unlabeled
fused Rat Kidneylevofloxacin in a concentration-dependent manner (Fig. 2).

Likewise, the FE/FF of [14C]levofloxacin was also significantly
Tcell CLint VdLVFXreduced in the presence of grepafloxacin (100 mM) (Fig. 2).

(min)a (ml/min)a (ml)a

Since levofloxacin is a zwitterion at physiological pH, we also
Control (6) 2.01 6 0.14 0.58 6 0.03 2.95 6 0.08examined the effects of cimetidine (500 mM), TEA (300 mM)
Levofloxacin, 100 mM (3) 2.19 6 0.28 0.49 6 0.06 3.03 6 0.08and PAH (300 mM) on the renal secretion of levofloxacin. The
Levofloxacin, 500 mM (3) 3.39 6 0.10 0.20 6 0.04* 2.48 6 0.09FE/FF of levofloxacin was significantly decreased by cimeti-
Grepafloxacin, 100 mM (3) 3.90 6 0.34 0.26 6 0.01* 2.81 6 0.13dine (P , 0.05), while TEA and PAH did not influence the
Cimetidine, 500 mM (3) 5.06 6 0.99 0.13 6 0.02* 2.36 6 0.24FE/FF ratio of levofloxacin (Fig. 2).
TEA, 300 mM (3) 2.78 6 0.49 0.29 6 0.06* 2.57 6 0.20
PAH, 300 mM (3) 2.16 6 0.18 0.58 6 0.07 3.03 6 0.08

Moment Analysis of Levofloxacin in the Isolated
Perfused Rat Kidney Note. Values are means 6 S.E. Numbers in parentheses represent the

number of experiments.
To clarify which membrane interacts with levofloxacin, we a Tcell, the mean transepithelial transit time of [14C]levofloxacin; CLint,

evaluated [14C]levofloxacin excretion in the isolated perfused the intrinsic clearance; VdLVFX, the volume of distribution.
* P , 0.05, significantly different from control.kidney by non-compartment moment analysis. There were no

differences among MTTv of albumin, inulin and levofloxacin
under control conditions (data not shown). On the other hand,

levofloxacin was calculated by dividing the secreted amountMTTu of levofloxacin was greater than that of inulin because
by the total excreted amount. The Tcell for levofloxacin wasof the renal tubular secretion of levofloxacin. Table 2 shows
inversely correlated with the secretion fraction (r 5 20.940,Tcell, CLint and VdLVFX in the absence or presence of various
Fig. 3A), and the VdLVFX was not affected by the secretioncompounds. The Tcell of [14C]levofloxacin was prolonged to
fraction (Fig. 3B).2.5 times the control value by cimetidine, and was slightly

increased in the presence of 500 mM unlabeled levofloxacin and
100 mM unlabeled grepafloxacin. The CLint of [14C]levofloxacin
was significantly decreased in the presence of cimetidine, TEA,
unlabeled levofloxacin (500 mM) and grepafloxacin (100 mM).
VdLVFX was not affected by any treatment.

Relationship Between Tubular Secretion Fraction and
Tcell or the Volume of Distribution

Based on the results of moment analysis, we evaluated
the relationship between the tubular secretion fraction of lev-
ofloxacin and Tcell or VdLVFX. Tubular secretion fraction of

Fig. 2. Effects of various compounds on renal tubular secretion of
levofloxacin in the isolated perfused rat kidney. The tubular secretion
of levofloxacin was investigated in the absence or presence of inhibi-

Fig. 3. The relationships between the tubular secretion fraction andtors. The ordinate represents the ratio of fractional excretion to filtration
fraction of [14C]levofloxacin. The latter was estimated from the frac- Tcell (A), and VdLVFX (B). Each point represents the mean 6 S.E. for

at least three independent experiments. Key: control (V); 100 mMtional excretion of [3H]inulin and the plasma unbound fraction of
levofloxacin. The values are means 6 S.E. for at least three independent levofloxacin (v); 500 mM levofloxacin (.); 100 mM grepafloxacin

(m); 500 mM cimetidine (n); 300 mM TEA (L); 300 mM PAH (M).experiments. *P , 0.05, significantly different from control.
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DISCUSSION results were consistent with those obtained by the in vivo clear-
ance method in rats (3). Moreover, it has been reported that
cimetidine reduced the renal clearance of levofloxacin andLevofloxacin was actively secreted into urine in the iso-
enoxacin in healthy subjects (15,16). These findings suggestedlated perfused rat kidney, because the FE/FF for levofloxacin
that the organic cation transport system might contribute to thewas about 3.0 (Fig. 2). The presence of active secretion of
renal secretion of levofloxacin.levofloxacin was consistent with our results regarding in vivo

