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P glycoprotein and multidrug resistance-associated protein 2 (Mrp2), ATP-dependent membrane transport-
ers, exist in a variety of normal tissues and play important roles in the disposition of various drugs. The present
study seeks to clarify the contribution of P glycoprotein and/or Mrp2 to the disposition of azithromycin in rats.
The disappearance of azithromycin from plasma after intravenous administration was significantly delayed in
rats treated with intravenous injection of cyclosporine, a P-glycoprotein inhibitor, but was normal in rats
pretreated with intraperitoneal injection erythromycin, a CYP3A4 inhibitor. When rats received an infusion of
azithromycin, cyclosporine and probenecid, a validated Mrp2 inhibitor, significantly decreased the steady-state
biliary clearance of azithromycin to 5 and 40% of the corresponding control values, respectively. However, both
inhibitors did not alter the renal clearance of azithromycin, suggesting the lack of renal tubular secretion of
azithromycin. Tissue distribution experiments showed that azithromycin is distributed largely into the liver,
kidney, and lung, whereas both inhibitors did not alter the tissue-to-plasma concentration ratio of azithro-
mycin. Significant reduction in the biliary excretion of azithromycin was observed in Eisai hyperbilirubinemic
rats, which have a hereditary deficiency in Mrp2. An in situ closed-loop experiment showed that azithromycin
was excreted from the blood into the gut lumen, and the intestinal clearance of azithromycin was significantly
decreased by the presence of cyclosporine in the loop. These results suggest that azithromycin is a substrate
for both P glycoprotein and Mrp2 and that the biliary and intestinal excretion of azithromycin is mediated via

these two drug transporters.

P glycoprotein, an ATP-binding cassette transport protein,
exists constitutively in a variety of normal tissues such as the
liver, kidney, small intestine, and capillary endothelium in the
brain (22, 23, 30) and plays an important role in the disposition
of hydrophobic and cationic anticancer drugs. Like P glycopro-
tein, multidrug resistance-associated protein 2 (Mrp2) is also
expressed in almost the same tissues as P glycoprotein (4, 16).
This drug-transporting protein also acts as an active efflux
pump for a wide range of organic anions, such as glutathione,
glucuronate, and sulfate conjugates, by an ATP-dependent
mechanism (20). Thus, both drug transporters appear to play
key roles in the absorption, distribution, and elimination of
various drugs.

It is known that the macrolide antibiotics erythromycin and
clarithromycin inhibit not only CYP3A4 but also P glycopro-
tein (11, 21, 34, 37). We previously reported that many mac-
rolide antibiotics, including erythromycin and clarithromycin,
can overcome P-glycoprotein-dependent anticancer drug resis-
tance and cause profound alterations in the pharmacokinetics
of doxorubicin and grepafloxacin, which are substrates for P
glycoprotein (15, 35, 38). Azithromycin possesses unique phar-
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macokinetic characteristics with a longer half-life, greater tis-
sue distribution, and higher intracellular concentration than
other known macrolide antibiotics (7, 9, 19). This antibiotic is
mainly eliminated in unchanged form in the feces via biliary
excretion and intestinal secretion, whereas urinary excretion is
the minor elimination route in humans (26). Some interesting
clinical studies have reported that the pharmacokinetics of
azithromycin are not influenced by the CYP3A4 inhibitor
zafirlukast (8) and that azithromycin has no effect on the phar-
macokinetics of triazolam, a substrate for CYP3A4 (14). It has
also been reported that nelfinavir, a P-glycoprotein substrate,
increases the intestinal absorption of azithromycin by inhibit-
ing P glycoprotein in humans (1) and that P-glycoprotein in-
hibitors increase cellular accumulation of azithromycin in J774
murine macrophages (25). Most recently, we have reported
that azithromycin increases the intracellular accumulation of
the P-glycoprotein substrate doxorubicin in adriamycin-resis-
tant human myelogenous leukemia cells (K562/ADR) overex-
pressing P glycoprotein and that it inhibits the hepatobiliary
excretion of doxorubicin in rats (3). On the basis of these
findings from their studies and ours, we assume that azithro-
mycin is a substrate for P glycoprotein, but not for CYP3A4.
However, it remains unclear whether azithromycin is excreted
from liver, kidney, and small intestine by P glycoprotein and/or
other drug transporters. Little is also known about the involve-
ment of Mrp2 in the disposition and elimination of azithromycin.
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The purpose of the present study was to investigate the
involvement of the drug transporters P glycoprotein and Mrp2
in the hepatobiliary, renal, and intestinal secretion, and tissue
distribution of azithromycin in rats.

