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CLINICAL STUDY
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Abstract

The aim of this study was to develop a population pharmacokinetic (PK) model for clearance of
mycophenolic acid (MPA) in adult renal transplant recipients, to quantify the PK parameters and
the influence of covariates on the MPA pharmacokinetic parameters. Parameters associated
with plasma concentrations of MPA at steady-state were analyzed in 70 renal transplant
recipients (mean age 42.97 years; mean total body weight 75.33 kg) using nonlinear mixed-
effect modeling (NONMEM). Characteristics of patients screened for influence on the
pharmacokinetic parameters were gender, age, body weight, time after transplantation,
whether the patient was diagnosed as having diabetes mellitus, organ source (living or
deceased donor), biochemical parameters and co-therapy (tacrolimus, cyclosporine, prednis-
olone, omeprazole, bisoprolol, carvedilol, nifedipine). A validation set of 25 renal transplant
recipients was used to estimate the predictive performance of population pharmacokinetic
model. Typical mean value of MPA oral clearance, estimated by base model (without covariates)
was 0.741 Lh™". During population modeling, the full model showed that clearance of the MPA
was significantly influenced by age, total daily dose of MPA, creatinine clearance, albumin level,
status and gender of a donor, and the nifedipine and tacrolimus co-therapy. In the final model,
clearance of MPA was reported to be significantly influenced by age, total daily dose of MPA
and thenifedipine co-therapy. The derived model describes adequately MPA clearance in terms
of characteristics of our patients, offering basis for individual pharmacotherapy approach.
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Introduction

Mycophenolate mofetil (MMF) is the most widely used
antiproliferative immunosuppressive drug in patients after
solid organ transplantation, often administered in combination
with calcineurin inhibitors (CNIs) and corticosteroids.
Clinical trials in renal transplant patients have demonstrated
that MMF is more efficacious as an immunosuppressant than
azathioprine or placebo.”™* Following oral administration,
MMF is completely absorbed and rapidly hydrolyzed to the
active metabolite — mycophenolic acid (MPA).” The MPA is a
selective, uncompetitive and reversible inosine monopho-
sphate dehydrogenase inhibitor, which has an important role
in guanosine triphosphates de novo synthesis. Consequently,
MPA inhibits the proliferation of T and B lymphocytes,
preventing the acute rejection of a transplanted organ as well
as decreasing the frequency of late rejection.®” MPA is
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mainly metabolized into the pharmacologically inactive MPA
glucuronide (MPAG) by hepatic and renal glucuronosyl
transferases (UGT).> Due to enterohepatic recirculation
MPAG plays an important role in the maintenance of
steady-state plasma MPA level.®?

Most studies showed little correlation between MPA
pharmacokinetic parameters and its adverse effects.'®!?
Gastrointestinal adverse events are frequently observed in
renal transplant recipients treated with MMF. To avoid these
gastrointestinal adverse events and improve the clinical
outcome, enteric-coated mycophenolate sodium (EC-MPS)
was developed.'? At a dose of 720mg, EC-MPS showed
similar efficacy and safety profiles as 1000 mg of MMF.'*!°
The pharmacokinetics (PK) of MPA in renal transplant
recipients is characterized by a large inter- and intra-individual
variability, particularly in the early post-transplant period.'”"'®
A number of factors have been reported to alter the pharma-
cokinetics of MPA, including concomitant immunosuppres-
sant administration (tacrolimus or cyclosporine A), food
intake, analytical technique for MPA measurement,
time after transplant and pharmacogenetic factors.®'®!
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The MPA pharmacokinetics will be especially variable in
the early post-transplant period due to delayed graft function,
hypoalbuminemia, hyperbilirubinemia, altered gastrointes-
tinal motility and widely varying drug absorption.
Hypoalbuminemia is probably the most important factor
influencing MPA free fraction because 97% of MPA binds
to plasma proteins (albumin) in patients with normal renal
and liver function. Some changes in free MPA concentrations,
due to patient characteristics such as severe renal impairment
and gender, will lead to an altered efficacy or toxicity
profile.>%%%23

The aim of this study was to develop a population
pharmacokinetic model for MPA in adult renal transplant
recipients, to quantify the population pharmacokinetic par-
ameters, the variability between and within patients and the
influence of covariates on the MPA pharmacokinetic
parameters.

