
Citation: CPT Pharmacometrics Syst. Pharmacol. (2019) 8, 587–595;  doi:10.1002/psp4.12420

ARTICLE

A Minimal Physiologically-Based Pharmacokinetic Model 
for Tacrolimus in Living-Donor Liver Transplantation: 
Perspectives Related to Liver Regeneration and the 
cytochrome P450 3A5 (CYP3A5) Genotype

Kotaro Itohara1,2, Ikuko Yano1,3,*, Tetsunori Tsuzuki1, Miwa Uesugi1, Shunsaku Nakagawa1, Atsushi Yonezawa1,2 ,  
Hideaki Okajima4, Toshimi Kaido4, Shinji Uemoto4 and Kazuo Matsubara1

In adult patients after living-donor liver transplantation, postoperative days and the cytochrome P450 3A5 (CYP3A5) genotype 
are known to affect tacrolimus pharmacokinetics. In this study, we constructed a physiologically-based pharmacokinetic 
model adapted to the clinical data and evaluated the contribution of liver regeneration as well as hepatic and intestine 
CYP3A5 genotypes on tacrolimus pharmacokinetics. As a result, liver function recovered immediately and affected the total 
body clearance of tacrolimus only during a limited period after living-donor liver transplantation. The clearance was about 
1.35-fold higher in the recipients who had a liver with the CYP3A5*1 allele than in those with the CYP3A5*3/*3 genotype, 
whereas bioavailability was ~0.7-fold higher in the recipients who had intestines with the CYP3A5*1 allele than those with 
CYP3A5*3/*3. In conclusion, the constructed physiologically-based pharmacokinetic model clarified that the oral clearance 
of tacrolimus was affected by the CYP3A5 genotypes in both the liver and intestine to the same extent.

Tacrolimus is used as a key immunosuppressant in several 
organ transplantations, and the therapeutic drug mon-
itoring (TDM) of this compound is important to prevent 
rejections or adverse effects because tacrolimus has a 
narrow therapeutic range and large interindividual and in-
traindividual variabilities.1–4 Tacrolimus is rapidly absorbed 
after oral administration, but its oral bioavailability (F) is 

poor.2 Tacrolimus is metabolized by cytochrome P450 3A4 
(CYP3A4) as well as cytochrome P450 3A5 (CYP3A5) in 
the liver and small intestine.2  Genetic polymorphisms of 
CYP3A5 include the wild-type allele CYP3A5*1 and the vari-
ant allele CYP3A5*3.5 The wild-type allele CYP3A5*1 pro-
duces high levels of full-length CYP3A5 messenger RNA 
and expresses high levels of the functional CYP3A5 protein 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔   In living-donor liver transplantation, the respective 
cytochrome P450 3A5 (CYP3A5) genotypes in the liver 
and small intestine from the donor and recipient, respec-
tively, and the number of postoperative days can affect 
tacrolimus metabolism.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔   This study evaluated the quantitative contributions of 
hepatic and intestinal CYP3A5 genotypes and liver re-
generation in living-donor liver transplant patients using 
physiologically-based pharmacokinetic modeling and 
clinical data application.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔   The constructed physiologically-based pharmacoki-
netic model describes rapid recovery of liver function after 
living-donor liver transplantation and the same effect of the 
CYP3A5 genotypes both in the liver and intestine on the 
oral clearance of tacrolimus.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, 
DEVELOPMENT, AND/OR THERAPEUTICS?
✔   The oral clearance could be classified into three pat-
terns according to the CYP3A5 genotype combination of 
the donor and recipient. The recommended initial dosage 
of tacrolimus guided by genotype using physiologically-
based pharmacokinetic simulations would be useful to 
maintain the therapeutic range quickly.
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(CYP3A5 expressor), whereas the variant CYP3A5*3/*3 
produces very low or undetectable levels of the functional 
CYP3A5 protein (CYP3A5 nonexpressor).5  Tacrolimus is 
a substrate of P-glycoprotein multidrug resistance protein 
1 (MDR1)/ATP-binding cassette sub-family B member 1 
(ABCB1), which actively transports tacrolimus back into the 
intestinal lumen and affects the F of this drug.6 The total 
body clearance (CL), volume of distribution, and F of blood 
tacrolimus in healthy volunteers were reported as 0.040 L/
hour/kg, 1.91 L/kg, and 17.8%, respectively.7