MATERIALS AND METHODS

Chemicals. Azithromycin was kindly donated from Pfizer Pharm, Inc. (lot
0A0178; Tokyo, Japan). Probenecid and cyclosporine were purchased from
Sigma Chemical (St. Louis, Mo.) and Novartis Pharma Co., Ltd. (Tokyo, Japan),
respectively. Clarithromycin and erythromycin lactobionic acid for injection were
obtained from Taisho Pharmaceutical Co., Ltd. (Osaka, Japan), and Abbott
Laboratories (North Chicago, Ill.), respectively. All other reagents are commer-
cially available and were of analytical grade. All reagents were used without
further purification. Azithromycin was dissolved in 1 M phosphoric acid and
adjusted at pH 7.4 with 1 N NaOH. Probenecid was dissolved in saline by using
0.1 N NaOH and adjusted at pH 8.0 with 0.05 N HCL

Animals. Male Wistar rats (260 to 270 g [body weight]) were obtained from
Japan SLC, Inc. (Hamamatsu, Japan). Male Eisai hyperbilirubinemic rats
(EHBRs) (270 to 280 g) and Sprague-Dawley rats (normal rats) (260 to 280 g) of
the same age as EHBRs were also obtained from the same company as described
above. The rats were housed under controlled environmental conditions (tem-
perature of 23 = 1°C and humidity of 55% * 5%) with a commercial food diet
and water freely available to animals. All animal experiments were carried out in
accordance with the guidelines of Nagoya University School of Medicine for the
care and use of laboratory animals.

Effects of cyclosporine and erythromycin on plasma concentration-time curve
of azithromycin in Wistar rats. To investigate the effects of cyclosporine and
erythromycin, rats under anesthesia by intraperitoneal injection of sodium pen-
tobarbital (25 mg/kg [body weight]) were cannulated with polyethylene tubes in
the right jugular vein for drug administration and blood sampling. The rats
received a single dose of azithromycin (40 mg/kg [body weight]) after awakening.
Azithromycin was administered 10 min after a single intravenous injection of
cyclosporine (20 mg/kg) or 24 h after final intraperitoneal injection of erythro-
mycin (100 mg/kg/day for 3 days). Control rats received isotonic saline (0.2
ml/100 g). Blood samples (~0.2 ml) were collected at designated time intervals
(3, 5, 10, 20, 30, 45, 60, 90, 120, 180, 240, and 300 min after injection of
azithromycin). Plasma samples were obtained from the blood samples by cen-
trifugation at 1,200 X g for 5 min at 4°C.

Effects of cyclosporine and probenecid on biliary and renal clearance of
azithromycin in Wistar rats. Rats under light anesthesia with sodium pentobar-
bital (40 mg/kg) were cannulated into the right jugular vein, left carotid artery,
bile duct, and urinary bladder for drug administration, blood sampling, bile
collection, and urine collection, respectively. After surgical preparations, the rats
received a bolus injection of azithromycin in a loading dose of 1.1 mg/kg, fol-
lowed by a constant-rate infusion, with a Harvard infusion pump (PHD 2000;
South Natick, Mass.), of a saline solution containing 4% mannitol delivering 260
g of azithromycin per h at a rate of 2 ml/h until the end of the study. The
loading and maintenance doses of azithromycin were determined by preliminary
biliary and renal clearance experiments. Mannitol solution was used to maintain
sufficient and constant urine flow rate. After a 60-min infusion, bile and urine
samples were collected at 20-min interval for 60 min. After a 120-min infusion,
cyclosporine (10 mg/kg) or probenecid (50 mg/kg) or isotonic saline was admin-
istered intravenously. Bile and urine samples were collected in preweighed tubes
at 20-min intervals from 120 to 180 min. Blood samples were collected at the
midpoints of the bile collection periods (70, 90, 110, 130, 150, and 170 min after
the infusion was started). After a 180-min infusion, the kidney, liver, lung, and
brain were removed and homogenized in a fourfold volume of isotonic saline.
Plasma samples were obtained by immediate centrifugations of blood samples
and were kept frozen (—20°C). The volume of bile samples was measured
gravimetrically with specific gravity assumed to be 1.0. This experiment was done
under anesthesia with pentobarbital, and the body temperature of the animals
was maintained at 37°C with a heat lamp.