P-glycoprotein, which functions as an ATP-dependentclearance (3). Tubular secretion is a transcellular transport pro-
drug-efflux pump, has been found on the brush-border mem-cess including transmembrane transport across the basolateral
branes of proximal tubules of the kidney (17). We previouslymembrane, movement in the cytosol, and transport across the
reported that levofloxacin was transported by human P-glyco-brush-border membrane. Conventional analytical methods such
protein expressed in a kidney epithelial cell line (18). However,as the clearance technique do not allow the membrane transport
the renal secretion of levofloxacin was not influenced byon both sides of the epithelial cells in a whole organ system
cyclosporin A, a P-glycoprotein modulator, in the isolated per-to be evaluated separately. To solve this problem, the method
fused kidney (data not shown). These results suggested thatusing the isolated perfused kidney and moment analysis was
transport mediated by P-glycoprotein might not be the maindeveloped and was applied to the renal handling of ionic sub-
secretion mechanism of levofloxacin in the rat kidney.stances (9,10). In this study, we evaluated the interaction of

In conclusion, levofloxacin was secreted into the urine inlevofloxacin with both the basolateral and brush-border mem-
the isolated perfused rat kidney, and transport on the brush-branes using this method.
border membrane was a determining step in the renal secretionBasolateral membrane transport is essential for cellular
process. Our findings suggested that the interaction on thedistribution, and changes in the transport on the basolateral
brush-border membrane determines the extent of renal secretionmembrane should be reflected in the volume of distribution.
of levofloxacin in vivo.As the VdLVFX was not affected by any treatment (Table 2) and

there was no relationship between tubular secretion and the
ACKNOWLEDGMENTSVdLVFX (Fig. 3), the basolateral transport of levofloxacin might

not be a determining step in the renal secretion process of this This work was supported in part by a Grant-in-Aid for
drug. We previously reported that levofloxacin and grepafloxa- Scientific Research from the Ministry of Education, Science,
cin were transported by a specific active transport system in Sports and Culture of Japan and by grants from the Japan
the rat kidney (14). However, as levofloxacin had relatively Research Foundation for Clinical Pharmacology and the Uehara
low affinity for this basolateral transport system (14), transport Memorial Foundation.
on the basolateral membrane might not be a determining step
in the therapeutic concentration range. The Tcell is the mean REFERENCES
transit time from blood to lumen in epithelial cells. If the efflux

1. M. Nakashima, T. Uematsu, M. Kanamaru, O. Okazaki, and H.from the cell to lumen is decreased, the transit time should
Hakusui. Phase I study of levofloxacin, (S)-(—)-ofloxacin. Jpn.

be prolonged. The Tcell of levofloxacin was prolonged in the J. Clin. Pharmacol. Ther. 23:515–520 (1992).
presence of quinolones and cimetidine (Table 2), and there was 2. A. Kamiya, M. Yamashita, S. Takagi, S. Arakawa, and S. Kami-

dono. Serum concentration and renal handling of levofloxacina negative correlation between the tubular secretion and Tcell
(DR-3355) and ofloxacin in volunteers by a cross-over study.(r 5 20.940, Fig. 3). These results indicated that the decrease
Chemotherapy 40(S-3):196–202 (1992).

in the secretion of levofloxacin was caused by selective inhibi- 3. I. Yano, T. Ito, M. Takano, and K. Inui. Evaluation of renal tubular
tion of the transport from cells to the lumen across the brush- secretion and reabsorption of levofloxacin in rats. Pharm. Res.