Liver transplantation is a treatment for patients with 
end-stage liver disease. Because of the organ shortage for 
transplantation, the typical liver transplantation in Japan 
is living-donor liver transplantation (LDLT).  In LDLT, about 
30–60% of the liver from the donor is harvested and trans-
planted to the recipient.8 The liver has a strong ability to re-
generate, and it can become a nearly suitable size within a 
few months after transplantation.9–12 Previous reports have 
shown that patients who performed LDLT show smaller CL 
values than patients who received kidney or cadaveric liver 
transplantation, and the CL value increased with postoper-
ative days (POD) to establish a steady state within 30 days 
of surgery.13–15 Interestingly, in patients with a liver trans-
plantation, the CYP3A5 genotypes in the liver and small 
intestine are derived from the donor and recipient, respec-
tively. Therefore, POD and CYP3A5 genotypes in the grafted 
liver and small intestine of recipients can mutually affect the 
pharmacokinetics of tacrolimus in LDLT patients. Previous 
reports showed that the trough blood concentration/dose 
(C/D) ratio of tacrolimus was significantly lower in the re-
cipients who had a liver or an intestine with the CYP3A5*1 
allele than those with the CYP3A5*3/*3 genotype.16 We pre-
viously reported that that the intestinal CYP3A5*1 allele, but 
not the liver CYP3A5*1 allele, affected the individual oral CL 
(CL/F) of tacrolimus in adult LDLT recipients by the popula-
tion pharmacokinetic analysis.17

Physiologically-based pharmacokinetic (PBPK) mod-
els have been used as a tool to quantitatively evaluate the 
effect of the physiological change on drug disposition.18 

The following two approaches are usually used for model 
building:19 (i) the “top-down” approach that uses observed 
clinical data to build the model, and (ii) the “bottom-up” ap-
proach that uses drug-specific and system-specific data to 
build the model. Although these two approaches have been 
employed for research studies, a better model may be es-
tablished by combining these two known models, namely, a 
middle-out approach.20

In this study, we quantitatively evaluated the effects of 
liver regeneration as well as hepatic and intestinal CYP3A5 
genotypes on tacrolimus pharmacokinetics in LDLT patients 
using a PBPK model based on clinical data to estimate the 
appropriate initial tacrolimus dosage in LDLT patients.

METHODS
Clinical data
A total of 26 adult LDLT patients receiving initial intravenous 
injection of tacrolimus followed by the oral administration 
at Kyoto University Hospital (from December 2013–January 
2016) were included in the model-building data used to de-
velop the present PBPK model for tacrolimus. The blood 
sampling was performed in the morning and/or in the eve-
ning daily during the intravenous infusion period and at the 
trough point during the oral administration period as part 
of routine TDM. In addition, a total of 272 adult patients 
receiving tacrolimus therapy during 4 weeks after LDLT at 
Kyoto University Hospital (from July 2004–June 2011) were 
included in the verification data for evaluating the con-
structed PBPK model. The blood sampling times of the ver-
ification data were all trough points. The patients’ ages in 
the verification data were 20 years old and older and were 
included in a previous report by Uesugi et  al.16 Table S1 
shows the characteristics of the LDLT patients in this study. 

The blood concentration of tacrolimus was measured using 
a microparticle enzyme-linked immunoassay (IMx; Abbott, 
Tokyo, Japan) between July 2004 and March 2009 and a che-
miluminescent enzyme immunoassay (ARCHITECT; Abbott) 
after April 2009. The equivalence of the data obtained using 
these two methods was validated in our hospital.21

Figure 1  Physiologically-based pharmacokinetic (PBPK) modeling workflow used in this study. C/D, concentration/dose; Fa, fraction 
of dose absorbed; LDLT, living-donor liver transplantation.  
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This study was carried out in accordance with the 
Declaration of Helsinki and its amendments and was 
approved by the Ethics Committee of Kyoto University 
Graduate School, Faculty of Medicine and Kyoto University 
Hospital (Kyoto, Japan).