Effect of cyclosporine on intestinal clearance of azithromycin in Wistar rats.
To clarify the involvement of P glycoprotein in the intestinal efflux of azithro-
mycin, an in situ closed-loop method was used. Rats were fasted overnight but
given free access to water. The intestine was exposed by a midline abdominal
incision. A 10-cm segment of the jejunum was looped at both ends after the gut
was cleaned by slowly passing saline, and 5 ml of isotonic saline or isotonic saline
containing cyclosporine (10 mg/kg) was administered into the loop. After 10 min,
azithromycin (20 mg/kg) was administered via the cannula into the right jugular
vein. Blood samples were collected appropriate time intervals for 60 min (3, 5,
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10, 20, 30, 45, and 60 min). Sixty minutes after the injection of azithromycin, the
solution in the loop was collected as completely as possible, and the loop was
washed with saline to give a total volume of 25 ml.

Biliary excretion of azithromycin in SD rats and EHBRs. To further clarify the
contribution of Mrp2 to the biliary excretion of azithromycin, normal rats and
EHBRs received a bolus injection of azithromycin (20 mg/kg). Bile samples were
taken at the designated periods (0 to 15, 15 to 30, 30 to 60, 60 to 90, and 90 to
120 min after the injection). The measurement of the volume of bile samples and
this experiment were done as described above.

Protein-binding experiments. The binding of azithromycin to plasma protein
was measured by using the cellulose membrane (Visking Sheet; Sanplate Corp.,
Osaka, Japan) with a molecular weight cutoff of 10,000 to 20,000 by the micro-
partition equilibrium dialysis method. Isotonic phosphate buffer (pH 7.4) spiked
with azithromycin (1 pg/ml) was dialyzed against an equal volume (0.4 ml) of
fresh rat plasma for 4 h at 37°C. After the dialysis, the concentration of azithro-
mycin in plasma and buffer was assayed for the estimation for the unbound
fraction (fy) of azithromycin in plasma.

Tissue-binding experiments. Livers were obtained from Wistar rats. After the
livers were washed with ice-cold saline, liver homogenate samples with a con-
centration of 40% were prepared from the portions of each liver (~2 g) with a
tight homogenizer (20 strokes up and down) in phosphate-buffered saline (PBS;
pH 7.4) at 4°C. The liver homogenate samples were diluted serially with PBS (40,
20, 10, and 5%). A designated concentration of azithromycin (25 pg/ml), which
was determined based on in vivo clearance experiments, was added to each
homogenate sample and was incubated at 37°C for 10 min. The homogenate
samples (0.4 ml) were dialyzed against an equal volume of PBS solution for 8 h
at 37°C. After the dialysis, the concentration of azithromycin in homogenate and
buffer was assayed for measurement of the tissue-unbound fraction (fy) of
azithromycin. The bound (Cg)-to-unbound (Cy;) concentration ratio (Cg/Cy) at
a 100% homogenate concentration was extrapolated by plotting the values of
Cg/Cy against the homogenate concentration. The f at 100% homogenate was
calculated as f = 1/(1 + Cg/Cy at 100%).

Drug analysis. The concentration of azithromycin was determined by high-
performance liquid chromatography (HPLC). The apparatus used for HPLC
consisted of a Shimadzu LC-6A system (Kyoto, Japan) equipped with a coulo-
metric electrochemical detector (Coulochem II; ESA, Chelmsford, Mass.), an
LC-6A liquid pump, and an SIL-6A autoinjector. The electrochemical detector
has two electrodes, set at potentials of 550 mV (E1, screening) and 800 mV (E2,
analytical), with the gain on the detector set at 5 wA. The conditions were as
follows: column, a Cosmocil 5C;g column (4.6 by 150 mm; Nacalai Tesque,
Kyoto, Japan); mobile phase, 50 mM phosphate buffer (pH 7.2)-acetonitrile
(55:45 [vol/vol]) solution; column temperature (OTC-6A; Shimadzu), 30°C; and
flow rate, 1.2 ml/min.

