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Abstract

Background An immunosuppressive agent, mizoribine, is
excreted predominantly in the urine. The aim of this study
was to investigate the pharmacokinetic variability of miz-
oribine in pediatric recipients of renal transplantation.
Methods Pharmacokinetic data for population analysis
were collected from 51 recipients (32 males and 19
females) treated with oral administration of mizoribine
(0.83-5.56 mg/day/kg). The population pharmacokinetic
parameters of mizoribine were estimated using a nonlinear
mixed effects model program.

Results  The pharmacokinetics of mizoribine in pediatric
recipients of renal transplantation was well described by a
one-compartment model with first-order absorption. The
mean value of the absorption lag time (ALAG) and
absorption rate constant (K,) was estimated to be 0.363 h
and 0.554 h™', respectively. Apparent volume of distribu-
tion (V/F) was modeled as a function of body weight (WT),
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and the mean value was estimated to be 1.03 - WT L. Oral
clearance (CL/F) was modeled as a function of creatinine
clearance (CL,,), and the mean value was estimated to be
2.81 - CL, - 60/1000 L/h. In addition, there was a positive
correlation between CL-corrected CL/F and WT-cor-
rected V/F in the pediatric recipients, indicating large
interindividual variability in the bioavailability (F) of
mizoribine.

Conclusion The present findings indicated that the rate of
renal excretion and also the extent of intestinal absorption
of mizoribine are responsible for the large interindividual
pharmacokinetic variability of the drug.

Keywords Mizoribine - Population pharmacokinetics -
Bioavailability - Renal transplantation - Pediatric recipients

Introduction

Mizoribine is an orally available immunosuppressive
agent, which has been on the market since 1984 in Japan
for the prevention of rejection in renal transplantation [1].
Additional indications for which mizoribine has subse-
quently been approved are lupus nephritis, rheumatoid
arthritis, and nephrotic syndrome [2]. In contrast to other
immunosuppressive agents (e.g., azathioprine), mizoribine
has been shown to lack oncogenicity in animal experi-
ments, and exhibited a clinically low incidence of severe
adverse drug reactions (such as myelosuppression and
hepatotoxicity), making it useful in long-term immuno-
suppression therapy [3]. Although mizoribine is a highly
hydrophilic compound, it is absorbed from the gastro-
intestinal tract following oral administration. In addition,
plasma protein binding and metabolism of mizoribine in
humans are negligible; therefore, the unchanged drug is
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predominantly excreted into the urine [4]. Indeed, Takada
et al. [5] evaluated the pharmacokinetics of mizoribine in
renal transplant patients and reported that the elimination
rate of mizoribine from serum was dependent on the kidney
function.

Population pharmacokinetic analysis of mizoribine in
adult recipients of renal transplantation has been performed
using a nonlinear mixed effects model (NONMEM)
program [6, 7]. The 449 serum mizoribine concentration
data obtained from 114 adult recipients were used in the
population pharmacokinetic analysis. The mean absorption
lag time (ALAG) and absorption rate constant (K,) were
estimated to be 0.581 h and 0.983 h™", respectively. The
apparent volume of distribution (V/F) was modeled as a
function of body weight (WT), and the mean value was
estimated to be 0.858 - WT L. Oral clearance (CL/F) was
modeled as a function of creatinine clearance (CL,,),
and the mean value was estimated to be 1.80 - CL., - 60/
1000 L/h. In addition, CL_-corrected CL/F in the adult
recipients was positively correlated with WT-corrected V/F,
suggesting that the bioavailability (F) of mizoribine was
also responsible for the interindividual pharmacokinetic
variability of the drug [6]. However, it is still unknown
whether the pharmacokinetic characteristics of mizoribine
in pediatric recipients of renal transplantation are similar to
those in adult recipients of renal transplantation.

