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The calcineurin inhibitors cyclosporine and tacrolimus are widely used to prevent allograft rejection after transplan-
tation. Since these drugs have narrow therapeutic windows and show considerable pharmacokinetic variability, ther-
apeutic drug monitoring (TDM) is essential to avoid adverse effects such as nephrotoxicity while maximizing im-
munosuppressive efficacy. On the other hand, some patients experience acute rejection episodes or postoperative compli-
cations despite achieving therapeutic blood drug levels. Therefore, pharmacokinetic and pharmacodynamic factors by
which to establish individualized dosage adjustment for these drugs should be identified. Recently, it was recognized that
pharmacogenomics has the potential to facilitate personalized medicine by translating knowledge of human genome
variability into rational therapeutics. In this paper, we review the population pharmacokinetic and pharmacogenomic
analysis of tacrolimus, focusing on an efflux transporter P-glycoprotein (multidrug resistance 1 [MDRI/ABCBI]) and
drug-metabolizing enzymes cytochrome P450 (CYP) 3A4 and 3AS5, and describe Bayesian forecasting to individualize
the tacrolimus dose in de novo living-donor liver transplant recipients. Furthermore, the pharmacodynamic properties
of tacrolimus and cyclosporine, which were evaluated by measuring calcineurin phosphatase activity in peripheral blood
mononuclear cells, are reviewed in relation to an optimal monitoring strategy as well as a rational dosage regimen for
these drugs.
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Fig. 1. Individual Bayesian Estimates (A) and Population Mean Estimates (B) of Oral Tacrolimus Clearance versus Postoperative

Days

A: Individual Bayesian estimates were shown for recipients of the model-building group (#=100) . B: The narrow and bold dotted lines indicate the population
mean estimates for a typical patient (body weight, 8.6 kg; AST, 53 IU/1) with a low MDR1 mRNA level in the native intestine and CYP3A45*3/*3-carrying graft
liver (L/*3) and with a high MDR1 mRNA level in the native intestine and CYP3A45*3/*3-carrying graft liver (H/*3), respectively. The narrow and bold solid lines
indicate the population mean estimates for a typical patient (body weight, 8.6 kg; AST, 53 IU/1) with alow MDR1 mRNA level in the native intestine and CYP3AS5

*]-carrying graft liver (L/*1) and with a high MDR1 mRNA level in the native intestine and CYP3A5*I-carrying graft liver (H/*1), respectively.
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Table 1. Population Pharmacokinetic Parameters of Tacroli-
mus in Pediatric Patients Receiving Living-Donor Liver
Transplantation

Table 2. Population Pharmacokinetic Parameters of Tacroli-
mus in Adult Patients Receiving Living-Donor Liver Trans-
plantation

Parameters

Parameters

Mean parameters
CL/F (I/h)* POD<21
(0.134 - 1.80FLAG+(,0181 + 2.00"FLAG .
POD) - SIZE - EXP (—0.0358 - AST/53)
POD > 21
(0.134 - 1.80'FLAG+(,0181 - 2.00"FLAG .
21) - SIZE - EXP (—0.0358 - AST/53)
V/F () * 17.1 + SIZE
Interindividual and residual variabilities
wcrr (%) 48.7
wvr (%) 82.6
o (ng/ml) 3.16

POD: postoperative days, AST: aspartate aminotransferase. If the in-
testinal MDR1 mRNA level was >0.22 amol/ug total RNA, then iFLAG
=1; otherwise, 0; if the donor was a CYP3A5*] allele carrier, then
hFLAG=1; otherwise, 0.

* SIZE=8.6 - (BW/8.6)0341 where BW is body weight.

(B)).®© £/, CYPAS EHHEMNEHT 3
CYP3AS* 1 7 LIV & B9 iRz B S /- B
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REMEYEREINT A—F 2 HWT (Table 2),1®
it 2 1 H AR O i PR O FRINATRETH 2 2 &
ZEHSMZ U7 (Fig. 2).9 22T, /WNEERICH
WTHESNTREFEMBE/NT A—5ICK25 D
O AZXMABEBEDTFHIHEICDOWT, KO (mean
error) &F5%E (mean absolute error) 7z & H U 2E(f
L7z 0d, —0E< OlERTIE, BEDEK
FIEREHD Z IR RIGAENE N0, BT
BHEZEBRVWET N EHNWTRA L. RAER
BT B HER L FER, 1 i EORHIICBVWTH T