Materials and methods
Patients

Population pharmacokinetic analysis was performed in 95
Serbian renal transplant recipients. The patients were treated
in the Clinic of Nephrology (University Clinical Centre of
Nis, Serbia) during 2014. Patients gave written informed
consent and all investigations were approved by the Ethical
committee (Faculty of Medicine, University of Nis). For the
purpose of this study, blood samples were obtained from the
patients after steady-state was reached.

Patients received oral MMF (Cellcept®, Roche, Basel,
Switzerland) or EC-MPS (Myfortic®, Novartis Pharma,
Basel, Switzerland) as part of a “‘triple’” immunosuppressive
regimen, which also included corticosteroids (prednisolone)
and cyclosporine or tacrolimus. The dose of EC-MPS and
MMF varied from 0.54 to 1.44 g/day and from 0.50 to 2.00 g/
day, respectively. It was administered in two divided doses,
12-hourly. To be able to compare measured MPA blood levels
in both group, doses of MMF and EC-MPS were converted to
the equivalent MPA content by multiplying the MMF dose
with 0.72.1471¢

Inclusion criteria were patients who received transplants
and were followed in our center, patients with stable graft
function and immunosuppression regimen of tacrolimus or
cyclosporine A-based therapy for at least three months prior
to enrollment. Exclusion criteria included patients with acute
rejection episodes, with a shift to other immunosuppressive
regimen during the follow-up period and creatinine clearance
<15 mL/min. Before analysis, the 95 patients were randomly
allocated to either the model building group (n=70) or the
validation group (n =25).

Methods

Biochemical parameters such as serum creatinine (sCr),
creatinine clearance (CLcR), serum albumin, leukocytes (le),
urea, hemoglobin, aspartate amino transferase (AST), alanine
amino transferase (ALT) were monitored on the study date.
CLcRr was calculated from serum creatinine values using the
standard Cockcroft and Gault equation.**

Characteristics of patients screened for influence on the
pharmacokinetic parameters were gender, age, body weight,
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time after transplantation, whether the patient was diagnosed
as having diabetes mellitus, organ source (living or deceased
donor), biochemical parameters and co-therapy (tacrolimus,
cyclosporine A, prednisolone, omeprazole, bisoprolol, carve-
dilol, nifedipine).

Whole blood samples were collected into vacuum tubes
containing ethylene diamine tetraacetic acid (EDTA) as an
anticoagulant. Plasma was removed after centrifugation
(15min, 3000r/min) and stored at —20°C until analysis.
High-performance liquid chromatography (HPLC) method
combined with protein precipitation has been developed and
validated for the analysis of MPA in human plasma.

Sample preparation

A 200 uL aliquot of patient plasma was transferred into a
1.0mL Eppendorf tube followed by 10puL of 1mg/mL
propylparaben (internal standard) in acetonitrile and 490 uL
of 0.3% trifluoroacetic acid in acetonitrile (v/v).

Each tube was capped, vortex mixed for I min, and
subsequently centrifuged for 10min at 10,000rpm and
temperature of 4°C. Supernatant was transferred into a
clean auto-sampler vial and 10 pL was injected into HPLC
system for analysis.

HPLC analysis

HPLC analysis was performed using a C18 Bakerbond-BDC
analytical column (250 mm x 4.6 mm, particle size 5pm).
The optimal conditions for the separation were established
with the mobile phase acetonitrile—10 mM phosphate buffer
pH2.5 (50:50, v/v) at a flow rate of 1.0mL/min and
temperature of 30°C, with UV detection at 215nm.
Chromatographic run time was about 6 min. HPLC method
combined with protein precipitation was subjected to valid-
ation. Limit of detection and limit of quantification were
0.025 and 0.2 pg/mL, respectively, for MPA. Linearity was
obtained over the concentration range of 0.2-100 ug/mL for
MPA with correlation coefficient equal to 0.9995. The
method showed good intra-day and inter-day precision with
a relative standard deviation below 8.08%, while the accuracy
ranged from 89.31% to 102.53% for MPA.