14:508–511 (1997).border membrane.
4. Y. Matsuo, I. Yano, T. Ito, Y. Hashimoto, and K. Inui. TransportWe previously suggested that levofloxacin was unidirec-

of quinolone antibacterial drugs in a kidney epithelial cell line,
tionally transported by a specific transport system on the apical LLC-PK1. J. Pharmacol. Exp. Ther. 287:672–678 (1998).
membrane in LLC-PK1 cells, distinct from the H+/organic cation 5. M. Silverman, M. A. Aganon, and F. P. Chinard. D-Glucose inter-

actions with renal tubule cell surfaces. Am. J. Physiol. 218:735–transport system (4). If the renal secretion of levofloxacin is
742 (1970).mediated by the specific transport system for quinolones, lev-

6. T. Maack. Physiological evaluation of the isolated perfused ratofloxacin transport should be affected by quinolones in the kidney. Am. J. Physiol. 238:F71–F78 (1980).
isolated perfused kidney. The FE/FF of levofloxacin was signifi- 7. C. A. Goresky, G. G. Bach, and B. E. Nadeau. On the uptake of

materials by the intact liver: the transport and net removal ofcantly inhibited by unlabeled levofloxacin (500 mM) and grep-
galactose. J. Clin. Invest. 52:991–1009 (1973).afloxacin (100 mM). Furthermore, moment analysis

8. N. Itoh, Y. Sawada, Y. Sugiyama, T. Iga, and M. Hanano. Kineticdemonstrated that unlabeled quinolones interacted with lev- analysis of rat renal tubular transport based on multiple-indicator
ofloxacin on the brush-border membrane rather than the basolat- dilution method. Am. J. Physiol. 251:F103–F114 (1986).

9. Y. Saito, Y. Tanigawara, N. Okamura, H. Shimizu, A. Kamiya,eral membrane (Table 2). These results suggested that specific
and R. Hori. Moment analysis of drug disposition in rat kidney:transport systems for quinolones may exist on the brush-border
Role of basolateral membrane transport in renal transepithelialmembrane and play an important role in the renal secretion transport of p-aminohippurate. J. Pharm. Pharmacol. 43:311–

of levofloxacin. 316 (1991).
10. A. Kamiya, Y. Tanigawara, Y. Saito, Y. Hayashi, T. Aiba, K. Inui,Levofloxacin is a zwitterion at physiological pH, and the

and R. Hori. Moment analysis of drug disposition in kidney. II:organic cation and/or anion transport systems may contribute
Urine pH-dependent tubular secretion of tetraethylammonium into the renal transport of levofloxacin. The CLint of levofloxacin the isolated perfused rat kidney. J. Pharm. Sci. 79:692–697

was inhibited in the presence of cimetidine and TEA, organic (1990).
11. J. M. Nishiitsutsuji-Uwo, B. D. Ross, and H. A. Krebs. Metaboliccations, but was not inhibited by PAH, an organic anion. These



Renal Secretion of Levofloxacin 241

15. D. N. Fish and A. T. Chow. The clinical pharmacokinetics ofactivities of the isolated perfused rat kidney. Biochem. J. 103:852–
862 (1967). levofloxacin. Clin. Pharmacokinet. 32:101–119 (1997).

16. P. M. Misiak, M. A. Eldon, R. D. Toothaker, and A. J. Sedman.12. R. Hori, N. Okamura, T. Aiba, and Y. Tanigawara. Role of P-
glycoprotein in renal tubular secretion of digoxin in the isolated Effects of oral cimetidine or ranitidine on the pharmacokinetics

of intravenous enoxacin. J. Clin. Pharmacol. 33:53–56 (1993).perfused rat kidney. J. Pharmacol. Exp. Ther. 266:1620–1625
(1993). 17. F. Thiebaut, T. Tsuruo, H. Hamada, M. M. Gottesman, I. Pastan,

and M. C. Willingham. Cellular localization of the multidrug-13. R. Hori, Y. Tanigawara, Y. Saito, Y. Hayashi, T. Aiba, K. Okumura,
and A. Kamiya. Moment analysis of drug disposition in kidney: resistance gene product P-glycoprotein in normal human tissues.

Proc. Natl. Acad. Sci. USA 84:7735–7738 (1987).Transcellular transport kinetics of p-aminohippurate in the isolated
perfused rat kidney. J. Pharm. Sci. 77:471–476 (1988). 18. T. Ito, I. Yano, K. Tanaka, and K. Inui. Transport of quinolone

antibacterial drugs by human P-glycoprotein expressed in a kidney14. T. Ito, I. Yano, S. Masuda, Y. Hashimoto, and K. Inui. Distribution
characteristics of levofloxacin and grepafloxacin in rat kidney. epithelial cell line, LLC-PK1. J. Pharmacol. Exp. Ther. 282:955–

960 (1997).Pharm. Res. 16:534–539 (1999).