The azithromycin concentration was measured according to the reported pro-
cedures with slight modifications (28). Briefly, each sample (50 pl) was depro-
teinized with 200 pl of acetonitrile containing clarithromycin (1 pg/ml) as an
internal standard and was then centrifuged at 6,000 X g for 10 min. The resulting
supernatant (200 pl) was evaporated to dryness under a nitrogen gas stream at
45°C. The residue was reconstituted with 200 wl of the mobile phase and injected
into the HPLC system. This assay was shown to be linear for the concentrations
tested, with correlation coefficients of >0.99. No interference with the peak of
azithromycin was observed in any samples. The detection limit was ~0.1 pwg/ml.
The within-day and between-day coefficients of variation for this assay were
<8%.

Data analysis. The biliary and renal clearances (CLgy g and CLgy) were
calculated by dividing the respective excretion rates by steady-state concentration
in plasma (Cgg) determined for that collection period. The values of CLgy;  and
CLg were calculated by using the mean value for three datum points during 60
min. The tissue distribution of azithromycin is expressed as the tissue-to-plasma
partition coefficient (Kp). The intestinal secretory clearance (CLyyy) was calcu-
lated by dividing the amount secreted into the loop for 60 min by the corre-
sponding area under the concentration-time curve (0 to 60 min).

Statistical analysis. Results are expressed as the means * standard errors for
the indicated number of experiments. Statistical comparisons were assessed by
one-way analysis of variance. When the F ratios were significant (P < 0.05),
Scheffe’s post hoc tests were done. P values of <0.05 were considered statistically
significant.

RESULTS

Effects of cyclosporine and erythromycin on the plasma con-
centration-time curve of azithromycin. Semilogarithmic plots
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FIG. 1. Semilogarithmic plots of plasma concentration-time data of
azithromycin after a single intravenous injection of azithromycin (40
mg/kg) in control rats and rats treated with cyclosporine or erythro-
mycin. Azithromycin was administered intravenously 10 min after in-
jection of cyclosporine (20 mg/kg) or 24 h after final administration of
erythromycin (100 mg/kg/day for 3 days). Symbols: @, control rats; O,
cyclosporine-treated rats; [J, erythromycin-treated rats. Values are
represented as means * the standard errors (n = 3). When the stan-
dard error is small, it is included in the symbol. “a” indicates values
that are significantly different from the control values (P < 0.05).

of plasma concentration-time data for azithromycin after a
single intravenous injection (40 mg/kg) are illustrated in Fig. 1.
Pretreatment with cyclosporine (20 mg/kg, 10 min earlier) sig-
nificantly delayed the disappearance of azithromycin from
plasma and increased the concentrations in plasma, whereas
pretreatment with erythromycin (100 mg/kg/day, 3 days) did
not.

Effects of cyclosporine and probenecid on biliary and renal
clearance and tissue distribution of azithromycin. We investi-
gated the effects of cyclosporine (10 mg/kg) and probenecid
(50 mg/kg) on the biliary and renal excretion and tissue distri-
bution of azithromycin under steady-state conditions obtained
by the continuous infusion, and the parameters are summa-
rized in Table 1. Figure 2 shows changes of CLg;;  and Cgg of
azithromycin for 120 min after the injection of cyclosporine or
probenecid. The systemic clearance (CLgys), calculated by
dividing the infusion rate by Cgg, of azithromycin in the control

TABLE 1. Effects of cyclosporine and probenecid on biliary and
renal excretion and tissue azithromycin concentrations in rats”

Mean * SE (n = 5 to 6)

