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Background

 

Controversy remains about the interaction between mycophenolate mofetil (MMF)
and the calcineurin inhibitors cyclosporin (CsA) and tacrolimus (TACR). The need to
double the dose of MMF in case of CsA co-administration to achieve the same
mycophenolic acid (MPA) levels as in TACR co-administration, has been attributed to
either inhibition by CsA of the enterohepatic cycle, or an inhibition of glucuronidation
to mycophenolate glucuronide (MPAG) by TACR. We explored these interactions
clinically in 64 kidney transplant patients.

 

Methods

 

Plasma MPA/MPAG curves were determined during the first year post transplantation.
Using nonlinear mixed effect modelling, MPA/MPAG data were fitted to a four-
compartment  model,  in  which  a  rate  constant  describing  transfer  from  the  fourth
to the first compartment (k41), and therefore enterohepatic recycling, could be
introduced.

 

Results

 

MPA and MPAG plasma concentrations were adequately described by a four-compar t-
ment model, which was significantly improved by introduction of k41 in case of TACR
co-administration (minimum value of the objective function decreased by 181 points,

 

P

 

 

 

<

 

 0.0001). Using this model, no statistically significant difference was observed in
clearance of MPA between TACR and CsA co-administration (11.9 and 14.1 l h

 

-

 

1

 

,
respectively). Total clearance of MPAG was lower in case of CsA co-administration
(1.45 and 0.92 l h

 

-

 

1

 

, respectively), while there was no difference in renal clearance
of MPAG (1.09 and 0.92 l h

 

-

 

1

 

, respectively).

 

Conclusions

 

Our study supplies supportive clinical evidence that inhibition of the enterohepatic
cycle in case of CsA co-administration explains some of the differences observed in
PK of MMF when co-administered with either TACR or CsA. This finding may have
clinical consequences for the immunosuppressive management of kidney transplant
patients.
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Introduction

 

Kidney transplant recipients usually receive multiple
immunosuppressive drugs. Today, the majority of these
patients receives the glucocorticosteroid prednisolone,
the inosine monophosphate dehydrogenase (IMPDH)
inhibitor mycophenolate mofetil (MMF), and one of the
calcineurin inhibitors cyclosporin micro emulsion
(CsA) or tacrolimus (TACR). These combinations have
been shown to be successful in the prevention of acute
rejection episodes [1–3].

During absorption, the prodrug MMF is hydrolysed
completely  into  the  active  metabolite  mycopenolic
acid (MPA), which undergoes further metabolism [4].
Quantitatively, the most important metabolite is the
pharmacologically inactive mycophenolate glucuronide
(MPAG), which is excreted either into urine or into the
bile [5]. Biliary excreted MPAG undergoes substantial
enterohepatic cycling, and is back-transformed to the
pharmacologically active MPA during re-absorption [5].

Earlier studies have shown that for patients receiving
CsA, roughly twice the dose of MMF is needed to
achieve the same systemic exposure to MPA when com-
pared with patients receiving TACR [6, 7]. This has been
attributed to either an inhibition by CsA of the entero-
hepatic cycle [8], or an inhibition of glucuronidation by
TACR [6]. Where the latter has been shown only in 

 

in

vitro

 

 studies [9], the former has also been shown 

 

in vivo

 

in rodents [10].
We further explored these interactions clinically using

both MPA and MPAG plasma concentration data
derived from a study with 64 kidney transplant patients
who were on controlled systemic exposure to either CsA
or TACR during the first year after transplantation.
MPA/MPAG concentration–time curves were taken at
regular time points during this year. Using nonlinear
mixed effect modelling (NONMEM) we developed an
integrated metabolite pharmacokinetic model for both
MPA and its glucuronide, in which an enterohepatic
cycle was incorporated.

