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Abstract

Physiologically based pharmacokinetic (PBPK) modeling is useful for evaluating

differences in drug exposure among special populations, but it has not yet been

employed to evaluate the absorption process of tacrolimus. In this study, we developed

a minimal PBPK model with a compartmental absorption and transit model for renal

transplant patients using available data in the literature and clinical data from our

hospital. The effective permeability value of tacrolimus absorption and parameters for

the single adjusting compartment were optimized via sensitivity analyses, generating a

PBPK model of tacrolimus for renal transplant patients with good predictability. Next,

we extrapolated the pharmacokinetics of tacrolimus for liver transplant patients by

changing the population demographic parameters of the model. When the physiological

parameters of a population with normal liver function were changed to those of a

population with impaired hepatic function (Child-Pugh class A) in the constructed renal

transplant PBPK model, the predicted tacrolimus concentrations were consistent with

the observed concentrations in liver transplant patients. In conclusion, the constructed

tacrolimus PBPK model for renal transplant patients could predict the pharmacokinetics

in liver transplant patients by slightly reducing the hepatic function, even at three weeks

post-transplantation.
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1. Introduction

Tacrolimus is used as a key immunosuppressant drug in organ transplantation.

Therapeutic drug monitoring (TDM) of tacrolimus is important for the prevention of

organ rejection and adverse drug reactions, as it has a narrow therapeutic range and

large inter- and intra-individual variabilities [1-4]. Tacrolimus is metabolized by

cytochrome P450 3A4 and 3A5 (CYP3A4 and CYP3AS, respectively) in the liver and

small intestine. CYP3A45 exhibits genetic polymorphism, including the wild-type allele

CYP3A45*I and the variant allele CYP345*3. Individuals harboring at least one

CYP3A45*] allele express high levels of the functional CYP3AS5 protein [extensive

metabolizer (EM)], which is expressed at low or undetectable levels in those harboring

CYP3A45%*3/*3 variants [poor metabolizer (PM)] [5]. Previous studies have shown that

genetic polymorphisms of hepatic and intestinal CYP3A45 affect the pharmacokinetics of

tacrolimus [6-8]. Tacrolimus is a substrate of P-glycoprotein (P-gp), or multidrug

resistance protein 1 (MDR1), encoded by the ATP-binding cassette sub-family B

member 1 (ABCB1) gene, which actively transports the drug back into the intestinal

lumen [9]. Therefore, it is necessary to consider the effects of this transporter and

CYP3A4 and CYP3AS5 metabolism on the absorption profile of tacrolimus to precisely

determine its pharmacokinetics.



The physiologically based pharmacokinetic (PBPK) model is a mathematical

model that can quantitatively estimate the mechanisms by which physiological and

physiochemical factors affect the pharmacokinetics of a compound [10]. There are

several approaches for developing a PBPK model, including the “bottom-up” approach

based on in vitro data and the “top-down” approach based on observed clinical data

[11]. Furthermore, the “middle-out” approach combines both approaches and is known

for its feasibility in PBPK model development [12]. In the “middle-out” approach, an

initial model is constructed based on in vitro data, and then refined using clinical data.

We previously reported a PBPK model of tacrolimus in liver transplant patients using

the “middle-out” approach, which demonstrated good predictability when the fraction of

dose absorbed (Fa) was designated as the low value of 0.6 [13]. In the previous report,

we could not evaluate permeability efficacy and/or transporter function due to

insufficient tacrolimus pharmacokinetic data during the absorption process [14]. To the

best of our knowledge, no reports have evaluated the absorption process of tacrolimus

using PBPK modeling thus far. Although total body clearance of tacrolimus in liver

transplant patients was reportedly lower than that in renal transplant patients [14],

directly comparing tacrolimus pharmacokinetics between different types of organ



transplantation is difficult because only one specific organ transplant population was

analyzed in each previous study.

In this study, we established a PBPK model of tacrolimus for renal transplant

patients considering absorption phase using time-course blood concentration data after

oral administration, as well as available data in the literature. Drug exposure in a

population with various levels of hepatic impairment was simulated using the

constructed renal transplant PBPK model, considering physiological changes unique to

each population, and was compared with reported clinical data for liver transplant

patients. Our main objective was to determine whether tacrolimus pharmacokinetics in

liver transplant patients could be extrapolated from the renal transplant PBPK model by

changing the population demographics from “healthy” to “hepatic impairment”.

