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activity as well as efflux transport of P-glycoprotein that mayApparent Lack of Effect of
potentially serve as an absorption barrier in normal mice (1).

P-Glycoprotein on the Gastrointestinal The authors (1) also concluded that they could not determine
whether the P-glycoprotein contributes to the intestinal perme-Absorption of a Substrate,
ability. The purpose of this communication is to report the result

Tacrolimus, in Normal Mice of our findings suggesting an apparent lack of significant effect
of P-glycoprotein on the intestinal permeability and on the rate
and extent of oral absorption of tacrolimus in normal mice.

Win L. Chiou,1,2 Sang M. Chung,1 and Ta C. Wu1

METHODS

Received September 9, 1999; accepted November 10, 1999 In the reported study (1) the oral bioavailability (F) of
tacrolimus was estimated based on the comparison of the totalPurpose. To study the contribution of P-glycoprotein (P-gp) to the oral
blood concentration vs. time area from time zero to 5 hr obtainedabsorption of a substrate, tacrolimus, by comparing the extent and rate
after oral and intravenous administration of the same dose.of bioavailability in normal and mdr1a knockout mice.
Theoretically speaking (2), F is preferred to be calculated byMethods. Intravenous and oral (2 mg/kg) blood concentration data of
the total area between time zero to infinity as shown below.tacrolimus in normal and knockout mice were obtained from a study

by K. Yokogawa et al. in Pharm. Res. 16:1213–1218 (1999). Mean
bioavailability (F), mean hepatic first-pass extraction ratio (Fh), mean F 5

AUCpo,0→`

AUCiv,0→`
(1)

bioavailability rates, mean oral clearance, and mean total hepatic intrin-
sic clearance were calculated using standard pharmacokinetic methods.

Assuming that oral absorption ceased at 5 hr after dosing, theResults. The mean F of tacrolimus (an apparently highly permeable
compound) was increased from 0.22 in normal mice to 0.72 in knockout oral AUC from 5 hr to infinity can be best approximated by
mice. These values were consistent with mean predicted Eh (based on the mean blood concentration at 5 hr (Fig. 5 in reference 1)
intravenous data) of 0.77 and 0.27 in normal and knockout mice, divided by the mean terminal first-order rate constant obtained
respectively. Great similarity in the relative bioavailability profile (such after intravenous administration (i.e., l2 in Table 1 of reference
as short Tmax) between normal and knockout mice was also found. Mean 1). The mean oral AUC from time zero to 5 hr was estimated
oral clearance and mean total or unbound hepatic intrinsic clearance of

from their Fig. 5 (1) using the linear (during the ascendingtacrolimus in knockout mice were found to be about 10 times lower
period) and log (during the descending period) trapezoidal rulecompared to those in normal mice.
method recommended earlier (3). The AUCiv, 0 → ` was esti-Conclusions. The above results suggest an apparent lack of effect of
mated by the integration method based on the reported (1)P-gp on the gastrointestinal absorption of tacrolimus in normal mice
disposition function. Since tacrolimus is known to be insignifi-under the study condition. It is postulated that the effect of P-gp on

the rate and extent of oral absorption should be more pronounced for cantly excreted in urine as unchanged drug after intravenous
those more slowly or incompletely absorbed drugs (i.e., drugs with administration (4), the hepatic extraction ratio (Eh) can be esti-
relatively low permeabilities) as illustrated by talinolol in humans. The mated by (2,5)
clearance data also suggest a very dominant role of P-glycoprotein in
controlling the rate of hepatic metabolism of tacrolimus in normal

Eh 5
CLtotal

Qh
(2)mice, and P-glycoprotein may serve as an effective efflux pump for

direct transport of metabolites formed in hepatocytes into the blood
circulation. where CLtotal is the reported (1) mean total blood clearance

obtained after intravenous administration and Qh is the meanKEY WORDS: tacrolimus; P-glycoprotein; bioavailability; drug
absorption; mice. hepatic blood flow in mice, 72.5 ml/min/kg (6). The predicted

bioavailability (Fpred ) is estimated by one minus Eh. The mean
bioavailability rate of tacrolimus in normal and knockout miceINTRODUCTION
after oral administration was calculated by a method reported