PBPK model development of tacrolimus for LDLT 
patients
The workflow for tacrolimus PBPK modeling is shown in 
Figure  1. Simcyp population-based absorption, distri-
bution, metabolism, and excretion simulator version 17 
(Certara, Sheffield, UK) was used to build the PBPK model 
of tacrolimus.  The drug parameter values of tacrolimus 
and the population mean physiological parameter values 
used to build the PBPK model22–26 are shown in Table 
S2. Pharmacokinetic parameters for tacrolimus were de-
scribed based on the blood concentrations. Physiological 
parameters such as body weight and cardiac output were 
based on the default Japanese population data provided 
by the simulator, whereas the mean hematocrit value was 
changed from the default value in the Simcyp to 25.5% 
based on our clinical data. In addition, according to the 
literature, the mean abundances of CYP3A4 and CYP3A5 
in the liver were changed from the default values in the 
Simcyp to 93 and 17  pmol/mg, respectively, and these 
coefficient of variation (CV) values were in turn changed 
to 81 and 185%, respectively.26 Because the clinical data 
using the model building were not rich sampling data and 
our objective was to know the initial dose of tacrolimus in 
LDLT patients based on the genotype information, the min-
imal PBPK model was selected in this study. The volume 
of distribution in blood was set as 1.29 L/kg according to 
the preanalysis of model-building data. The fraction of drug 
unbound in the gut was fixed to 1, according to the result of 
sensitive analysis about the fraction of drug unbound in the 
gut vs. F (Figure S1).

Construction of liver regeneration model
Because the liver regeneration profile could not directly 
be modeled in the Simcyp simulator, the output data of 
simulated virtual individual parameters by Simcyp were 
used as the input data into the nonlinear mixed effects 
modeling (NONMEM) program version 7.2 (ICON, Ellicott 
City, MD; Figure  1). In addition, the equations used in 
Simcyp (shown in Supplementary Information) were 
also incorporated based on a one-compartment with 
first-order absorption model with conditional estimation 
to reproduce the time-concentration data, and the code 
is shown in Supplementary Information. We confirmed 
that NONMEM reproduced the predicted blood concen-
trations of tacrolimus corresponding to the predicted 
blood concentration of tacrolimus using Simcyp, and the 
subsequent simulation was performed using NONMEM.

Several liver regeneration models were incorporated into 
the model equation in NONMEM. The previous literature 
reported results concerning liver regeneration after LDLT. 
In one study, the grafted liver doubled within 1  week,11 
whereas in another, the liver regenerated to the recipient 
standard liver size in 1 month.12 Because of the discrepan-
cies in the measurement frequency of the liver size among 

the published reports, we could not determine the precise 
liver regeneration profile. Therefore, in this study, we first 
compared the various liver regeneration models (such as 
Eqs. 1–4) to explore the model best fits in the clinical data. 
In Eqs. 1–4, LWstd and GR represent the recipient stan-
dard liver weight in each patient generated by Simcyp and 
the ratio of grafted to the recipient standard liver weight, 
respectively. At first, GR was assumed to be 60% in all of 
the models.

The raw blood concentration in the model-building data 
is shown in Figure S2. Because the observed blood con-
centration varied widely and both the period and dose of 
intravenous administration of tacrolimus were different 
in each patient, the simulated blood concentrations of 
tacrolimus immediately after LDLT (considering the liver 
regeneration using Eqs. 1–4) were compared with the ob-
served concentrations normalized by the dosing regimen 
to identify the best-fit liver-regeneration model. The dos-
ing regimen used for the normalization was set to the ini-
tial protocol at Kyoto University Hospital in 2013. Briefly, 
tacrolimus was intravenously administered at a rate of 
1.25 μg/hour/kg during the first 12 hours and then was re-
duced to 0.83 μg/hour/kg before switching to oral admin-
istration of 0.04  mg/day/kg 3  days after transplantation. 
Each observed concentration was normalized to this dos-
ing regimen by using the post hoc Bayesian method using 
NONMEM; namely, the individual pharmacokinetic param-
eters were estimated by using the Bayesian method, where 
the population pharmacokinetic parameters were obtained 
from the one-compartment model constructed based on 
in-house data including model-building data and pediat-
ric patient data in the same observed period (T. Tsuzuki, 
A. Yonezawa, and K. Matsubara, unpublished data). The 
mean value and interindividual variability (CV) for the pop-
ulation pharmacokinetic parameters of CL and volume of 
distribution were 1.16 L/hour and 36% and 1.29 L/kg and 
41%, respectively. CYP3A5 genotype combinations of the 
liver and small intestine were as follows: CYP3A5*1 allele in 
both the graft liver and small intestine (L*1/I*1), CYP3A5*1 
allele in the graft liver and CYP3A5*3/*3 in the small intes-
tine (L*1/I*3), CYP3A5*3/*3 in the graft liver and CYP3A5*1 
allele in the small intestine (L*3/I*1), and CYP3A5*3/*3 in 
both the graft liver and small intestine (L*3/I*3).