2. Methods

Study design and ethics

This study was performed in accordance with the Declaration of Helsinki and

its amendments, and was approved (No. R0545-1) by the Ethics Committee of Kyoto

University Graduate School, Faculty of Medicine and Kyoto University Hospital.



To develop the PBPK model of tacrolimus, we investigated a total of 18

Japanese renal transplant patients whose time-course data following oral administration

of tacrolimus were collected at Kyoto University Hospital from July 2018 to September

2019. Blood samples were collected for three months post-transplantation, sampling

before morning administration of tacrolimus and at 1, 2, 3, and 4 h after administration.

Tacrolimus concentrations in blood were measured using a chemiluminescent enzyme

immunoassay system (ARCHITECT; Abbott, Tokyo, Japan). Previously reported time-

course data of tacrolimus at three weeks post living-donor liver transplantation [15]

were used for comparison. Supplemental Table S1 lists the characteristics of renal and

liver transplant patients examined in this study.

Development of the PBPK model

The workflow for tacrolimus PBPK modeling is shown in Figure 1. The

Simcyp Population-Based Absorption, Distribution, Metabolism, and Excretion

(ADME) Simulator version 17 (Certara UK Limited, Simcyp Division, Sheffield, UK)

was used to develop the PBPK model of tacrolimus. The population characteristics and

parameter values used to develop the PBPK model of tacrolimus are shown in

Supplemental Table S2 [13, 16-20]. The model structure is shown in Supplemental



Figure S1. Minimal PBPK and compartmental absorption and transit (CAT) [21] models

were selected as the distribution and absorption models, respectively. Tacrolimus is

metabolized by CYP3A4 and CYP3AS in the liver and small intestine, and less than 1%

of tacrolimus is excreted in urine [1]. Therefore, the pharmacokinetics of tacrolimus in

patients with renal transplantation, which does not affect the metabolism pathway, was

assumed to be similar to that in healthy adults. Namely, physiological parameters were

based on default Japanese population data provided by Simcyp, whereas the mean

abundances of CYP3AS5 in the liver and small intestine were changed from the default

values of 82.3 pmol/mg protein and 20.5 pmol/whole gut to 20.5 pmol/mg protein and

7.97 pmol/whole gut, respectively. These modified abundance values of CYP3AS5 in

Japanese population were obtained by multiplying the default abundance value of

CYP3A4 in the liver and small intestine for Japanese population built-in Simcyp by the

ratio of CYP3AS5: CYP3A4 in the liver and small intestine of Caucasian described in the

literature [16, 17], respectively. The abundances of CYP3A4 in the liver and small

intestine were used the default value of 112 pmol/mg and 54.2 pmol/whole gut built-in

Simcyp, assuming that the abundances of CYP3A4 were not changed in renal transplant

patients compared to healthy adults. The steady-state volume of distribution (V) was

set to 20.2 L/kg, according to our previous study [13]. First, the base model for



tacrolimus absorption was constructed using an effective permeability (Pefr) value of
5.95 x 10 cm/s, based on apparent permeability data in the presence of a P-gp inhibitor
[18]. Then, the simulated pharmacokinetic parameters using the constructed base model
were compared with observed clinical data from renal transplant patients.

The Pesrvalue was optimized both by performing a sensitivity analysis and by
comparing the geometric means of the observed and predicted values of the dose-
corrected area under the concentration-time curve from 0 to 12 h (AUCo-12n). The
observed dose-corrected AUCo-12n value was calculated using the linear trapezoidal
method, hypothesizing that the tacrolimus blood concentration 12 h after administration
was equivalent to the tacrolimus trough concentration. The predicted dose-corrected
AUCo.121 values using several Pegr values (0.05 x 10* to 10 x 10 cm/s, in increments of
0.05 x 10™*) were compared to the geometric mean of the observed dose-corrected
AUCy.12n values. Pefr values were optimized when the absolute percentage prediction
error (%PE) of dose-corrected AUCo-12n values was minimal, as shown in the following
equation:

Predicted — Observed

0 — 0
/oPE Observed X 100 (%)

In the next step, the single adjusting compartment was incorporated to fit the

predicted to the observed time-concentration profiles (Supplemental Figure S1) [22].
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The volume of a single adjusting compartment (Vsac), input rate constant (kin), and
output rate constant (kout) values were optimized by performing sensitivity analyses to
compare observed and predicted values for AUCy.12n, maximum blood concentration
(Crmax), trough blood concentration (Cuin), and time-to-maximum blood concentration
(Tmax). The geometric mean of predicted dose-corrected AUCo-12h, Ciax, Tmax, and Ciin
values using a range of Ve (1 x 107 to 20 L/kg, in increments of 0.1), kin (0.01 to 1 /h,
in increments of 0.01), and kou (0.01 to 1 /h, in increments of 0.01) values were
compared to the geometric means of the observed values. Viac, kin, and koue values were
optimized when the absolute %PE of dose-corrected AUCo-12n, Cmax, Tmax, and Cmin Was
minimal.