Parameter
Control Cyclosporine Probenecid
Cgs (pg/ml) 0.289 = 0.017  0.332 = 0.015*  0.337 = 0.019*
CLgy g (ml/min)  1.485 = 0.159  0.086 = 0.021*  0.592 * 0.077*
CLg (ml/min) 2.163 = 0.287 2.019 = 0.072 2.008 = 0.183
Liver (png/g) 2338 = 1.688 24.73 = 1.094 25.40 = 2.238
Kidney (ng/g) 17.00 = 1.229 18.24 = 1.716 17.03 = 0.390
Lung (j.g/g) 15.04 = 0.734  19.31 = 1.387%  15.24 = 0.537

“ Cgs, CLgy g, and CLg represent steady-state concentration in plasma, biliary
clearance, and renal clearance of azithromycin, respectively. Each value of Cgg,
CLgj g, and CLy of azithromycin is represented as the mean value of three
points during 60 min. Superscripts: %, values that are significantly different from
the control values (P < 0.05); B, values that are significantly different from the
control and probenecid values (P < 0.05).
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rats was 15.5 ml/min. The values of CLg; r and CL; of
azithromycin accounted for only ca. 9.6 and 14% of the CLgys,
respectively. These results indicate that nonbiliary and nonre-
nal clearances contribute largely to the systemic clearance of
azithromycin. As shown in Table 1 and Fig. 2, cyclosporine and
probenecid significantly decreased the CLyg,; i of azithromycin
by ca. 95 and 60%, respectively, but did not alter the CLy of
azithromycin: the overall mean values of CLg;  of azithro-
mycin were decreased by cyclosporine and probenecid from
1.49 to 0.09 ml/min and from 1.49 to 0.59 ml/min, respectively.
The overall mean concentration in plasma (Cgg) of azithromy-
cin was also increased by injection of either cyclosporine or
probenecid.

We further examined the tissue distribution characteristics
of azithromycin and the effects of cyclosporine and probenecid
on tissue distribution. The concentrations of azithromycin in
tissues measured at the end of the experiment are also shown
in Table 1. Azithromycin was largely distributed into the liver,
kidney, and lung. In this assay, azithromycin could not be
detected in the brain, suggesting that azithromycin might be
limited in brain distribution. The tissue concentration and ap-
parent tissue-to-plasma concentration ratio (Kp) of azithromy-
cin in control rats were in the following order: liver > kidney
> lung. Cyclosporine significantly increased the concentration
of azithromycin in only the lung tissue. However, neither cy-
closporine nor probenecid altered the K, values of azithromy-
cin (Fig. 3). The protein-binding and tissue-binding potencies
for azithromycin were also measured by using the microparti-
tion equilibrium dialysis method. The unbound plasma fraction
(fy) of azithromycin was 0.928 = 0.022, indicating that the
protein-binding potency of azithromycin is negligible. On the
other hand, the unbound fraction (fy) of azithromycin in liver
tissue was 0.155, suggesting high tissue-binding potency.

Biliary excretion of azithromycin in SD rats and EHBRs. To
confirm whether azithromycin could be transported via Mrp2,
the biliary excretion of azithromycin was determined in SD rats
with Mrp2 and EHBRs lacking Mrp2. The cumulative biliary
excretion-time courses of azithromycin in SD rats and EHBRs
are shown in Fig. 4. The percentage of the dose excreted into
the bile within the experimental period (120 min) in EHBRs
was significantly lower compared to that in SD rats (0.7 and
1.2%, respectively).

Effect of cyclosporine on intestinal efflux of azithromycin.
We investigated whether azithromycin is actively secreted into
the small intestine and the secretion is inhibited by the pres-
ence of cyclosporine by using the in situ closed-loop method.
As summarized in Table 2, the apparent intestinal clearance
(CL;Nt) of azithromycin was 0.67 * 0.10 ml/min and the con-
tribution to the systemic clearance of azithromycin was very
much smaller (ca. 4%) than the biliary and renal clearance.
Cyclosporine significantly decreased the CL\ of azithromy-
cin by ca. 95% compared to the control rats.