Pharmacokinetic analysis

The NONMEM software with ADVAN4 TRANS3 subroutine
(version 6, level 1.1) and G77 FORTRAN compiler were used
to estimate the mean population value of MPA clearance
and determine the influence of different covariate.? It is two-
compartment model with lag-time and first-order absorption.
As all doses were given orally, absolute bioavailability (F) of
the drug were not assessed.

Software analysis of collected data with initial values of
parameters from the literature gave us estimates of apparent
oral clearance (CL/F), apparent volume of distribution
(Vd/F), apparent volume of distribution in steady-state
(VSS/F), intercompartment clearance (Q/F), absorption rate
constant (K,), lag time between intake and absorption start
(lag time) and interindividual and residual variability. Also,
one of the requirements in the current phase is estimation of
the most appropriate error models (additive or exponential).
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It is the base pharmacokinetic model without covariates. In
addition, further analysis included examination of influence
of all covariates on MPA clearance (body weight, age, gender,
total MPA dose, creatinine clearance, plasma albumin level,
time after transplantation, donor type, gender of donor, AST,
ALT, co-medication with omeprazole and nifedipine, dose of
cyclosporine, tacrolimus and prednisolone). It was carried out
by adding of every single covariate to the base model using
linear or nonlinear regression with assesses of statistical
significance. Value of minimum objective function (MOF) is
primary statistical parameter defined as 2loglikelihood
(—=2LL), so for each covariate the MOF reduction was
necessary of at least 3.841 (x*=3.841 for p<0.05, df =1).°
Several univariate regression models have been obtained but
only models and covariate with a significant reduction in the
MOF values were important for further analysis. The full
model was the result of this process and only covariates that
satisfied statistical requirements were included simultan-
eously. For deriving the final pharmacokinetic model, a
process of backward deletion of covariates with more
restrictive statistical criterion (increase in the MOF of more
than 6.6 for p <0.01, df =1) was performed. Also, during all
phases of population pharmacokinetic (PPK) analysis, was
necessary to satisfy the following requirements: reduction in
interindividual and residual variability, improvement of
scatter-plots of predicted values (PRED) versus observed
concentrations (DV) and of weighted residuals (WRES)
versus predicted concentrations (PRED), from the base
model to the final model.

The last phase of PPK analysis was validation of the final
model. The validation set consisted of data obtained from new
group of patients with similar characteristics as patients from
index set and was used to estimate performances of the final

Table 1. Characteristics of study patients.
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model. Mean prediction error (MPE) and root mean squared
error (RMSE) were used to evaluate bias and precision as
suggested by Sheiner and Beal.”’

Results

The prospective pharmacokinetic study included 95 patients,
64 men and 31 women. Demographic and clinical data of the
patients are shown in Table 1. Subjects were divided into
two groups of similar age (building group 42.97 vs. 43.53 in
validation group) and body weight (building group 75.33 vs.
75.16 in validation group). One of these groups served for
construction of population models and another for its
validation. After all necessary data were collected, population
pharmacokinetic analysis was performed by the subroutine
ADVAN4 TRANS3 of the NONMEM software. A first result
of our investigation was the base model with mean population
values of pharmacokinetic parameters. Minimum objective
function was 307.523. Moreover, the results of the estimates
of the variance have shown that the exponential error model
described interindividual variability of drug clearance and
residual variability much better than an additive error model
in the target population.

Second phase was characterized by several univariate
successive models obtained by examination of influence of
every mentioned covariate. Addition of MPA total daily dose,
age, donor gender, serum albumin, creatinine clearance, time
after transplantation, donor status and co-medication with
nifedipine and tacrolimus in the base model resulted in
statistically significant reduction in MOF. All other covariates
(total body weight, time after transplantation, gender, aspar-
tate and alanine transaminase, co-medication with omeprazole
and cyclosporine and prednisolone dose) in this process were

Model building patients
Median (range)

Characteristics

Model validation patients
Median (range)