The predictions by the constructed model were considered reliable when %PE
was within + 50% for each pharmacokinetic parameter [23]. In this simulation, all
subjects were dealt with as a single population. The simulations were performed using
100 subjects per simulation, employing similar demographic data for age and
male/female ratio as the observed data. The virtual subjects received multiple oral doses
(1 mg twice a day) of tacrolimus for 60 days. Furthermore, simulation was performed

using 10 trials of 18 virtual individuals to check the goodness of the constructed model.

11



Model Verification

Using the constructed model, the tacrolimus pharmacokinetic parameters were

estimated for each CYP3A45 phenotype and compared to previously reported parameters

at early and maintenance stages after renal transplantation [24]. The simulation was

performed using similar demographic data for age, sex, male/female ratio, and mean

hematocrit value as reported in the literature [24]. The predicted values of AUCo.-12n,

Cmax, and Cmin were compared to literature values.

Furthermore, time concentration profiles of intravenous and oral administration

of tacrolimus were visually compared to those in the literature [25], the data from which

were extracted using WebPlotDigitizer ver 4.4 (https://automeris.io/WebPlotDigitizer).

The simulation was performed using similar demographic data for age, sex, and

male/female ratio as reported in the literature [25]. The hematocrit value at the early

stage after transplantation was assumed to the same as the literature value [24] due to

lack of information. In the simulation, intravenous and oral doses of tacrolimus were set

at 0.075 mg/kg for 4 h infusion and 0.15 mg/kg twice a day, respectively. The predicted

time-concentration profiles on day 1 for intravenous infusion and on day 8 for oral

administration were compared with the literature data [25].

12



Sensitivity analysis for the model of tacrolimus for renal transplant patients

Sensitivity analyses were performed focusing on dose (0.02-0.20 mg/kg/day),

hematocrit (15-50%), albumin (2.0-6.0 g/dL), and the abundance of CYP3A4 and

CYP3AS5 in the liver and small intestine, which were known as variability factors for

blood concentration of tacrolimus, to explore the impact of these factors on the trough

concentration. The simulation design comprised the oral administration of tacrolimus

twice a day for 60 days in a representative virtual subject (dose = 0.08 mg/kg/day,

hematocrit = 40%, albumin = 5.0 g/dL, abundance of CYP3A4 in the liver =112

pmol/mg, abundance of CYP3AS in the liver = 20.5 pmol/mg, abundance of CYP3A4

in the small intestine = 54.2 pmol/whole gut, abundance of CYP3AS in the small

intestine = 7.97 pmol/whole gut).

Extrapolation of PBPK model from renal to liver transplant patients

Previously reported tacrolimus time-concentration data three weeks after liver

transplantation were used as observational data [15]. First, we examined whether the

final PBPK model of tacrolimus for renal transplant patients could precisely predict

each pharmacokinetic parameter in liver transplant patients. In Simcyp, the built-in

parameters for the frequency of CYP345 EM and PM in the Japanese population were

13



42% and 58%, respectively. In liver transplant patients, CYP3A45 genotypes in the liver

and small intestine are derived from the donor and recipient, respectively. Therefore, in

the simulation estimating the pharmacokinetic parameters of liver transplant patients,

the frequencies of the four phenotypes were assumed to be 18% for CYP345 EM in

both graft liver and small intestine, 24% for CYP3A45 EM in graft liver and CYP345 PM

in the small intestine, 24% for CYP3A45 PM in the graft liver and CYP3A45 EM in the

small intestine, and 34% for CYP3A45 PM in both liver and small intestine. In Simcyp,

the CYP phenotype in the liver and small intestine cannot be selected individually.