Using the individual parameters of the Japanese ver-
tical population generated by Simcyp to NONMEM, the 
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time-concentration profiles of 100 virtual adult Japanese 
were calculated for each CYP3A5 genotype combination 
of liver and small intestine. The squared error (SQE) and 
the root mean square error (RMSE) as described in Eqs. 5 
and 6 were calculated as the model precision index as 
follows:27

where MED is the median value of blood concentration sim-
ulated by the PBPK model, IOBSi represents the observed 
concentrations normalized to the dosing regimen, and N 
denotes the number of blood samples.

After construction of the liver-generation model, we ex-
amined the effects of fraction of dose absorbed (Fa) values 
of 0.8, 0.6, and 0.4 to explore a better-fitting model.

Statistical analysis was performed between the SQE of 
each model using one-way analysis of variance. P value 
< 0.05 was considered to be significant. In addition, the ab-
solute value of RMSE was compared among models, and 
the model showing the smallest RMSE value was selected 
as the best-fitting model.

Finally, the effect of the initial value of the graft liver size 
was examined using the selected best-fitting model.

Simulation
As in the model-building step, the tacrolimus concentration 
data in 100 virtual adult Japanese were calculated for each 
CYP3A5 genotype combination to evaluate the effect of liver 
regeneration and the CYP3A5 genotype. At first, blood con-
centrations of tacrolimus immediately after LDLT and the C/D 

ratio during 1 month after LDLT for each CYP3A5 genotype 
combination were simulated. In this simulation, tacrolimus 
was intravenously administered at a rate of 1.25  μg/hour/
kg during the first 12 hours and then reduced to 0.83 μg/
hour/kg. At 3 days after transplantation, tacrolimus was 
switched to oral administration at a dose of 0.04 mg/day/kg. 
Simulated blood concentrations after LDLT were first com-
pared with the model-building clinical data. Then, C/D ratios 
after LDLT were compared with the verification clinical data 
for model evaluation. Finally, using the final model, CL, F, 
and CL/F of tacrolimus during post-LDLT 1 month for each 
CYP3A5 genotype combination were calculated.

Finally, the recommended dose for each CYP3A5 gen-
otype was calculated by using the final model. Briefly, the 
loading dose that brings the blood concentration of tacroli-
mus to 15 ng/mL after 12 hours after intravenous infusion, 
the maintenance dose 12 hours after the infusion that main-
tains the blood concentration of 15 ng/mL, and the oral ad-
ministration dosage that maintains the trough concentration 
at 10 ng/mL were calculated, respectively. 

RESULTS
PBPK modeling
Regarding the effect of liver regeneration on the blood 
concentration of tacrolimus (Figure  2), the median SQE 
values using each model (Eqs. 1–4) were 12.8 (90% con-
fidence interval (CI): 0.164–185), 15.4 (90% CI: 0.136–240), 
37.7 (90% CI: 0.741–343), and 66.1 (90% CI: 0.853–393), re-
spectively, and the SQE value using Eq. 1 was significantly 
different when compared with the other models (Eqs. 2–4; 
P  <  0.001). However, the predicted values were slightly 
higher when compared with the observed concentrations 
normalized to the dosing regimen in all CYP3A5 genotype 
combinations using Eq. 1.

(5)SQE= (MED− IOBSi )
2

(6)RMSE=

√

√

√

√
1

N

N
∑

i=1

(SQE)

Figure 2  Effect of liver regeneration rate on the blood concentration of tacrolimus immediately after living-donor liver transplantation. 
(a) cytochrome P450 3A5 (CYP3A5)*1 allele in both the graft liver and small intestine (L*1/I*1), (b) CYP3A5*1 allele in the graft liver and 
CYP3A5*3/*3 in the small intestine (L*1/I*3), (c) CYP3A5*3/*3 in the graft liver and CYP3A5*1 allele in the small intestine (L*3/I*1), and 
(d) CYP3A5*3/*3 in both the graft liver and small intestine (L*3/I*3). Each closed circle shows the observed concentration normalized 
by the dosing regimen (OBS). The number of patients with L*1/I*1, L*1/I*3, L*3/I*1, and L*3/I*3 were 7, 5, 4, and 10, respectively. i.v., 
intravenous; p.o., per oral. 