Number of patients 70
Number of observations 90
Gender (male/female) 48/22
Diabetes 15
Donor type (living/deceased) 49/21
MPA + tacrolimus 61
MPA + cyclosporine A 9
MPA + prednisolone > 10 30
MPA + omeprazole 36
MPA + bisoprolol 21
MPA + carvedilol 24
MPA + nifedipine 23

Body weight (kg)

Age (years)

Time after transplantation (months)
Total MPA dose (mg/day)

MPA serum concentration (pug/mL)
Hemoglobin(g/L)

AST (UI/L)

ALT (UIL)

Serum creatinine (umol/L)
Creatinine clearance (mL/min)
Albumin (g/L)

Urea (mmol/L)

Le (G/L)

75.33 (53-113)
42.97 (21-70)
51.14 (1-204)
1028.57 (720-1440)
3.61 (0.14-19.13)

139.27 (97-186)
23.87 (9-202)
31.48 (0.9-423)
141.43 (66-307)
67.71 (21.24-144.76)
42.11 (36-49)

8.4 (2.8-19.7)

7.9 (3.7-16.6)

25
25
16/9
4
20/5
23
2
9
14
7
8
11
75.16 (51-117)
43.53 (26-68)
45.28 (5-96)
943.2 (540-1440)
4.06 (0.08-15.21)
139.4 (114-173)
23.26 (10-51)
27.63 (10-81.2)
144.11 (86.9-261.9)
64.61 (42.08-121.73)
42.36 (37-49)
7.91 (3.4-15.7)
8.2 (2.9-12.3)

Note: MPA — mycophenolic acid; total MPA dose — total dose of mycophenolic acid; AST — aspartate
transaminase; ALT — alanine transaminase; Le — leukocytes.
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Table 2. The value of MOF in the base model, univariate models and the full model.

Clearance models MOF Difference in MOF ~ p Value**  Conclusion
BASE MODEL CL/F=#6, * EXP(ETA(1)) 307.523

UNIVARITE MODELS CL/F =0, * EXP(ETA(1)) + 0, * TBW 307.520 0.003 >0.05 NS
CL/F=0, * EXP(ETA(1))+ 05 * AGE 285.725 21.798 <0.05 YES
CL/F=0, * EXP(ETA(1)) 0, * GENDER 307.523 0 >0.05 NS
CL/F=0, * EXP(ETA(1))+ 05 * DD 287.576 19.947 <0.05 YES
CL/F=0, * EXP(ETA(1)) 66 * CLcr 281.158 26.365 <0.05 YES
CL/F=0, * EXP(ETA(1)) 0; * ALB 274.899 32.624 <0.05 YES
CL/F=0, * EXP(ETA(1)) 03 * TIME tx 307.324 0.199 >0.05 NS
CL/F=0, * EXP(ETA(1)) 0y * STATUS don 284.684 22.839 <0.05 YES
CL/F=0, * EXP(ETA(1)) 0,o * GENDER don 300.516 7.007 <0.05 YES
CL/F=0, * EXP(ETA(1)) 0;; * AST 306.049 1.474 >0.05 NS
CL/F=0, * EXP(ETA(1)) 0, * ALT 305.974 1.549 >0.05 NS
CL/F=0, * EXP(ETA(1)) 6,53 * OME 307.523 0 >0.05 NS
CL/F=0, * EXP(ETA(1)) 0,4 * NIF 283.482 24.041 <0.05 YES
CL/F=0, * EXP(ETA(1)) 6,5 * CYC dose 307.422 0.101 >0.05 NS
CL/F=0, * EXP(ETA(1)) 0,6 * TAC dose 292.045 15.478 <0.05 YES
CL/F=0, * EXP(ETA(1)) #,; * PRE dose 307.523 0 >0.05 NS
FULL MODEL CL/F=0, * EXP(ETA(1))+ 03 * AGE+0s * DD + 0 * CLcRr 0, 261.383