A multicenter prospective study had been conducted to
evaluate the safety and efficacy of steroid withdrawal in
children treated with cyclosporine and mizoribine after
renal transplantation [8, 9]. In the present study, we eval-
uated the pharmacokinetic characteristics of mizoribine in
pediatric recipients of renal transplantation. That is, phar-
macokinetic data for population analysis were collected
from 51 recipients (32 males and 19 females) treated with
oral administration of mizoribine (0.83-5.56 mg/day/kg).
Pharmacokinetic analysis was performed using a NON-
MEM program, since population pharmacokinetics based
on NONMEM analysis can simultaneously evaluate the
mean pharmacokinetic parameters, the covariates affecting
the pharmacokinetics of a drug, and also unknown inter-
and intraindividual pharmacokinetic variability [6, 7]. We
then compared the population pharmacokinetic parameters
in the pediatric recipients of renal transplantation with
those in adult recipients of renal transplantation.

Methods
Pharmacokinetic data
To estimate the population pharmacokinetic parameters of

mizoribine, we collected 54 serum concentration profiles
(353 serum concentration data of mizoribine) from 51
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pediatric recipients of renal transplantation, which were
obtained in the previous study [8, 9]. Table 1 shows their
demographic characteristics. The ranges of age, body
weight, height, and serum creatinine concentration were
1.7-17.2 years old (mean 10.5 years), 8.8-61.0 kg (mean
29.8 kg), 79.0-159.7 cm (mean 127.7 cm), and 0.2-2.9
mg/dL (mean 0.84 mg/dL), respectively. These recipients
were routinely treated with oral administration of mizori-
bine (Bredinin® Tablet, Asahi Kasei Pharma, Tokyo,
Japan) at daily doses of 0.83-5.56 mg/day/kg (mean
2.79 mg/day/kg). In addition, the serum concentration of
mizoribine was measured using high performance liquid
chromatography [10].

Estimation of population pharmacokinetic parameters
of mizoribine in pediatric recipients of renal
transplantation

The pharmacokinetics of mizoribine in healthy males, adult
recipients of renal transplantation, and pediatric patients
with renal diseases are well described by a one-compart-
ment model with first-order absorption [6, 11-13]. Popu-
lation mean pharmacokinetic parameters and their
interindividual variations were estimated with the NON-
MEM analysis, for which we used the first-order method
in the present study [7]. The one-compartment model
with first-order absorption was parameterized in terms of
ALAG, Ku, V/F, and CL/F with NONMEM-PREDPP
library subroutines, ADVAN2 and TRANS2 [7]. ALAG in
the ith recipient (ALAG;) was modeled using the following
equation:

ALAG; = 6, (1)
where 0 is the predicted population mean of the absorption

lag time (in hours). K, in the ith recipient (Kja,) was
modeled using the following equation:

Ka, = 02 - exp(iga,) (2)

where 6, is the predicted population mean of the absorption
rate constant (in hour™ '), and Hka, 1S @ random variable
distributed normally with a mean of zero and variance of

Table 1 Demographic characteristics of patient population

Total number of patients 51

Male/female 32/19

Age (years) 10.5 £ 4.1 (1.7-17.2)
Weight (kg) 29.8 + 13.7 (8.8-61.0)
Height (cm) 127.7 + 20.8 (79.0-159.7)
Serum creatinine (mg/dL) 0.84 £+ 0.53 (0.2-2.9)

Daily dose (mg/day/kg) 2.79 £ 1.12 (0.83-5.56)

Values are expressed as the mean £ SD (range)
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w%(A. V/F and CL/F in the ith recipient (V/F; and CL/F;,
respectively) were modeled using the following equations:

V/Fi=0;-WT-exp(nyr,) (3)

60
CL/F; =04 -CL 1000 exp(fcw /) (4)

where WT is the body weight (in kg), and 03 - WT is the
predicted population mean of the apparent volume of
distribution (in L). CL,, is the creatinine clearance (in mL/
min), and 6, - CL,, - 60/1000 is the predicted population
mean of oral clearance (in I/h). Random variables, 77y, and
Ncw/r, Were assumed to be distributed normally with means
of zero and covariance of w?} /i OvyFcL/F, and wk, I

In addition, the CL. value (in ml/min) was calculated
using the updated Schwartz equation as follows [12, 14]:

~ 0413 -HT BSA )
T S 1.73

where HT, BSA, and S, are the height (in cm), body
surface area (in mz), and serum creatinine concentration (in
mg/dL), respectively. Finally, the jth observed serum
concentration in the ith recipient (C;) was assumed to be
randomly and normally distributed from the predicted
value (C;;’):

CL;

Cl‘j = C; + Ejj (6)

where ¢; is a random variable that describes intraindividual
variability with a mean of zero and variance of 2.