Therefore, the frequency of patients with CYP345 EM was set to 1 and the abundance

of CYP3AS in the liver or small intestine was modified to 0 when estimating the

pharmacokinetic parameters of liver transplant patients with CYP345 PM in the liver

and CYP3A45 EM in the small intestine or with CYP345 EM in the liver and CYP3A45

PM in the small intestine, respectively. The simulations were performed using 100

subjects per simulation, employing similar demographic data for age and male/female

ratio as the observed data [15]. The default values of physiological parameters, such as

hematocrit and albumin, for healthy Japanese population shown in Supplemental Table

S3 were used in this simulation. In this simulation, all subjects were dealt with as a

single population. The %PE of each pharmacokinetic parameter (dose-corrected AUC.
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12h, Cmax, Tmax, OF Cmin) Was calculated using the geometric means of the observed and

predicted values.

A previous meta-analysis of tacrolimus reported that the total body clearance of

tacrolimus in liver transplant patients was lower than that in renal transplant patients

[14]. Therefore, we hypothesized that liver function was drastically reduced in liver

transplant patients compared with that in renal transplant patients, and we investigated

model predictability by changing the physiological parameters from a healthy Japanese

population to those with hepatic impairment. In the Simcyp simulator, the built-in

parameter values for patients in Child-Pugh classes A, B, and C (CP-A, CP-B, and CP-

C) were based on Caucasian population. Therefore, to determine the physiological

parameters intended for modification to Japanese CP-A, CP-B, and CP-C, we calculated

the ratio of each parameter in the healthy Caucasian adult population with that in the

CP-A, CP-B, and CP-C Caucasian populations. Each ratio was then multiplied by the

corresponding healthy Japanese population parameter. The altered physiological

parameters in the CP-A, CP-B, and CP-C Japanese populations, compared to a healthy

Japanese population, are summarized in Supplemental Table S3. Finally, we examined

whether the PBPK model of tacrolimus for CP-A patients could improve the

15



predictability of each pharmacokinetic parameter by changing the Per value (0.60 x 10

to 0.75 x 10 cm/s, in increments of 0.05 x 107%).

Effects of CYP3AS phenotype in renal and liver transplant patients

The trough blood concentration/dose (Cnin/D) ratios in renal and liver
transplant patients were calculated for each CYP345 phenotype using the final PBPK
model of tacrolimus for renal transplant patients employing the demographic data of
healthy and CP-A Japanese populations, respectively. The simulations were
independently performed for each CYP3AS5 phenotype with 100 subjects per
simulation, an equal proportion of females to males, and an age range of 20-70 years.
Then, the recommended tacrolimus dose for each CYP3A435 phenotype was calculated for
renal and liver transplant patients. The oral administration dosage that maintained a
tacrolimus trough concentration of 10 ng/mL, which is a target concentration at one

month after transplantation, was calculated.

3. Results

Optimization and verification of tacrolimus model for renal transplantation

16



The geometric means of the observed dose-corrected AUCo-12n, Cimax, Cmin, and
Tmax values in renal transplant patients are shown in Table 1. In the initial model
building step, the Pesr value was set at 5.95 x 10 cm/s in the base model, in which the
contribution of P-gp was not considered. When this value was used for the simulation,
the %PE of each pharmacokinetic parameter was considerable (Table 1). Therefore, we
considered the effect of P-gp during development of the PBPK model of tacrolimus for
renal transplant patients. Since we could not obtain in vitro kinetic data for P-gp-
mediated tacrolimus efflux from the previous literature, the efflux transporter effect was
mimicked by changing the Pt value.

The result of the Pefr sensitivity analysis is shown in Supplemental Figure S2.
The Pesr value was optimized to 0.65 x 10 cm/s when the minimum difference was
obtained between the observed and predicted geometric mean AUCo.12n values. Next,
the Viac, kin, and kout values were optimized to fit the predicted to the observed time-
concentration profiles. Three-dimensional plots of dose-corrected AUCo-12h, Cmax, Cmin
Tmax Vs. kin and koy for the three representative Vsac values are shown in Figure 2. The
optimum values of Vg (11.8 L/kg), kin (0.37 /h), and kout (0.06 /h) were obtained when

the absolute %PE values of AUCo-12h, Cmax, Tmax, and Cmin Were minimal.

17



The geometric mean and %PE values of dose-corrected AUCo-12n, Cmax, Cmin,

and Tmax predicted by the base model and the parameter-optimized (final) model for

renal transplant patients are also shown in Table 1. The values of %PE for dose-

corrected AUCo-12h, Cmax, and Cmin, and Tmax values were within + 10% in the final

model. The tacrolimus time-concentration profiles predicted by the final model and the

observed results in renal transplant patients are shown in Figure 3a. The observed

concentrations were distributed around the median, within the 90% prediction interval

(PI) of the predicted concentrations. The comparison of the observed and predicted

dose-corrected AUCo-12h, Cmax, and Cmin, and Tmax values in 10 trial are shown in

Supplementary Figure S3.