(a) (b)

(c) (d)
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Next, we examined the effect of Fa on the predicted 
blood concentration of tacrolimus (Figure 3), and the results 
showed that the median SQE values using the Fa values of 
0.8, 0.6, and 0.4 were 13.9 (90% CI: 0.0524–174), 14.7 (90% 
CI: 0.221–142), and 16.5 (90% CI: 0.0607–177), respectively. 
There were no statistically significant differences between 
each group. The RMSE values using the Fa values of 0.8, 
0.6, and 0.4 were 5.84 (90% CI: 5.16–6.46), 5.69 (90% CI: 
5.08–6.35), and 6.03 (90% CI: 5.34–6.73), respectively. We 
subsequently selected the Fa value of 0.6 because it yielded 
the smallest RMSE value.

Using the selected model (Eq. 1 and Fa value of 0.6), the 
graft liver size had little effect on the predicted concentra-
tions (Figure S3).

Model verification
Approximately 95% of the observed blood concentrations 
normalized by the standard dosage regimens immediately 
after LDLT were within one standard deviation of that pre-
dicted by the final model (Figure 4).

Furthermore, most of the observed C/D ratios during the 
28 days after LDLT in the verification data were within the 
90% CI of the predicted values for each CYP3A5 geno-
type combination in each period (Figure  5). For example, 
the median values of the C/D ratio predicted by the con-
structed PBPK model were 102, 155, 167, and 244 (ng/mL)/
(mg/kg), and the CV values were 75, 77, 101, and 94% for 
POD 22–28 in patients who had L*1/I*1, L*1/I*3, L*3/I*1, and 
L*3/I*3, respectively. The median values of the observed 
C/D ratio were 123, 173, 121, and 193 ng/mL/mg/kg, and 
the CV values were 66, 139, 127, and 113% for POD 22–28 
in patients who had L*1/I*1, L*1/I*3, L*3/I*1, and L*3/I*3, 
respectively.

Simulation
The simulation using the final PBPK model showed that 
the CL increased immediately after LDLT and subse-
quently reached 1.59 and 1.19 L/hour in patients who had 
a graft liver with the CYP3A5*1 allele (L*1) and CYP3A5*3/*3 
(L*3), respectively (Figure 6). The F values in patients who 
had a small intestine with the CYP3A5*1 allele (I*1) and 
CYP3A5*3/*3 (I*3) registered 0.090 and 0.131, respectively. 
The breakdown of F was as expressed as follows: Fa was 
designated the same value (0.6) for all CYP3A5 genotype 
combinations. Hepatic availability (Fh) values in patients 
who had L*1 and L*3 indicated 0.979 and 0.985, respec-
tively. Intestinal availability (Fg) values in patients who had 
I*1 and I*3 showed 0.153 and 0.227, respectively. The CL/F 
values increased immediately after LDLT and subsequently 
reached 17.0, 11.3, 11.8, and 7.9  L/hour in patients with 
L*1/I*1, L*1/I*3, L*3/I*1, and L*3/I*3, respectively. The recom-
mended dosage was calculated based on the final PBPK 
model (Table 1). 

DISCUSSION

The present minimal PBPK model using clinical data quan-
titatively evaluated the contribution of hepatic and intes-
tinal CYP3A5 genotypes to the CL, F, and CL/F values. 
The PBPK model showed that the CL was affected by the 
CYP3A5 genotype in the liver and the F was affected by 
the CYP3A5 genotype in the small intestine. Therefore, 
the initial dosage of tacrolimus can be selected based on 
CYP3A5 genotypes in the recipient and donor in LDLT. The 
recommended dosage of tacrolimus guided by genotype 
using PBPK simulations would be useful to quickly maintain 
blood concentrations within the therapeutic range.