Mean parameters

CL (I/h) (0.737+0.0134 - POD) - 0.728HF -
0.809RF - HW /600

v D 1.52 - BW

F (%) 6.77

Interindividual and residual variabilities
wcL (%) 57.4

wy (%) 39.7
wr (%) 63.0

p (CL, F) 0.776
o (ng/ml) 2.9

POD: postoperative days, HF: hepatic function, RF: renal function,
HW: hepatic weight, BW: body weight. If total bilirubin was >2.5 mg/dl,
then HF=1; otherwise, 0; if serum creatinine was >1 mg/dl, then RF=1;
otherwise, 0.
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Fig. 2. Prediction of Tacrolimus Concentrations by the Bayesian Method Using One Blood Sample around Postoperative Days 14 in
Three Typical Patients
Closed circles indicate observed concentrations used in the prediction with the Bayesian method as feedback information, and open circles indicate other data
that were not used in the prediction. Dotted and solid curves represent predicted concentrations by the population mean parameter estimates and with the Bayesian
method, respectively. Solid stepped lines represent daily oral dosage of tacrolimus.
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Fig. 3. Predictive Performance of Population Pharmacokinetic Model for Tacrolimus on Different Postoperative Days

The mean error (A) and mean absolute error (B) are shown with their standard error. Blood tacrolimus concentrations were predicted by the population mean
parameter estimates (closed columns) and with the Bayesian method using one blood sample (shaded columns) or two blood samples (open columns). *p<0.05,
significantly different from the mean value associated with the population mean parameter estimates (Dunnett’s test) .
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Fig. 4. Relationship between Blood Concentrations and Calcineurin (CaN) Inhibition after Single Administration of Tacrolimus

(A) or Cyclosporine (B) in Rats

A: Open and closed circles represent the mean data from rats treated with 0.1 mg/kg and 5 mg/kg of tacrolimus, respectively, without S.E. for clarity. B: Open
and closed circles represent the mean data from rats treated with 1 mg/kg and 10 mg/kg of cyclosporine, respectively, without S.E. for clarity. Each arrow indicates

an elapse of time.
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Fig. 5. Effect Compartment Model Analysis for Calcineurin (CaN) Activity in Whole Blood after Repeated Administration of

Tacrolimus (A) or Cyclosporine (B) in Rats

A: Open circles represent data from rats treated with 1 mg/kg of tacrolimus. B: Open circles represent data from rats treated with 1 mg/kg of cyclosporine. The
lines are simulations with the mean dosage given in each group using the averaged individual Bayesian estimates for pharmacodynamic parameters.
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Fig. 6. Relationship between Calcineurin (CaN) Activity in Peripheral Blood Mononuclear Cells and Blood Concentrations of Cy-
closporine (A) (n=10) or Tacrolimus (B) (#=30) in Living-Donor Liver Transplant Patients

Open and closed circles represent data measured at the trough time point and at 2 hours post-dose, respectively. The bold line shows the predicted CaN activity

versus blood drug concentration profile using the pharmacodynamic parameter mean estimates and the mean value of baseline CaN activity in each treatment arm.
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Calcineurin (CaN) Activity in Peripheral Blood Mononuclear Cells of Living-Donor Liver Transplant Patients Receiving Cy-

closporine (A) (n=8) or Tacrolimus (B) (n=21) with and without Acute Rejection
A: Open and closed columns represent data measured at the trough time point and at 2 hours post-dose, respectively. Each column indicates the mean +S.D.
For data from 2 patients with acute rejection, the mean value alone is indicated by each column. B: Each column indicates the mean £S.D. of data measured at the
trough time point. *p<(0.05, significantly different from the mean value in patients without acute rejection (unpaired ¢ test) .
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Fig. 8. Time Courses of Blood Cyclosporine Concentration (A) and Calcineurin (CaN) Activity in Peripheral Blood Mononuclear
Cells (B) in the Twice Daily (Open Circles) and Once Daily (Closed Circles) Dosing Groups on Postoperative Day 6
Each symbol represents the mean +S.D. *p<{0.05, significantly different from data at the same time point post-dose in the twice daily dosing group.
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Fig. 9. Correlations between Exposure and Response (A), and between Pharmacodynamic Parameters (B) of Cyclosporine in

Living-Donor Liver Transplant Patients

A: Mean AUA,_, values on postoperative days 6 (open circle) and 27 (open square) in the twice daily dosing group, and on postoperative days 6 (closed cir-
cle) and 13 (closed square) in the once daily dosing group were compared with mean AUC,_,, respectively. Error bar indicates S.D. B: AUA,_,4 versus CaN, activity
for all points in the twice daily (open circles) and once daily (closed circles) dosing groups.
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