* ALB 09 * STATUS don 910 * GENDER don 914 * NIF 016 * TAC dose

Notes: CL/F — apparent oral clearance (1 h’l); 0, typical value of CL; ETA(1) interindividual variability in CL; 6,—0,7 slopes of the covariate effects;
TBW - total body weight (kg); GENDER takes the value 1 for male and 0 for female; DD — total daily dose of mycophenolic acid (mg day "); CLcg —
creatinine clearance (1 h’l); ALB - serum albumin; TIME tx — time after transplantation; STATUS don takes the value 1 for living donor and 0 for
deceased donor; GENDER don takes the value 1 for male and O for female; AST — aspartate transaminase; ALT — alanine transaminase; OME and
NIF - co-medication with omeprazole and nifedipine, takes the value 1 if the patient received co-medication and 0 otherwise; CYC dose —
cyclosporine A dose takes the value 1 if >2 (mg day ") or 0 if <2 (mg day '); TAC dose — tacrolimus dose takes the value 1 if>3 (mg day ") or 0
if <3 (mg day™"); PRE dose — prednisolone dose takes the value 1 if > 10 (mg day ") and 0 if <10 (mg day~'); NS — Not significant.

*Indicates calculation operation-multiplication. **Suggest statistical significance.

excluded. The most important univariate successive models
in building process are shown in Table 2. Also, all significant
covariate of the full model could be seen. The value of MOF
in the full model was 261.383.

The final population pharmacokinetics model of MPA
clearance was derived by the process of backward deletion
covariate from the full model. The total daily dose of
the drug, age and co-medication with nifedipine met the
necessary statistical requirements. The equation for the final
model which describes value of population clearance is as
follows:

CL/F(lh™')= 0.741 + 0.0804 * AGE + 0.00165 * DD + 1.12 % NIF

The estimated values of population pharmacokinetic
parameters in this model for CL of MPA are shown in
Table 3. The interindividual variability of CL/F decreased
from 48.3% to 25.1%.

Figures 1 and 2 show scatter-plots of predicted values
(PRED) versus observed concentrations (DV) and weighted
residuals (WRES) versus predicted concentrations (PRED) in
the final model of index and validation set.

The process of validation of the final regression model was
performed on the validation set which consisted of 25 patients
whose mean values of total body weight and age were
75.16 kg and 43.53 years, respectively. Calculated prediction
errors of validation set to assess bias and precision are given
in Table 4.

Discussion

The pharmacokinetics of MPA exhibit considerable inter- and
intra-individual variability. This study focused on developing
a clinically applicable population pharmacokinetic model

Table 3. Parameter estimates for the final model.

Parameters Estimated value (SE)

0.741 (0.037)
0.653 (0.073)
801 (174.13)

Apparent oral clearance (1h~") CL/F

Apparent volume of distribution (1) Vd/F

Apparent volume of distribution in steady-state
(1) VSS/F

Intercompartment clearance (h™ Y Q/F 52.1 (4.102)
Absorption rate constant (h’l) K. 4.07 (0.42)
Lag time (h) 0.21 (0.03)

Interindividual variance €2

CL/F 0.061 (0.013)
Vd/F 0.059 (0.017)
VSS/F 154.04 (23.34)
Q/F 4.67 (1.46)
K. 2.08 (0.1)
Lag time 0.12 (0.024)

Residual variance c° 0.123 (0.023)

Note: SE — standard error.

for MPA to quantify inter- and intra-individual variability.
Also, we tried to analyze relationships between pharmacoki-
netic parameters, patient demographics and biochemical
factors.

During population modeling, the full model showed that
clearance of the MPA was significantly influenced by age,
total daily dose of MPA, creatinine clearance, albumin level,
status and gender of a donor and the nifedipine and tacrolimus
co-therapy. In the final model, clearance of MPA was reported
to be significantly influenced by age, total daily dose of MPA
and the nifedipine co-therapy.

Age of the patients showed a significant effect on the
clearance of MPA in our final model, which was confirmed
by another research.”® Some investigators demonstrate the
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Figure 1. (a) Scatter-plots of predicted concentrations (PRED) and individual predicted concentrations (IPRED) versus observed concentrations (DV)
for mycophenolic acid by the final model of index set. (b) Scatter-plots of PRED and IPRED versus DV for mycophenolic acid by the final model of

validation set.
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Figure 2. (a) Scatter-plot of weighted residuals (WRES) versus predicted
concentrations (PRED) for mycophenolic acid by the final model of
index set. (b) Scatter-plot of WRES versus PRED for mycophenolic acid
by the final model of validation set.

influence of donor age on the quality of the graft at the
implantation, but as well in the post-transplantation period for
histological and functional evolution of the graft.®® It might
be the subject of further research.