Figure 3  Effect of a fraction of dose absorbed (Fa) on the blood concentration of tacrolimus immediately after living-donor liver 
transplantation. (a) cytochrome P450 3A5 (CYP3A5)*1 allele in both the graft liver and small intestine (L*1/I*1), (b) CYP3A5*1 allele 
in the graft liver and CYP3A5*3/*3 in the small intestine (L*1/I*3), (c) CYP3A5*3/*3 in the graft liver and CYP3A5*1 allele in the small 
intestine (L*3/I*1), and (d) CYP3A5*3/*3 in both the graft liver and small intestine (L*3/I*3). Each closed circle shows the observed 
concentration normalized by the dosing regimen (OBS). The number of patients with L*1/I*1, L*1/I*3, L*3/I*1, and L*3/I*3 were 7, 5, 4, and 
10, respectively. i.v., intravenous; p.o., per oral.

(a) (b)

(c) (d)
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In the Simcyp simulator, the default value of the mean 
abundance of CYP3A4 in the liver in the Japanese popula-
tion was designated as 122 pmol/mg. In addition, the default 
value of the mean abundance of CYP3A5 in the liver was 
proportional to the abundance of CYP3A4 in the liver.25,28–30 
Using these default values, the median CL/F in patients with 
L*1/I*1 and L*3/I*3 were 57.4 and 13.2 L/hour, respectively. 
Therefore, the CL/F in patients with L*1/I*1 was about quadru-
pled when compared with the CL/F in patients with L*3/I*3. 
However, some studies on the population pharmacokinetics 
of tacrolimus in renal transplantation have been published 
in which the CL/F values in patients with the CYP3A5*1 al-
lele and CYP3A5*3/*3 are 20.9–54.5 and 15.4–27.3 L/hour, 
respectively, and the CL/F value in patients who have the 
CYP3A5*1 allele registers 1.12–2.07 times higher than those 
with the CYP3A5*3/*3 allele.31–40 It was possible that CL/F 
would be calculated considerably higher when using the 
default values of the mean abundance from CYP3A4 and 
CYP3A5. Therefore, we decided to use the values described 
in the literature of the abundance of CYP3A4 and CYP3A5 in 
the liver based on the results of a meta-analysis.26

In this PBPK simulation, the CL of tacrolimus ~35% 
higher in recipients who had L*1 than those with L*3. In ad-
dition, F was about 30% lower in the recipients who had I*1 
than those with I*3, whereas hardly any difference in F was 
observed between the patients who had L*1 and those with 
L*3 (Figure  6). Therefore, because the first-pass metabo-
lism of tacrolimus mainly occurred in the small intestine (not 
in the liver), the small-for-size graft and liver regeneration 
did not affect the F value of tacrolimus in the LDLT patients. 
Consequently, the CL/F of tacrolimus was affected by the 
CYP3A5 genotypes in both the liver and intestine to approx-
imately the same degree.

The PBPK-simulated mean CL in patients who had L*1 
and L*3 were 0.975 and 0.729 on POD 0 and increased to 
1.59 and 1.19 L/hour on day 30, respectively (Figure 6a). 
Fukatsu et  al.15 reported that the respective population 
mean estimates for CL on PODs 0 and 30 are 0.737 and 
1.14 L/hour, and the CL of tacrolimus was increased linearly 
according to POD. The PBPK-simulated CL value derived in 
our study was considered reasonable, but the best-fit model 
was obtained in Eq. 1. Therefore, the liver function would be 
recovered immediately in the early period after LDLT.

In our study, the PBPK-simulated mean F value in pa-
tients with I*1 and I*3 are 0.090 and 0.131, respectively. As 
the reported values of F vary from 0.0677–0.28,15,41–43 the 
PBPK-simulated F values derived in our study were consid-
ered reasonable. When the Fa value was changed to 0.6, 
the model had the best fit to the observed concentrations. 
However, Fa and Fg could not be separated accurately in 
this study. In healthy volunteers, the Fh and Fa*Fg values of 
tacrolimus were reported as 96% and 14%, respectively.44  
The PBPK-simulated mean Fh value in patients with L*1 
and L*3 were 0.967 and 0.976, respectively, consistent with 
the literature value.31,44 Therefore, the 40% reduction of Fa 
might be a result of the Fa*Fg reduction by increasing the 
gut metabolism by the function of P-glycoprotein because 
we did not include the P-glycoprotein efflux mechanism in 
the present PBPK model. In addition, we considered that the 
different circumstance in liver transplantation might affect 
the absorption of tacrolimus. Because tacrolimus is clas-
sified as biopharmaceutics classification system class II,45 
where drugs have low solubility and high membrane perme-
ability, its absorption is possibly affected by bile. Because 
bile is excreted outside the body by drainage in patients 
after LDLT, we considered that the Fa of tacrolimus in LDLT 