The comparison of published observed [24] and predicted pharmacokinetic

values of AUCo-12n, Cmax, and Cuin for each CYP3A45 phenotype at maintenance and

early stages after transplantation are shown in Supplemental Table S4. All %PE values

were within £+ 50%.

The comparison of published observed [25] and predicted time-concentration

profiles of intravenous and oral administration is shown in Supplemental Figure S4. The

observed values were almost within the 90% PI of the predicted time-concentration

profile.
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Sensitivity analysis

The effect of dose on the Ciin of tacrolimus was shown in Figure 4. The Cpin of

tacrolimus increased almost linearly in the clinically used range from 0.05 to 0.2

mg/kg/day.

The impacts of hematocrit, albumin, and the abundance of CYP3A4 and

CYP3AS5 in the liver and small intestine on the Cmin of tacrolimus were also evaluated

via sensitivity analysis, revealing that Cmin values were sensitive to all six parameters

(Figure 4).

Extrapolation of tacrolimus PBPK model from renal to liver transplant patients

The geometric means of our observed dose-corrected AUCo.12n, Cmax, Cinin, and

Tmax values in liver transplant patients [15] are shown in Table 1. We then compared

tacrolimus pharmacokinetics in liver and renal transplant patients. First, the

pharmacokinetic parameters were predicted using the final PBPK model of tacrolimus

for renal transplant patients by setting the CYP3A45 phenotype in the liver and small

intestine independently, assuming there were no other differences. The %PE values for

all pharmacokinetic parameters were negative, although within + 50% (Table 1), when
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comparing the predicted parameters with those reported for liver transplant patients
three weeks post-transplantation [15]. Next, we examined whether the predictability of
tacrolimus pharmacokinetics could be improved by changing the population
demographic data. The geometric mean and %PE values of dose-corrected AUCo.12n,
Cimax, Cmin, and Trmax predicted using the demographic data of healthy, CP-A, CP-B, and
CP-C Japanese populations are also shown in Table 1. The %PE values of dose-
corrected AUCo-12n, Cmax, and Cmin were also negative, but were improved when using
the demographic data of the CP-A Japanese population. In contrast, the %PE values of
dose-corrected AUCo-12n, Cmax, and Cmin were > 50% when using the demographic data
of CP-B and CP-C Japanese populations. Therefore, we determined that the PBPK
model of tacrolimus for renal transplant patients best described the tacrolimus
pharmacokinetics of liver transplant patients using the CP-A demographic data.

The CP-A and CP-B tacrolimus time-concentration profiles predicted by the
renal transplant PBPK model are shown in Figure 3b. In the CP-A Japanese population,
all observed concentrations in Japanese liver transplant patients [15] were within the
90% PI, except for those of one patient.

The pharmacokinetic parameters were predicted using the PBPK model of

tacrolimus with CP-A population using several the Pegr value (0.60 x 10 to 0.75 x 10
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cm/s, in increments of 0.05 x 10™). The absolute %PE of dose-corrected AUCo.12n,

Cimax, Tmax, and Cmin Was minimal when using the Pesr value of 0.65 x 10 cm/s.

Effects of CYP3AS phenotype in renal and liver transplant patients

The tacrolimus Cnin/D ratio simulated using the final PBPK model for each
CYP3A5 phenotype in renal transplant patients is shown in Figure 5a. The median
Chin/D ratios for patients with CYP345 EM and PM were predicted to be 1.33 (90% P1I:
0.0807-4.03) and 2.43 (0.128-10.5) ng/mL/mg, respectively. Based on the final PBPK
model for renal transplant patients, the recommended tacrolimus dosages to maintain
the blood concentration at 10 ng/mL in patients with CYP345 EM and PM were
calculated to be 0.133 and 0.0682 mg/kg/day, respectively.