Results

Mizoribine concentration profiles in pediatric recipients
of renal transplantation

The observed serum concentration of mizoribine, daily
doses, and creatinine clearance in six typical recipients of
renal transplantation are shown in Fig. 1. The serum con-
centration of mizoribine was variable among the recipients
and seemed to be dependent on renal function. That is, the
serum concentrations of mizoribine in the patients with
lower CL., (ID = 5, 9, and 21) were relatively high. On the
other hand, although the daily doses (in mg/day/kg) of
mizoribine were relatively high, the serum concentration of
mizoribine in the recipients with higher CL, (ID = 16, 28,
and 31) were relatively low.

Population pharmacokinetic parameters of mizoribine
in pediatric recipients of renal transplantation

Population pharmacokinetic parameters were estimated from
353 serum concentration data of mizoribine in 51 recipients

using the NONMEM software. NONMEM also provided
estimates of the standard error (SE) for all parameters, and
SE was used to define the 95% confidence interval (CI) for
true parameter values: 95% CI = (estimated parameter
value) £ 1.96 x SE [7]. Table 2 shows the population
pharmacokinetic parameters of mizoribine and their 95% CI
estimated with NONMEM analysis. The mean values of
ALAG, K4, V/F, and CL/F were estimated to be 0.363 h,
0.554h™', 1.03-WTL, and 2.81 - CL - 60/1000 L/h,
respectively. The o , o}, /> OV/FCL/F> and [or s /- values in
the recipients were estimated to be 0.739, 0.286, 0.113, and
0.166, respectively. The population mean pharmacokinetic
parameters in pediatric recipients of renal transplantation
seemed to be more similar to those in pediatric patients with
renal disease rather than to those in adult recipients of renal
transplantation (Table 2) [6, 12].

Pharmacokinetic parameters in individual pediatric
recipients of renal transplantation

The 95% CI of 04 (2.48-3.14) was much higher than the
value of zero, indicating the statistical significance of 0,
(Table 2). In order to reconfirm the effect of renal function
on the pharmacokinetics of mizoribine, the pharmacoki-
netic parameters of mizoribine in individual recipients
were estimated according to Bayes’ theorem using the
NONMEM program and its post hoc option [7]. Figure 2
shows the relationship between CL., and CL/F in pediatric
recipients of renal transplantation. Although there was a
large interindividual variability in CL/F at least partly
due to the interindividual variability of F (see below),
CL/F seemed to be positively correlated with CL., among
the recipients (Fig. 2).

The 95% CI of wy,r crr (0.045-0.185) was also higher
than the value of zero, indicating the statistical significance
of wy/rcr/r (Table 2). In addition, the coefficient (p) of
correlation between #y, JF; and #¢p, /F, Was 0.519, which was
calculated as follows: p = oy r.cL/r/(Ovr - ocLF) [7]. We
therefore evaluated the relationship between CL,-corrected
CL/F and WT-corrected V/F in pediatric recipients of renal
transplantation (Fig. 3). There was a positive correlation
between (CL/F)/(CL - 60/1000) and (V/F)/WT in the
pediatric recipients, indicating that the bioavailability (F) of
mizoribine is another major factor responsible for the
interindividual pharmacokinetic variability of the drug.