Figure 4  Effect of cytochrome P450 3A5 (CYP3A5) genotypes on the blood concentration of tacrolimus immediately after living-donor 
liver transplantation. (a) CYP3A5*1 allele in both the graft liver and small intestine (L*1/I*1), (b) CYP3A5*1 allele in the graft liver and 
CYP3A5*3/*3 in the small intestine (L*1/I*3), (c) CYP3A5*3/*3 in the graft liver and CYP3A5*1 allele in the small intestine (L*3/I*1), and (d) 
CYP3A5*3/*3 in both the graft liver and small intestine (L*3/I*3). Each closed circle shows the observed concentration normalized by the 
dosing regimen (OBS). The number of patients with L*1/I*1, L*1/I*3, L*3/I*1, and L*3/I*3 were 7, 5, 4, and 10, respectively. SD, standard 
deviation. i.v., intravenous; p.o., per oral.

(a) (b)

(c) (d)
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patients might be decreased because of the absence of bile 
and/or the insufficient bowel moving after the operation. On 
one hand, the CL/F values in renal transplant patients with 
the CYP3A5*1 allele and CYP3A5*3/*3 were 20.9–54.5 and 
15.4–27.3 L/hour, respectively.31–40 These values were higher 
when compared with our results; therefore we considered 
that the liver function might not be completely recovered in 
LDLT patients within 30 days after the operation.

The C/D ratios using the verification clinical data had large 
interindividual variability, showing the CV values of 66, 139, 
127, and 113% in patients who had L*1/I*1, L*1/I*3, L*3/I*1, 
and L*3/I*3, respectively in PODs 22–28 (Figure 5). On one 
hand, the CV values of PBPK-simulated C/D ratios were 
75, 77, 101, and 94% in patients who had L*1/I*1, L*1/I*3, 
L*3/I*1, and L*3/I*3 for PODs 22–28, respectively. These re-
sults showed that the CV values derived from the observed 
C/D ratios using the verification data were slightly greater than 
those of the PBPK-simulated C/D ratio. This tendency was 
also seen in PODs 8–14 and 15–21. Although hematocrit is re-
ported as a covariate of tacrolimus CL,38 the hematocrit value 
was fixed in our simulation studies. We considered this as one 
of factors yielding larger interindividual variability in the ob-
served C/D ratios when compared with the PBPK simulations.

The loading dose in patients who had L*1 and those with 
L*3 were calculated as 1.41 and 1.31 μg/hour/kg, respec-
tively, which were not so different (Table 1). This is because 
the loading rate was much faster than the tacrolimus CL it-
self, and the blood concentration 12 hours after the trans-
plantation depends on the volume of distribution, but not 
CL, of tacrolimus. On the other hand, the maintenance dose 
depends on the CL, and it is necessary to adjust based on 
the liver regeneration. The recommended oral dose as times 
increase when compared with the maintenance intravenous 
dose should be changed depending on the CYP3A5 gen-
otype in the small intestine. Although information on the 
genotype-guided initial dosing design is useful, the individ-
ual dosage should be changed based on the TDM measure-
ments because of the large interindividual and intraindividual 
variabilities of tacrolimus pharmacokinetics.

There are some limitations acknowledged in this study. 
First, we constructed and evaluated the minimal PBPK 
model of tacrolimus using routine TDM data consisting of 
almost trough blood concentrations. Although we could not 
evaluate more complicated models in the absorption pro-
cess and could not separate Fa and Fg accurately, it would 

Figure  5  Comparison of the physiologically-based pharma
cokinetic–simulated and observed concentration of verification 
data divided by the concentration/dose (C/D) ratios of tacrolimus 
in each cytochrome P450 3A5 (CYP3A5) genotype combination 
of graft liver and small intestine for PODs (a) 8–14, (b) 15–21, and 
(c) 22–28 after living-donor liver transplantation. Each box plot 
represents the interquartile range and 90% confidence interval 
of the predicted C/D ratio. Each open circle shows the observed 
C/D ratio, and each bar shows the median value. The number 
of patients with CYP3A5*1 allele in both the graft liver and small 
intestine, CYP3A5*1 allele in the graft liver and CYP3A5*3/*3 in 
the small intestine, CYP3A5*3/*3 in the graft liver and CYP3A5*1 
allele in the small intestine, and CYP3A5*3/*3 in both the graft liver 
and small intestine were 54, 52, 47, and 119, respectively. POD, 
postoperative day.