The Cuin/D ratio calculated for each CYP3A45 phenotype using the CP-A renal
transplant PBPK model is shown in Figure 5b. The median Cyin/D ratios were predicted
to be 1.68 (90% PI: 0.125 - 5.75) ng/mL/mg for patients with CYP345 EM in both the
graft liver and small intestine, 2.10 (0.178-7.82) ng/mL/mg for patients with CYP3A45
EM in the graft liver and CYP3A45 PM in the small intestine, 2.63 (0.144-8.44)
ng/mL/mg for patients with CYP345 PM in the graft liver and CYP345 EM in the small

intestine, and 3.35 (0.175-12.6) ng/mL/mg for patients with CYP345 PM in both the
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liver and small intestine. Based on the final PBPK model for renal transplant patients

using the CP-A demographic data, the recommended tacrolimus dosages to maintain the

blood concentration at 10 ng/mL were calculated to be 0.103 mg/kg/day for patients

with CYP3A45 EM in both the graft liver and small intestine, 0.0867 mg/kg/day for

patients with CYP3A45 EM in the graft liver and CYP3A45 PM in the small intestine,

0.0675 mg/kg/day for patients with CYP3A45 PM in the graft liver and CYP345 EM in

the small intestine, and 0.0550 mg/kg/day for patients with CYP345 PM in both the

liver and small intestine.

4. Discussion

Using available literature and observed clinical data, we successfully

constructed a PBPK model of tacrolimus for renal transplant patients considering

absorption phase. The constructed tacrolimus PBPK model for renal transplant patients

could predict the pharmacokinetics in liver transplant patients by slightly reducing the

hepatic function, even at three weeks post-transplantation.

In Simcyp, the default values of the mean CYP3AS5 abundance in the liver and

small intestine in the Japanese population were set as 82.3 pmol/mg protein and 20.5

pmol/whole gut, respectively. Using these default CYP3AS abundance value in the liver
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and small intestine, the simulated tough concentration for patients with CYP345 PM
were 5.6 times higher than that with CYP345 EM (data not shown), which was
inconsistent with the results in the previous report [24].  Previous studies using PBPK
modeling demonstrated that the observed total body clearance or blood concentrations
of tacrolimus were adequately predicted by changing the abundance of CYP3AS in the
liver and small intestine [13, 17]. Therefore, we modified the built-in values of
CYP3AS5 in the liver and small intestine according to previously reported ratios of the
abundance of CYP3A4 to that of CYP3AS5 in the liver or small intestine [16, 17], which
showed a good predictability.

When the Pefrvalue was changed from 5.95 x 10 to 0.65 x 10 cm/s,
tacrolimus pharmacokinetics were well predicted, as shown in Table 1 and Figure 3a.
We hypothesized that the predictability of the PBPK model could be improved by using
a lower Pefr value, which allowed consideration of the pumping-out function of P-gp at
the absorption site. Since tacrolimus is classified as a biopharmaceutics classification
system class II drug with low solubility and high membrane permeability, its Fa should
be more than 85% [26, 27]. In this study, the mean Fa value was calculated as 61% by

the final tacrolimus PBPK model for renal transplant patients. Therefore, we considered
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that P-gp pumping tacrolimus back into the intestinal lumen would contribute 20-40%

to the apparent Fa.

In this study, tacrolimus dosage was changed among patients, according to

routinely monitored blood concentration data. Since tacrolimus is generally treated as

linear pharmacokinetics [1-3], we evaluated using dose-normalized pharmacokinetic

parameters. Indeed, the sensitivity analysis results revealed that the blood concentration

of tacrolimus increased almost linear in the clinically used range. Since hematocrit and

albumin values are known to strongly affect the blood concentration of tacrolimus, as

also shown in Figure 4, these factors should be taken into consideration when adjusting

the tacrolimus dosage based on TDM data.

The simulations evaluating the effects of the CYP3A45 phenotype in renal

transplantation indicated that the recommended dosage to maintain the tacrolimus blood

concentration at 10 ng/mL in renal transplant patients with CYP345 EM was

approximately 1.8 times higher than that in patients with PM (Figure 5a). The

coefficient of variation of the tacrolimus blood concentration was larger in patients with

CYP3A45 PM (CV 95.2%) than that in patients with EM (CV 81.2%). This would be

because the trough concentration of tacrolimus increased nonlinearly as the abundance

of CYP3A4 or CYP3AS decreased as shown in the Figure 4, which results in relatively
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larger variation in patients with CYP345 PM group with lower total amount of

CYP3A4/5 enzyme. Although information on genotype-guided initial dosing design

would be useful, the individual maintenance dosage should be adjusted based on TDM

measurements due to the large inter- and intra-individual variabilities of tacrolimus

pharmacokinetics, especially in patients with CYP345 PM.

Since %PE values of dose-corrected AUCo-12h, Cmax, and Cmin Were within +

50% using the CP-A Japanese parameters (Table 1), and the observed concentrations

were within the 90% PI (Figure 3b) except for one patient and one point in another

patient, we suggested that the tacrolimus PBPK model for renal transplant patients

would sufficiently predict the tacrolimus pharmacokinetics in liver transplant patients.