DISCUSSION

In the present study, intravenously administered azithromy-
cin cleared from plasma was significantly decreased in rats
pretreated with cyclosporine, although pretreatment with
erythromycin did not alter the clearance of azithromycin from
plasma. Therefore, it was suggested that P glycoprotein con-
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FIG. 2. Effects of cyclosporine (10 mg/kg) and probenecid (50 mg/kg) on the biliary clearance and steady-state concentrations of azithromycin
in plasma. The overall mean values of biliary clearance of azithromycin in control rats and cyclosporine- and probenecid-treated rats were 1.49,
0.05, and 0.40 ml/min, respectively. The data are the mean means = the standard errors (n = 5 to 6). At the time point indicated by the arrow,

798l

cyclosporine or probenecid was administered intravenously. “a” indicates values that are significantly different from the control values (P < 0.05).

tributes to azithromycin clearance from plasma through P gly-
coprotein-expressing tissues.

First, to identify the elimination routes of azithromycin, the
biliary and renal clearance experiments were carried out under
steady-state conditions. Since the liver and kidney are the two
main routes of any drug elimination and it is thought that P
glycoprotein functions effectively in these tissues, the contri-
bution of the biliary and renal excretion to the systemic elim-
ination of azithromycin was estimated. The obtained CLy
value of azithromycin in the control rats was ~1.5-fold greater
than the CLg; i value. The contribution of the CLg;  and
CLg to the CLgyg of azithromycin was relatively small
(<25%), suggesting the possibility of the presence of other,
unknown elimination routes of azithromycin. Considering that
azithromycin is characterized as a drug with exceptionally high
accumulation in tissues (7, 19), it could be inferred that the
metabolism and/or decomposition in the tissue cells or excre-
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FIG. 3. Tissue-to-plasma concentration ratio (Kp) of azithromycin
at steady-state in control, cyclosporine-treated, and probenecid-
treated rats. No significant differences in the K, values were observed
between the control and cyclosporine- or probenecid-treated rats.

tion by breath and sweat may be the other elimination routes
for azithromycin. Further studies are needed to clarify the
other elimination routes of azithromycin.

Then, we investigated the contribution of P glycoprotein to
the biliary excretion of azithromycin by using cyclosporine.
Cyclosporine dramatically decreased the CLg;; g of azithromy-
cin by 95%, suggesting that P glycoprotein might contribute
largely to the hepatobiliary excretion of azithromycin. On the
basis of these results, we note that substrates or inhibitors of P
glycoprotein could inhibit largely the hepatobiliary excretion of
azithromycin in humans, but not in rats, since azithromycin is
reported to be mainly eliminated into the bile in humans (26).

Mrp2 mainly exist in the liver, as well as in the kidney and
gut (4, 12, 17), which functions as a potent efflux pump, like P
glycoprotein, and the function is inhibited by cyclosporine at a
higher dose (6). Therefore, there was a possibility that cyclo-

Cumulative biliary excretion of
azithromycin (% of dose)
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FIG. 4. Cumulative biliary excretion-time courses of azithromycin
in SD rats and EHBRs. Symbols: @, SD rats; O, EHBRs. The data are
the means =+ the standard errors (n = 3). “a” indicates values that are
significantly different from the control values (P < 0.05).
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TABLE 2. Effect of cyclosporine on intestinal efflux of azithromycin

in rats
Mean * SE (n = 3 to 4)
Parameter®
Control Cyclosporine
Recovery (g/60 min)” 51.31 £9.88 6.574 = 1.362¢
CL;nt (ml/min) 0.666 = 0.099 0.037 £ 0.008°

“ CLynt represents the intestinal clearance of azithromycin.
b That is, the content of azithromycin secreted into the loop during 60 min.
¢ values that are significantly different from the control values (P < 0.05).