(a)

(b)

(c)
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be important to examine in detail the effects of gut metab-
olism or drug transporters such as P-glycoprotein on the 
pharmacokinetics of tacrolimus to understand the precise 
absorption profile. In addition, the number of patients for 
each CYP3A5 genotype would be not enough to detect the 
difference by the CYP3A5 genotypes considering the large 
interindividual variability. A full PBPK model using the de-
signed clinical data remains to be examined in a future study.

In conclusion, the effects of liver regeneration and he-
patic and intestinal CYP3A5 genotypes on the pharmacoki-
netics of tacrolimus were quantitatively evaluated. Because 
liver function recovered immediately, dosing adjustment 
as a result of the liver regeneration might be needed only 
at 7 days after LDLT. The CL/F aspect could be classified 
into the following three patterns according to the CYP3A5 
genotypes of the donor and recipient: (i) patients having 
L*1/I*1 showed high CL/F values, (ii) those having L*1/I*3 or 
L*3/I*1 indicated median CL/F values, and (iii) those having 
L*3/I*3 registered low CL/F values. As such, examining the 
CYP3A5 genotypes in the donor and recipient is useful for 

designing the initial tacrolimus dosage in LDLT. However, 
because of the large interindividual and intraindividual vari-
abilities of CL/F values in tacrolimus dosing, TDM is neces-
sary to optimize the individual difference. 

Supporting Information. Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website (www.psp-journal.com).

Figure S1. Sensitive analysis about the fraction of drug unbound in 
the gut (fu,gut) vs. oral F in patients with each cytochrome P450 3A5 
(CYP3A5) genotype.
Figure S2. Observed blood concentration of tacrolimus after LDLT pa-
tients in the model building data.
Figure S3. Effect of initial size of graft liver on the predicted blood con-
centration of tacrolimus immediately after LDLT.
Table S1. Characteristics of LDLT patients receiving tacrolimus therapy. 
Table S2. Summary of the parameter values for tacrolimus simulation.
Supplementary Information. Equation used in Simcyp and NONMEM 
model code.

Table 1  Recommend dosage in each CYP3A5 genotype

Genotype combination L*1/I*1 L*1/I*3 L*3/I*1 L*3/I*3

Intravenous infusion

Loading dose, μg/hour/kg 1.41 1.41 1.31 1.31

Maintenance dose, μg/hour/kg (at POD 0.5) 0.309 0.309 0.230 0.230

Oral administration dosing

Oral dose, mg/day/kg (or times increase compared 
with maintenance intravenous dose) (at POD 3)

0.0662 (8.93) 0.0446 (6.01) 0.0468 (8.47) 0.0306 (5.54)

The loading dose was calculated to to bring the blood concentration to 15 ng/mL at 12 hours after intravenous infusion. The maintenance dose was calculated 
to maintain the blood concentration of 15 ng/mL 12 hours after the transplantation. The oral dose was calculated compared with the intravenous maintenance 
dose to maintain trough concentration at 10 ng/mL at POD 3. L*1/I*1, L*1/I*3, L*3/I*1, and L*3/I*3 represent CYP3A5*1 allele in both the graft liver and small 
intestine, CYP3A5*1 allele in the graft liver and CYP3A5*3/*3 in the small intestine, CYP3A5*3/*3 in the graft liver and CYP3A5*1 allele in the small intestine, 
and CYP3A5*3/*3 in both the graft liver and small intestine, respectively.
CYP3A5, cytochrome P450 3A5; POD, postoperative day.

Figure 6  Physiologically-based pharmacokinetic–simulated (a) median clearance (CL), (b) bioavailability (F), and (c) oral clearance 
(CL/F) of tacrolimus during 28  days after living-donor liver transplantation for each cytochrome P450 3A5 (CYP3A5) genotype 
combination of graft liver and small intestine. 
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