Discussion

In the present study, we utilized serum concentration data
of mizoribine in pediatric recipients of renal transplantation
in order to estimate the population pharmacokinetic
parameters of the drug using a NONMEM program. The
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Fig. 1 Mizoribine 25 25

concentration profiles in typical ID=5 ID =21

6 pediatric recipients of renal 20 k 20k
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mizoribine concentration. The 15 Dose = 4.42 mg/day/kg 15 Dose = 1.50 mg/day/kg

pharmacokinetic parameters of
mizoribine in individual
recipients could be estimated
according to Bayes’ theorem
using the NONMEM program
and its post hoc option. Solid
lines represent the predicted
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population mean pharmacokinetic parameters in the pedi-
atric recipients of renal transplantation were similar to
those in pediatric patients with renal disease rather than
to those in adult recipients of renal transplantation
(Table 2). We confirmed that renal function is a main
factor responsible for the interindividual pharmacokinetic
variability of mizoribine (Table 2; Figs. 1, 2). In addition,
CL,-corrected CL/F in pediatric recipients was positively
correlated with WT-corrected V/F, indicating that the
bioavailability (F) of mizoribine is also responsible for the
interindividual pharmacokinetic variability of the drug
(Fig. 3).

@ Springer
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A multi-center prospective trial had been conducted to
evaluate the safety and efficacy of steroid withdrawal in
children treated with cyclosporine and mizoribine after
renal transplantation [9]. Ninety-four pediatric recipients of
renal transplantation were enrolled in this study, and the
13-year patient survival rate and graft survival rate were
94.6 and 83.1%, respectively [9]. The clinical efficacy and
adverse reactions of mizoribine are considered to be cor-
related with the blood concentration of the drug; however,
there is no report about the relationship between the effi-
cacy (adverse reactions) and the blood concentration of
mizoribine in pediatric patients. On the other hand, there
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Table 2 Population pharmacokinetic parameters of mizoribine in pediatric recipients of renal transplantation

Pediatric recipients

Adult recipients®

Pediatric patients
with renal disease®

No. of patients: 51 114 105
Parameters Estimates 95% CI Estimates Estimates
0, (h) 0.363 0.287-0.439 0.581 0.513
0, (h™h 0.554 0.464-0.644 0.983 0.793
03 (L/kg) 1.03 0.88-1.18 0.858 1.29
0,4 2.81 2.48-3.14 1.80 2.79
w%{A 0.739 0.286-1.192 1.03 0.513
w%,/F 0.286 0.080-0.492 0.259 0.306
OV/F.CL/F 0.113 0.045-0.185 0.174 0.192
w%L/F 0.166 0.094-0.238 0.169 0.225
o (ng/mL) 0.0901 0.0720-0.1052 0.212 0.103
 Ishida et al. [6]
® Ishida et al. [12]
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Fig. 2 Relationship between CL.. and CL/F in pediatric recipients of
renal transplantation. Solid lines represent the predicted mizoribine
concentration. Solid line indicates CL/F = 2.81 - CL,, - 60/1000.
Dotted lines indicate the regression using the border of 95% CI of 0,

are few reports about TDM-based dosage regimens of
mizoribine in adult patients with renal transplantation [15,
16]. Sugitani et al. [15] evaluated the blood concentrations
and clinical efficacy of mizoribine in 36 renal transplan-
tation patients who were shifted from mycophenolate mo-
fetil to mizoribine. The immunosuppressive effect of
mizoribine was observed over a long time without severe
adverse reactions in patients whose trough concentrations
of mizoribine were to be kept higher than 1 pg/mL [15]. In
addition, Sonda et al. [16] investigated the blood concen-
trations and adverse reactions of mizoribine in 46 renal
transplantation patients. Stomatitis was observed in two
patients whose trough concentrations of mizoribine were
around 4 pg/mL. Thrombocytopenia was observed in one

Fig. 3 Relationship between (CL/F)/(CL., - 60/1000) and (V/F)/WT
of mizoribine in pediatric recipients of renal transplantation

patient at the trough concentration of 6 pg/mL. In addition,
one patient had liver dysfunction at the trough mizoribine
concentration of 7 pg/mL. The immunosuppressive effect
of mizoribine on human mixed-lymphocyte reaction
(MLR) was also evaluated, and mizoribine at a concen-
tration range of 0.1-5 pg/mL showed MLR inhibition rates
ranging from 36.4 to 62.2%. The authors thought that the
therapeutic range of the trough concentration of mizoribine
was 0.1-3 pg/mL [16]. However, it is still unclear whether
the efficacy and adverse reactions of mizoribine are cor-
related with other pharmacokinetic parameters of the drug
[e.g., area under the time vs. concentration curve (AUC) or
the maximum concentration (C,,,) of mizoribine] in both
adult and pediatric patients. The findings in the previous
(adult recipients) [6] and present (pediatric recipients)
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study will be useful for optimizing the dosage regimen of
mizoribine in patients of renal transplantation.