In an excellent study published recently (1) on the P- earlier by Chiou (7), and a cumulative bioavailability profile
glycoprotein-dependent distribution kinetics of tacrolimus, it was subsequently obtained.
was shown that, compared to normal mice, the mdr1a knockout
mice showed a 3-fold reduction in total clearance, a 10-fold

RESULTS AND DISCUSSIONincrease in maximum brain concentration and a 3.5-fold (0.59
vs. 0.17) increase in oral bioavailability. Based on their results The results of our analysis are summarized in Table I. Our
the authors (1) suggested that the absorption of tacrolimus (a calculated mean oral bioavailabilities of tacrolimus in the two
known substrate of P-glycoprotein) from the gastrointestinal different groups of mice are all higher than those reported
tract is limited in part by P-glycoprotein. The increase in oral previously (0.22 vs. 0.17 in normal mice and 0.72 vs. 0.59 in
bioavailability in knockout mice may be attributed to the varia- knockout mice). The reported lower F values are attributed to
tion of first-pass effect due to hepatic and/or intestinal metabolic the truncated method used in the early (1) analysis. The reported

oral sustained blood-level profiles (1) are indicative of continu-
ing absorption for at least up to 5 hr as shown in (Fig.1). The1 Department of Pharmaceutics and Pharmacodynamics (M/C 865),
amount absorbed after 5 hr was probably relatively small inCollege of Pharmacy, University of Illinois at Chicago, Illinois 60612.
view of the short small intestinal transit time in rodents (8).2 To whom correspondence should be addressed. (e-mail:

chiou@uic.edu) Therefore, the F values estimated using Eq. 1 in the present
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Table I. Summary of Kinetic Data of Tacrolimus in Normal and when compared to the normal mice (3.20 vs. 1.84). An oral F
Knockout Mice Following 2 mg/kg of Intravenous or Oral Dose of 0.72 or greater (if there was a continued absorption after 5

hr) in the knockout mice estimated in the present study also
Parameter Normal mice Knockout mice indicates a virtually complete oral absorption of this drug in

mice. The oral bioavailability estimated here or earlier (1) inAUCpo, 0 → 5hr (hr ? ng/ml) 5700 46800
AUCpo, 0 → ` (hr ? ng/ml) 7745 75620 normal mice is similar to the reported mean bioavailability of
AUCiv, 0 → ` (hr ? ng/ml) 35900 104000 16% in humans (9).
CLtotal (ml/hr/kg) 55.7 19.2 Another important evidence to support the apparent lack
CLoral (ml/hr/kg) 258 26.4 of effect of the P-glycoprotein on the gastrointestinal permeabil-
CLint, app (ml/hr/kg) 258 26.4 ity or absorption is shown by great similarity in the relative
Fa 0.22 0.72 bioavailability rate profile or cumulative bioavailability profile
Eh

b 0.77 0.27
between the normal and knockout mice (Fig. 1). The meanFpred

c 0.23 0.73
peak rate of bioavailability was found to occur during the first

a Based on Eq. 1. blood sampling period (0 to 5 min) in the normal mice while
b Based on Eq. 2. this occurred during the second blood sampling period (5 to
c 1 2 Eh. 15 min) in the knockout mice. If the P-glycoprotein present in

normal mice would have had a significant barrier effect on the
absorption of tacrolimus due to its ability to pump the absorbed
drug from enterocytes into the intestinal lumen, one may thenstudy should be reasonably accurate. Interestingly, these esti-
expect a delay in the peak time for the bioavailability rate whenmates are essentially identical (0.22 vs. 0.23 for normal mice
compared to the knockout mice. Since this didn’t occur (anand 0.72 vs. 0.73 for knockout mice) to the predicted bioavail-
opposite phenomenon seemed to have occurred), its effect onability values based on Eq. 2 (Table I). The above results
the absorption seems insignificant. The apparent lack of the P-strongly suggest that the marked difference in oral bioavailabil-
glycoprotein effect on absorption is also supported by theity between normal mice and knockout mice was most likely
reported (1) virtually identical ratios (4.08 vs. 3.99) of the gut/due to the difference in hepatic first-pass extraction caused by
blood tacrolimus concentration at 5 hr after intravenous dosinga drastic reduction in hepatic blood clearance in the knockout
between normal and knockout mice.mice. The implication of the liver in causing the bioavailability