sporine also inhibited Mrp2-mediated biliary excretion of
azithromycin to some extent. Thus, we investigated whether
probenecid, an inhibitor of Mrp2 (31), could modify the biliary
and renal excretion of azithromycin under steady-state condi-
tions. In contrast to cyclosporine, probenecid did not com-
pletely inhibit the CLgj; 5, which decreased to 40% of the
levels in control rats. On the other hand, it has been reported
that probenecid inhibits various types of organic anion trans-
porting systems, including Mrp2 (18, 29, 32). To demonstrate
the involvement of Mrp2 in the biliary excretion of azithromy-
cin, the biliary excretion of azithromycin in SD rats possessing
Mrp2 was compared to that in EHBRs lacking Mrp2. The in
vivo biliary clearance experiment revealed that the percentage
of dose excreted into the bile in EHBRSs significantly lower at
60% of that in SD rats, indicating that azithromycin is, at least
in part, excreted into the bile via Mrp2. It can be concluded
that azithromycin is a substrate of Mrp2, as well as P glyco-
protein, although the contribution of Mrp2 to the biliary ex-
cretion of azithromycin is smaller than that of P glycoprotein.
This is the first time that Mrp2-mediated clearance has been
suggested for azithromycin. These findings also suggest an
overlap in substrate specificity for P glycoprotein and Mrp2,
although Mrp2 is known to transport negatively charged com-
pounds and glucuronide- and glutathione-conjugated com-
pounds (12, 20, 27, 36).

In the present study, the CLy of azithromycin was altered by
cyclosporine and probenecid in rats. The CLy value of azithro-
mycin in the control rats was slightly smaller than the value of
the glomerular filtration rate reported previously in our labo-
ratories (2, 39). These results suggest that azithromycin is ex-
creted into the urine mainly by glomerular filtration and is, in
part, reabsorbed in the proximal tubular cells but not secreted
actively into the urine. It is unlikely that P glycoprotein and
Mrp2 are involved in the renal excretion of azithromycin and,
therefore, renal excretion of azithromycin in humans would
not be altered even if azithromycin is coadministered with
substrates or modulators of P glycoprotein and Mrp2.

It has been suggested that P glycoprotein and Mrp2 affect
the absorption and exsorption of substrates for these transport-
ers. The role of intestinal P glycoprotein and Mrp2 in the
absorption and exsorption of azithromycin is, however, un-
known. The closed-loop experiment revealed that azithromy-
cin was excreted into the small intestine, and the apparent
intestinal clearance of azithromycin significantly decreased in
the presence of cyclosporine, indicating that P glycoprotein is
involved in the intestinal secretory transport of azithromycin.
However, the exsorption into the intestinal lumen seems to be
a minor route for the elimination of azithromycin. Considering
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that a low bioavailability of azithromycin (37%) (26) may be
explained by the possibility that azithromycin is, in part, ex-
truded from inside the enterocytes into the intestinal lumen by
P glycoprotein.

It has been suggested that numerous CYP3A4 substrates
and P-glycoprotein substrates overlap (13, 33). Unlike eryth-
romycin and clarithromycin, which are P-glycoprotein inhibi-
tors, the present study showed that pretreatment with repeated
doses of erythromycin (100 mg/kg/day for 3 days), a represen-
tative CYP3A4 inhibitor, did not alter the disappearance of
azithromycin in rats from plasma, a finding which was sup-
ported by the report that azithromycin is not metabolized by
CYP3A4 in humans (8). The different effects between azithro-
mycin and erythromycin or clarithromycin may be due to dif-
ferences in affinity for CYP3A4, probably deriving from their
structure-related differences, although it was not clearly dem-
onstrated in the present study.

We found that azithromycin is distributed largely into the
kidney, liver, and lung, in which P glycoprotein and Mrp2 are
constitutively expressed. We expected that the concentrations
in tissue and the K, values of azithromycin might be increased
by treatment with cyclosporine or probenecid. However, no
significant differences in these parameters were observed be-
tween cyclosporine- or probenecid-treated and untreated rats.
In addition, the tissue-binding potency of azithromycin was
found to be high (85%). We assume that the tissue distribution
of azithromycin might be dominated by the binding to azithro-
mycin-binding proteins in the tissues. It has been reported that
azithromycin is localized mainly in the lysosome and is, in part,
in the cytosol of tissue cells (5, 10, 24). We therefore presume
that the observed insignificant differences in the tissue concen-
trations and K values between cyclosporine- or probenecid-
treated and untreated rats are due to its sequestration in the
tissues.

In conclusion, the present study is the first demonstration
that P glycoprotein and Mrp2 are involved in the disposition of
azithromycin. Although the data obtained in the present study
cannot be extrapolated directly to humans, these results may
provide some useful information for designing drug regimens
in patients with bacterial infections.
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