It has been reported that concentrative nucleoside
transporters (CNTs) are expressed in intestinal epithelial
cells and that CNTs are involved in the intestinal absorp-
tion of nucleoside analogs [17, 18]. CNT1 and CNT2 are
Na'-dependent, and the movement of nucleoside regard-
less of its concentration gradient is coupled to that of the
sodium ion [19, 20]. Naito et al. [21] evaluated the effect of
the genetic polymorphism of CNTI and CNT2 on the
bioavailability of mizoribine in Japanese kidney transplant
recipients. The bioavailability of mizoribine in adult
patients with CNT1-G/A and -A/A alleles was significantly
lower than that with the CNTI-G/G allele. On the other
hand, genetic polymorphisms of CNT2 65C>T and
225C>T did not affect the bioavailability of mizoribine in
the recipients [21]. In addition, we have recently evaluated
the effect of CNTI 565G>A polymorphism on the bio-
availability of mizoribine in healthy Japanese males [13].
The bioavailability of mizoribine in healthy adult subjects
with the CNTI-A/A allele was also lower than that in
subjects with the CNTI-G/G allele [13]. These findings
indicated that genetic variability in activity and/or affinity
of CNT1 is at least partly responsible for the interindi-
vidual variability in the bioavailability of mizoribine in
human. Further prospective clinical trials will be needed to
clarify the contribution of genetic polymorphisms of CNT1
to the interindividual variability in the bioavailability of
mizoribine in pediatric subjects.

In conclusion, the present findings suggested that the
rate of renal excretion and also the extent of intestinal
absorption (bioavailability) of mizoribine are responsible
for the large interindividual pharmacokinetic variability of
the drug in not only adult but also pediatric recipients of
renal transplantation.

Acknowledgments We wish to express our gratitude to the doctors
at the Japanese pediatric renal transplantation clinical study group for
registering the cases for this study.

References

1. Yokota S. Mizoribine: mode of action and effects in clinical use.
Pediatr Int. 2002;44:196-8.

2. Shibasaki T, Koyama A, Hishida A, Muso E, Osawa G, Yamabe
H, et al. A randomized open-label comparative study of con-
ventional therapy versus mizoribine onlay therapy in patients
with steroid-resistant nephrotic syndrome (postmarketing sur-
vey). Clin Exp Nephrol. 2004;8:117-26.

3. Morino T, Sano K, Hara H, Motoyama K, lizuka K, Hara T, et al.
A comparative, subacute toxicity study of mizoribine and
azathioprine in dogs—with particular reference to hepatotoxi-
city, nephrotoxicity and hematotoxicity. Jpn J Transplant. 1982;
17(Suppl):603-14.

@ Springer

10.

11.

13.

14.

16.

17.

18.

19.

20.

21.

. Thara H, Shinkuma D, Kubo M, Miyamoto I, Nojima M, Koike H,

et al. Influence of bioavailability on blood level of mizoribine in
kidney transplant recipients. Transplant Proc. 1996;28:1321-3.

. Takada K, Asada S, Ichikawa Y, Sonoda T, Takahara S, Nagano

S, et al. Pharmacokinetics of bredinin in renal transplant patients.
Eur J Clin Pharmacol. 1983;24:457-61.

. Ishida K, Okamoto M, Ishibashi M, Hashimoto Y. Population

pharmacokinetics of mizoribine in adult recipients of renal
transplantation. Clin Exp Nephrol. 2011;15:900-5.

. Beal SL, Boeckmann AJ, Sheiner LB. NONMEM Users Guides:

NONMEM Project Group: University of California, San Fran-
cisco; 1992.