Although the predicted concentrations using the CP-B Japanese population parameters

approached the observed extremely high concentrations in one patient (Figure 3b),

the %PE values of dose-corrected AUCo-12n, Cmax, and Cmin were > 50% (Table 1).

These results indicated that most liver transplant patients would present mildly

recovered hepatic function at three weeks post-transplantation, but some would present

with moderate liver dysfunction. When transplanted, small-for-size grafts can

regenerate to nearly suitable size within a few months after living-donor liver

transplantation [28-31].
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Unfortunately, information on hematocrit and albumin values of the liver
transplant patients used in this study was not obtained. A previous report showed that
the liver volume recovered to about 88% of normal liver volume and the albumin value
was about 32 g/L four weeks after living-donor liver transplantation [31]. In addition,
previous reports of liver transplantation in Chinese patients showed that the albumin
and hematocrit values about three weeks after liver transplantation were about 37 g/L
and 31%, respectively [32-35]. The demographic data of CP-A patients used in Simcyp
showed that the liver size was scaled 0.89 times larger than normal liver size and the
median albumin and hematocrit value were 40.8 g/dL and 37.0%, respectively.
Although the hematocrit and albumin values in the CP-A population were slightly
higher than those in the liver transplant patients in the literature, the liver size was
almost the same level. Therefore, it would be reasonable to use the demographic data of
CP-A population for liver transplant patients.

The Pesr value was optimized to 0.65 x 10 cm/s in the CP-A population for the
liver transplant patients, and it was the same value for the original renal transplant
model. Considering these findings, we suggest that hepatic function in liver transplant
patients would be slightly lower than that in renal transplant patients, although the size

of the liver would almost recover at three weeks post-transplantation, and that the
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absorption process in liver transplant patients would not largely differ from that in renal

transplant patients. The present study indicated that the differences of pharmacokinetics

in renal and liver transplant patient. These findings may allow for consideration of the

changes in the kinetics of other hepatically metabolized drugs used in transplant

patients, and lead to optimized use of drugs for renal and liver transplant patients.

There are limitations in this study. First, the CAT model [21] was employed to

study the absorption process. This model can consider the permeability of the drug, but

not its solubility. Solubility is a rate-controlling factor for absorption of a drug with low

solubility, such as tacrolimus. This must be considered to more accurately predict the

absorption profile of tacrolimus. The advanced dissolution and metabolite (ADAM)

model [37], which can consider the effect of drug dissolution, was not selected in this

study because the blood concentrations of tacrolimus predicted by the ADAM model

were markedly higher than the observed values (data not shown). A previous report

indicated that the ADAM model demonstrates poor predictability when used for the

pharmacokinetic estimation of a drug with gut availability below 0.33 [38]. Indeed, the

gut availability of tacrolimus was reported as 0.39, which is as low as 0.33, and the

predicted value of the gut availability by the ADAM model was about 0.59, indicating a

poor predictability in the case of tacrolimus [38]. Therefore, for a more precise
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consideration of the pharmacokinetics of the absorption process, the ADAM model

must be improved to ensure predictability of drugs with low gut availability. Second,

the present model could not distinguish between the apparent Fa due to P-gp

transporting the drug back into the intestinal lumen and the fraction of unabsorbed (true

Fa), because in vitro tacrolimus kinetics data with P-gp could not be obtained in the

literature. Furthermore, the effect of MDR1 genetic polymorphism was not considered

in this study due to a lack of clinical data. The genetic polymorphisms of MDRI might

affect the expression and function of P-gp [39], although their effects on tacrolimus

dosage are controversial [6, 7, 40, 41]. Further studies are warranted to clarify the

effects of MDRI genetic polymorphism and the inter-individual variation of P-gp

function on tacrolimus pharmacokinetics. Finally, in this study, it would be difficult to

clearly distinguish the effects of liver function and absorption on the pharmacokinetics

of tacrolimus in renal and liver transplant patients, because of the small clinical sample

size. Further studies are needed to understand the differences of the pharmacokinetics of

tacrolimus in renal and liver transplantations more precisely.