The very early bioavailability peaks (Fig. 1) are indicativedifference may also be supported by the reported (1) significant
of high permeability or absorptive clearance (10) of tacrolimusincrease of liver/blood ratio of tacrolimus in the knockout mice
in these mice. The prolonged oral absorption (Fig. 1) observed
could be mainly attributed to the precipitation from the adminis-
tered solution and the subsequent slow in vivo dissolution of
this highly water insoluble (,100 ng/ml) drug (11). The above
reasoning is consistent with the slow and poor absorption of
the tacrolimus crystalline powder (in micron range) in beagle
dogs reported earlier (11).

Based on the above data and discussions, one may conclude
that although P-glycoprotein can markedly affect the brain
uptake, systemic clearance and oral bioavailability of tacrolimus
in mice, its effect on the intestinal permeability or the rate and
extent of gastrointestinal absorption of the drug is probably
minimal. It should be emphasized that the present analysis
is not inconsistent with the notion that, mechanistically, P-
glycoprotein may still be involved in the tacrolimus absorption
as an efflux transporter (1). However, apparently because of
its high permeability, the secreted molecules of tacrolimus could
be rapidly reabsorbed back into the enterocytes for potential
transport into the mesenteric blood and the absorption barrier
effect of P-glycoprotein would then become not noticeable. In
other words, the impact of P-glycoprotein on the rate and extent
of oral absorption may be expected to be more pronounced for
those more slowly or incompletely (12,13) absorbed drugs (i.e.,
drugs with relatively low permeabilities). This seems to be
supported by the absorption data of talinolol enantiomers, P-
glycoprotein substrates, in humans following oral administra-
tion (14). As expected (14), the extent of absorption as measured
by dose normalized AUC was increased and the first peak time
(Tmax) was reduced when oral dose was increased. Data for S-
(2)-talinolol are shown in Fig. 2. It should be noted that theFig. 1. The time course of cumulative bioavailability (top) and rate
terminal half-life and thus plasma clearance of the drug wereof bioavailability (bottom) of tacrolimus after oral administration (2

mg/kg) to normal (C) and knockout (●) mice. not changed with dose (14).
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hepatic clearance (CLint) based on unbound drug was also
reduced 10 times in the knockout mice. Thus, the above suggests
that P-glycoprotein not only can affect drug transport/excretion
across cell membranes in various parts of the body as being
widely recognized, it can also affect drug metabolism in the
liver apparently in a very significant or dominant manner. The
exact mechanism of this is unknown. However, one may specu-
late that absence of P-glycoprotein in the liver (16) may result
in a marked hepatic accumulation of drug and metabolite(s)
formed in the liver. Under such conditions, the accumulated
drug may cause partial saturation of the enzyme(s) and the
accumulated metabolite(s) may competitively inhibit the metab-
olism of the drug (17), leading to a drastic reduction in CLint,app

of tacrolimus. The significant accumulation of tacrolimus in
the liver was demonstrated by the higher (73%) mean ratio of
the liver/blood concentration in the knockout mice than in the
normal mice (1). The above discussions may suggest that P-
glycoprotein could also function as an effective transporter to
pump the more hydrophilic metabolite(s) out of hepatocytes
directly into the blood circulation once it is formed. This may
explain why some metabolites often appear in high concentra-
tions in systemic blood very shortly (within a few to 30 minutes)
after intravenous administration. Whether the present finding
of the very dominant role of P-glycoprotein in tacrolimus metab-

Fig. 2. Relationship between the mean AUC/dose (top) or mean first olism in mice can also be found in other species or for other
Tmax (bottom) and the dose for S-(2)-talinolol in 12 normal human

drugs remains to be studied.subjects following oral administration of various doses of racemic
talinolol. Data were obtained from reference 14.
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