 

Patients and methods

 

Sixty-four patients, transplanted at the Leiden Univer-
sity Medical Center (Leiden, the Netherlands) between
2000 and 2002, entered the study that primarily investi-
gated the clinical, biochemical and pathological effects
of triple therapy with prednisolone, MMF and either
CsA (

 

n

 

 

 

=

 

 33) or TACR (

 

n

 

 = 31). Details of this study
have been described elsewhere [11]. Patient character-
istics are listed in Table 1. No statistical difference (Stu-
dent’s 

 

t

 

-test, 

 

P

 

 

 

>

 

 0.05) was shown between both groups
for the patients’ age, weight, length and renal function.
Comedication known to influence PK of MMF, CsA or

 

Characteristic Cyclosporine (

 

n

 

 

 

=

 

 33) Tacrolimus (

 

n

 

 

 

=

 

 31)

 

Recipient age (year) 

 

± 

 

SD 48.3 

 

± 

 

12.5 44.9 

 

± 

 

12.5
Recipient gender n male (%) 26 (78.8) 23 (76.4)
Recipient weight (kg) 

 

± 

 

SD 77.0 

 

± 

 

16.9 75.3 

 

± 

 

11.9
Recipient height (m) 

 

± 

 

SD 1.74 

 

± 

 

0.12 1.74 

 

± 

 

0.09
Primary disease (

 

n

 

, %)
Primary glomerular disease 12 (36.4) 12 (38.7)
Diabetic nephropathy 2 (6.1) 1 (3.2)
Hypertension 5 (15.2) 4 (12.9)
Hereditary disease 4 (12.1) 6 (19.4)
Congenital dysplasia/reflux 3 (9.1) 1 (3.2)
Aetiology uncertain, other 7 (21.1) 7 (22.6)

Donor age (year) 

 

± 

 

SD 44.0 

 

± 

 

14.6 46.8 

 

± 

 

13.3
Donor gender n male (%) 13 (39.4) 19 (61.3)
Procedure (

 

n

 

, %)
Cadaveric, heart beating 16 (48.6) 13 (41.9)
Cadaveric, non heart beating 7 (21.1) 4 (12.9)
Living related 6 (18.2) 9 (29.0)
Living unrelated 4 (12.1) 5 (16.2)

Delayed graft function (

 

n

 

, %) 9 (27.3) 6 (19.3)
GFR (ml min

 

-

 

1

 

) 

 

± 

 

SD* 62.5 

 

± 

 

13.2 65.1 

 

± 

 

4.0

* 

 

=

 

 Nankivell formula.

 

Table 1

 

Demographic and baseline characteristics
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TACR was avoided. After kidney transplantation, CsA
and TACR doses were adjusted to reach a predefined
AUC (area under the blood concentration–time curves)
as described earlier [12, 13]. AUCs were determined
around the morning dose at week 2, 4, 6, 8, 10, 17, 21,
26, 39 and 52. During the first 6 weeks after Tx, the
target-AUCs

 

0

 

-

 

12 h

 

 were 5400 and 210 h 

 

m

 

g

 

-

 

1

 

 l

 

-

 

1

 

 for CsA
and TACR, respectively. Thereafter, the target-AUCs

 

0

 

-

 

12 h

 

were 3250 and 125 h 

 

m

 

g

 

-

 

1

 

 l

 

-

 

1

 

, respectively. Mean
accuracy and precision for reaching the predefined
AUCs

 

0

 

-

 

12 h

 

 were 7 and 18% for CsA, and 11 and 22%,
respectively, for TACR (data from 12 weeks

 

-

 

1 year post
Tx). Calcineurin inhibitors were given either at a twice
daily or a once daily dose regimen. However, because
total daily systemic exposure was kept the same for each
dose regimen, we analysed each calcineurin inhibitor
group as one group, thereby also preventing the study
groups from becoming too small. MMF doses were
1000 mg bid and 500 mg bid for the CsA and TACR
group, respectively.