Table 4. Prediction errors of final model established in validation set.

Final model

0.1172 (—0.8522 to 1.0866)
2.4256 (1.6096-3.0293)

Error

Mean prediction error (MPE)
Root mean squared prediction
error (RMSE)

Mycophenolate mofetil, a 1.5 g twice-daily starting dose,
rather than a 1 g twice-daily starting dose of MMF is more
likely to achieve the minimum target MPA exposure in
adult transplant recipients receiving concomitant cyclosporine
A therapy. Over the period between the first weeks of
dosing and 1-6 months after renal transplantation, at least a
30-50% increase in MPA dose-normalized AUC has been
reported.®?%3! This increase in drug exposure is the result
of decreasing MPA apparent clearance over time and is likely
to be the result of a number of factors including increasing
serum albumin and hemoglobin levels, improving renal
function and gradual tapering of cyclosporine, and possibly
of corticosteroid dosage with increased time after
transplantation.**

Epidemiologic studies indicate that 50-90% of kidney
transplant recipients either have hypertension (defined as
blood pressure higher than 140/90 mmHg) or are on
antihypertensive medications.”**> Calcium-channel blockers
(CCBs) have properties that make them particularly suited in
the treatment of post-transplant hypertension. In 32.9% of our
patients, antihypertensive therapy included nifedipine. It
greatly affects the clearance of MPA due to possible
inhibitory effect of nifedipine on the p-glycoprotein.** Also,
nifedipine and other CCBs counteract the systemic and
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afferent arteriolar vasoconstriction induced by CNI, increase
renal blood flow and increase glomerular filtration through an
increase in the glomerular hydrostatic pressure and filtration
fraction.>>>’ Experimental data indicate that CCBs can
modulate the immune system by affecting calcium influx
into T lymphocytes, limiting their activation. Some of these
agents have been associated with lower risk of rejection and
delayed graft function.?®-**-°

MPA binds to serum albumin and the binding is highly
dependent on the concentration of albumin. A decrease in free
MPA leads to a temporary decrease in its clearance, resulting
in a relatively higher AUC of total MPA.*® Albumin
concentrations less than 3.1 g/dL. have been associated with
significantly higher unbound MPA concentrations in renal
transplantation. Elevated unbound MPA exposure has been
reported in pediatric renal transplant recipients with
decreased serum albumin levels.**** We found no impact
of serum albumin on clearance of MPA, which may be
explained by the fact that patients included in the study did
not have hypoalbuminemia, 42.11 (range 36—49), for patients
in the building model and 42.36 (range 37-49), for patients in
the validation model. Also, the severity of disease or clinical
status, or the impact of co-administered medications on
albumin binding may explain the lack of correlation between
MPA exposure and albumin in our study.

Concomitant immunosuppressive medication has a differ-
ential effect on MPA CL/F. In previous study, CL/F was
33% higher in cyclosporine A-MPA-treated patients than
in tacrolimus—MPA-treated patients.'® Cyclosporine A is
believed to decrease MPA exposure.**** A logical explan-
ation for this correlation may be the inhibitory effect of
cyclosporin A on the enterohepatic recirculation of MPA.*?
Some investigators have recommended using a 50% lower
dose of MMF/EC-MPS in combination with tacrolimus than
of cyclosporine A.*>** Tacrolimus dose demonstrated statis-
tical significance in our full model, but in the final population
model other factors showed higher impact. The observed
differences with the present study may be explained by the
lower frequency of cyclosporine A in the treatment of our
patients.

In conclusion, clearance of MPA was estimated by using
population pharmacokinetic modeling. Besides total daily
dose of MPA, age and the nifedipine co-therapy seemed to be
important covariates influencing MPA clearance in renal
transplant recipients.
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