5. Conclusions
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We developed a PBPK model of tacrolimus for renal transplant patients

considering its pharmacokinetics at the absorption phase using observed clinical data

and available data in the literature. The contribution of P-gp function was considered by

reducing the Pefr value to one tenth of that used in the base model for tacrolimus

absorption. The simulation using the final PBPK model indicated that renal transplant

patients with CYP3A45 EM require a dose that is approximately 1.8 times higher than the

dose required for patients with CYP345 PM to maintain the same tacrolimus blood

concentration. Using the model to compare data from renal and liver transplant patients,

hepatic function was slightly decreased in liver transplant patients compared to renal

transplant patients, even at three weeks post-transplantation.
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Figure legends
Figure 1. Workflow for development of physiologically based pharmacokinetic

(PBPK) model in this study.

Figure 2.

Sensitivity analysis for the dose-normalized area under the concentration-time curve
from 0 to 12 h (AUCo-12n), the maximum blood concentration (Cmax), the trough blood
concentration (Cmin), and the time to maximum blood concentration (Tmax) vs. input rate
constant (kin) and output rate constant (kou) for the representative Vsac value (Vsac=1 x
107, 11.8, and 20.0 L/kg).

The blue and red layers represent simulated and observed values, respectively.

Figure 3. The physiologically based pharmacokinetic model-predicted vs. observed
time concentration profiles corrected for a dosage of 1 mg of tacrolimus in renal
transplant patients (n=18; a) and liver transplant patients (n=13; b). The closed circles
represent dose-normalized observed concentrations. The crosses represent dose-

normalized observed concentrations in a patient which were outside the 90% prediction
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interval using the Child-Pugh A (CP-A) Japanese population. The red, blue, and purple
lines represent the median, 5™, and 95" percentiles of predicted concentrations,
respectively. The predicted concentrations were the results of each simulation
performed using 100 subjects. The solid and broken lines represent the concentration
profile predicted by the renal transplant model using the demographics of the CP-A and

Child-Pugh B (CP-B) Japanese populations, respectively.

Figure 4. Sensitivity analysis of the dose of tacrolimus (a), hematocrit (b), albumin (c),
abundances of CYP3A4 and CYP3AS in the liver and small intestine (d-g) for the
trough concentration (Cnin). Each red circle shows the value in a representative virtual

subject used in this simulation.

Figure 5. Simulated trough blood concentration/dose (Cnmin/D) ratio of tacrolimus in
renal (a) and liver (b) transplant patients in each cytochrome P450 3A5 (CYP3AY5)
phenotype, respectively. Each box plot represents an interquartile range with a 90%
prediction interval. The closed circles represent the data points outside the 5% to 95

percentiles. Each simulation was performed using 100 subjects, a female patient
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proportion of 50%, and an age range of 20-70 years. EM; extensive metabolizer, PM;

poor metabolizer
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Table 1. Observed and predicted pharmacokinetic parameters of tacrolimus

Parameters

Renal transplantation

AUCo-12n/dose, ng-h/mL/mg
Cmax/dose, ng/mL/mg

Cmin/dose , ng/mL/mg
Tmax, h

Liver transplantation

AUCo.12n/dose, ng-h/mL/mg
Cmax/dose, ng/mL/mg
Cmin/dose , ng/mL/mg

Timax, h

Observed
(n=18)
GM GSD
31.8 1.48
423 1.49
1.63 1.65
2.48 1.55
Observedl)
(n=13)
GM GSD
40.9 2.56
4.59 2.56
2.86 2.57
2.55 1.54

Base model
(Per=5.95%104)
GM %PE
153 381
14.9 253
11.0 576
1.48 -40.5

Renal transplant

model with
Healthy Japanese
GM %PE
329 -19.5
4.03 -12.4
1.56 -45.1
2.33 -8.80

Final model

(Per=0.65%104)
GM %PE
319 0.224
3.95 -6.47
1.52 6.53
231 -6.77

Renal transplant

model with
CP-A Japanese
GM %PE
38.8 -5.04
4.53 -1.56
2.00 -29.7
2.37 -6.89

Renal transplant

model with
CP-B Japanese
GM %PE
66.5 62.7
7.05 532
4.00 40.4
2.48 -2.70

Renal transplant

model with
CP-C Japanese
GM %PE
97.7 139
9.83 114
6.39 124
2.54 -0.24

Pesr: effective permeability, GM: geometric mean, GSD: geometric standard deviation, %PE: percentage

prediction error, AUCo.12n: area under the concentration-time curve from 0 to 12 h, Cax: maximum blood

concentration, Cmin: trough blood concentration, Timax: time to maximum blood concentration

The predicted values were the results of each simulation performed using 100 subjects

1) Yano I et al. Eur J Clin Pharmacol. 2012;68(3):259-66.
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