A total of seven patients (

 

n

 

 

 

=

 

 6 for CsA, 

 

n

 

 

 

=

 

 1 for
TACR) was treated for suspected acute rejection (meth-
ylprednisolone iv 1000 mg for 3 days), most of them
during the first 3 months post Tx. Data collected during
acute rejection episodes, were not discarded a priori.
Two patients switched from CsA to TACR 8 and 12
weeks post Tx, respectively. These patients were
regarded TACR users, while the data of the first weeks
post Tx were discarded. All patients gave oral and writ-
ten informed consent before study entry. The study was
approved by the Medical Ethics Committee of the
Leiden University Medical Center.

At week 2, 6, 12, 26, 39 and 52, blood samples were
taken around the morning dose at 0, 1, 2, 3, 4 and 6 h
after drug administration. At week 4, 8, 10, 17 and 21,
blood samples were taken at 0, 2 and 3 h after drug
administration. Blood samples were taken for both
CsA/TACR and MPA/MPAG determination. Whole
blood concentrations of CsA and TACR were deter-
mined by fluorescence polarization immunoassay
(FPIA) (Axsym; Abbott Diagnostics, Abbott Park, IL,
USA) and microparticle enzyme immunoassay (MEIA;
Abbott Laboratories, Abbott Park, IL, USA), respec-
tively. MPA and MPAG plasma concentrations were
determined using a validated high performance liquid
chromatography (HPLC) method including on-line
solid phase extraction and ultraviolet detection at
305 nm. The method was linear for MPA and MPAG
from 0.2 to 60 and 10–400 mg l

 

-

 

1

 

, respectively. Lower
limits of quantification were 0.2 and 10 mg l

 

-

 

1

 

, respec-
tively. Accuracy and precision were 97 and 7% and 98
and 3% for MPA at 0.54 and 10.8 mg l

 

-

 

1

 

. Accuracy and

precision were 104 and 7% for MPAG at 160 mg l

 

-

 

1

 

. A
detailed description of the method of analysis of MPA
and MPAG in plasma is available from the authors on
request.

Two data sets were analysed; all available data from
2 weeks post Tx (2748 MPA and 2648 MPAG concen-
tration measurements) and a subset where only mea-
surements obtained starting 12 weeks post Tx were
included (1563 MPA and 1514 MPAG concentration
measurements). Analysis of the full data set indicated
that up to 12 weeks, pharmacokinetic parameters tended
to change possibly due to residual effects of the trans-
plantation, changing exposure to CsA or TACR, and
variations in comedication. Therefore the restricted data
set (12 weeks and later) was used for the final parameter
estimation, while the full data set was used for illustra-
tive purposes only.

Pharmacokinetics of MPA and MPAG was investi-
gated using Non-linear Mixed Effect Modelling
(NONMEM Version V, GloboMax LLC, Hanover,
MD), using the first order method and constant coeffi-
cient of variation interindividual error models and a
constant coefficient of variation residual error model.
Estimation of intraindividual variability was not
attempted and all occasions were analysed as if origi-
nating from different subjects. More accurate estima-
tion methods were attempted (FOCE and FOCE with
interaction) but these did not lead to model conver-
gence due to numerical instability. As the main thrust
of this study was in describing combined PK of MPA
and MPAG and the influence of CsA co-administra-
tion, modelling interoccasion variability was not
regarded essential. To develop a metabolite PK model,
MMF doses and MPA and MPAG plasma concentra-
tions were transformed into molar equivalents.
Pharmacokinetic parameters therefore apply to molar
equivalents. For reasons of recognition by clinicians
and pharmacologists, however, in the figures, these
molar equivalents have been recalculated to MPA and
MPAG plasma concentrations.

A wide range of models was investigated and com-
pared using the minimum value of the objective function
(MVOF) and visual inspection of all individual plasma
concentration curves. Likelihood ratio tests to compare
models were performed by comparing differences in
MVOF  between  models  to  chi-square  distributions
with degrees of freedom equal to the difference in the
number of parameters, where 

 

P

 

 

 

<

 

 0.01 was required for
significance.