. Motoyama O, Hasegawa A, Ohara T, Hattori M, Kawaguchi H,

Takahashi K, et al. A prospective trial of steroid cessation after
renal transplantation in pediatric patients treated with cyclo-
sporine and mizoribine. Pediatr Transplant. 1997;1:29-36.

. Motoyama O, Hasegawa A, Ohara T, Satoh M, Shishido S,

Honda M, et al. A prospective trial of steroid withdrawal after
renal transplantation treated with cyclosporine and mizoribine in
children. Pediatr Transplant. 2005;9:232-8.

Hosotsubo H, Takahara S, Taenaka N. Simplified high-perfor-
mance liquid chromatographic method for determination of
mizoribine in human serum. J Chromatogr. 1988;432:340-5.
Honda M, Itoh H, Suzuki T, Hashimoto Y. Population pharma-
cokinetics of higher-dose mizoribine in healthy male volunteers.
Biol Pharm Bull. 2006;29:2460—4.

. Ishida K, Kaneda H, Uemura O, Ushijima K, Ohta K, Goto Y,

et al. Evaluation of limited sampling designs to estimate maximal
concentration and area under the curve of mizoribine in pediatric
patients with renal disease. Drug Metab Pharmacokinet. 2011;26:
71-8.

Fukao M, Ishida K, Sakamoto T, Taguchi M, Matsukura H,
Miyawaki T, et al. Effect of genetic polymorphisms of SLC28A1,
ABCG?2, and ABCC4 on bioavailability of mizoribine in healthy
Japanese males. Drug Metab Pharmacokinet. 2011;26:538—43.
Schwartz GJ, Muifioz A, Schneider MF, Mak RH, Kaskel F,
Warady BA, et al. New equations to estimate GFR in children
with CKD. J Am Soc Nephrol. 2009;20:629-37.

. Sugitani A, Kitada H, Ota M, Yoshida J, Doi A, Hirakata H, et al.

Revival of effective and safe high-dose mizoribine for the kidney
transplantation. Clin Transplant. 2006;20:590-5.

Sonda K, Takahashi K, Tanabe K, Funchinoue S, Hayasaka Y,
Kawaguchi H, et al. Clinical pharmacokinetic study of mizoribine
in renal transplantation patients. Transplant Proc. 1996;28:
3643-8.

Govindarajan R, Bakken AH, Hudkins KL, Lai Y, Casado FJ,
Pastor-Anglada M, et al. In situ hybridization and immunolo-
calization of concentrative and equilibrative nucleoside trans-
porters in the human intestine, liver, kidneys, and placenta. Am J
Physiol Regul Integr Comp Physiol. 2007;293:R1809-22.
Errasti-Murugarren E, Pastor-Anglada M. Drug transporter
pharmacogenetics in nucleoside-based therapies. Pharmacoge-
nomics. 2010;11:809-41.

Gray JH, Owen RP, Giacomini KM. The concentrative nucleo-
side transporter family, SLC28. Pflugers Arch. 2004;447:728-34.
Podgorska M, Kocbuch K, Pawelczyk T. Recent advances in
studies on biochemical and structural properties of equilibrative
and concentrative nucleoside transporters. Acta Biochim Pol.
2005;52:749-58.

Naito T, Tokashiki S, Mino Y, Otsuka A, Ozono S, Kagawa Y,
et al. Impact of concentrative nucleoside transporter 1 gene
polymorphism on oral bioavailability of mizoribine in stable
kidney transplant recipients. Basic Clin Pharmacol Toxicol. 2010;
106:310-6.



	Population pharmacokinetics of mizoribine in pediatric recipients of renal transplantation
	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Pharmacokinetic data
	Estimation of population pharmacokinetic parameters of mizoribine in pediatric recipients of renal transplantation

	Results
	Mizoribine concentration profiles in pediatric recipients of renal transplantation
	Population pharmacokinetic parameters of mizoribine in pediatric recipients of renal transplantation
	Pharmacokinetic parameters in individual pediatric recipients of renal transplantation

	Discussion
	Acknowledgments
	References