Visual inspection of the curves revealed that MPA
was best described by a two-compartment model, while
MPAG could be described by a one-compartment
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model. Probably due to the relatively sparse nature of
the data, multiple peaks commonly associated with
enterohepatic recycling were not observed. This means
that the data do not contain information on discrete
biliary excretion episodes and therefore, enterohepatic
recycling was modelled as a continuous process. As a
result, combined MPA/MPAG PK after oral administra-
tion of MMF was described by a four-compartment
model. The MMF dose was entered into the first
compartment. The second and fourth compartment
represented MPA and MPAG plasma concentrations,
respectively, while the third compartment accounted for
the peripheral distribution of MPA. The enterohepatic
recycling step was modelled by introducing a rate con-
stant describing transfer from the fourth (MPAG) to the
first (MMF dosing) compartment assuming complete
transformation of MPAG into MPA.

We  primarily  investigated  whether  PK  of  both
MPA  and  MPAG  after  MMF  administration  could
be described simultaneously by a four-compartment
model, and whether introduction of an enterohepatic
cycle in case of TACR and not in case of CsA co-
administration improved description of the data. Within
the overall population analysis, separate population
parameter estimates were obtained for TACR and CsA
co-administration. The population average parameters
describing CsA were parameterized as the difference
between the population average TACR parameter and
the population average CsA parameter. This means that
population estimates for CsA co-administration can be
calculated (by simple addition) but standard errors are
not available for CsA parameters. It would also have
been possible to estimate absolute population average
values for both co-administration situations. However,
estimation of the difference instead allows testing of
the significance of the difference between the two co-
administrations for each parameter separately, using
confidence intervals based on the approximate standard
error. For this purpose, the approximate standard errors
(SEM) for the difference estimates were used to arrive
at approximate 95% confidence limits (difference 

 

±

 

2*SEM). Figure 1 gives a schematic representation of
the final PK model used. The detailed NONMEM syn-
tax of this model is available from the authors on
request.

Influence of covariates on pharmacokinetic variability
was investigated using Pearson’s correlation coefficients
between empirical Bayes estimates of the pharmacoki-
netic parameters and patient characteristics (age, height,
weight, haemoglobin, serum albumin, creatinine clear-
ance estimated using Cockcroft and Gault, and creati-
nine clearance estimated using Nankivell).

 

Results

 

Both MPA and MPAG plasma concentrations after
MMF administration starting from 12 weeks after Tx
were adequately described by a four-compartment
model. Absence of systematic model deviation can be
seen in Figure 2, illustrating that the mean predicted
curves are in close agreement with the mean of the
observations. Standard goodness of fit plot (e.g.
observed 

 

vs.

 

 predicted concentrations) are not shown
because the high number of data points results in unin-
formative graphs.

Introduction of k41 into the model in case of TACR
co-administration, significantly improved the descrip-
tion of the data (MVOF decreased by 181 points,

 

P

 

 

 

<

 

 0.0001).
Table 2 summarizes all PK parameters of the final

model for both the CsA and TACR group. Figure 2 shows
values of predicted and observed MPA and MPAG data,
illustrating altered description of the data after incorpo-
rating enterohepatic recycling, while Figure 3 shows the
value of relevant PK parameters (mean and SD of empir-
ical Bayes estimates) during 1 year post transplantation
for the two groups with and without incorporating entero-
hepatic recycling (Cl MPA, Cl MPAG, k40) using the
full data set. As can be seen, PK is relatively stable from
12 weeks on, in both study groups.

 

Figure 1

 

Four-compartment model for the pharmacokinetics of mycophenolate 

mofetil (MMF); MPA 

 

=

 

 mycophenolic acid, MPAG 

 

=

 

 mycophenolate 

glucuronide, t

 

abs

 

 

 

=

 

 absorption half-life, q 

 

=

 

 intercompartmental clearance, 

Cl 

 

=

 

 clearance of MPA into MPAG, k

 

40

 

 

 

=

 

 elimination rate constant of MPAG, 

 

k

 

41

 

 

 

=

 

 rate transfer constant describing biliary excretion of MPAG

1 
MPA 

4 
MPAG 

2 
MPA 

3 
MPA 

Cl 

q 

k40 

k41 

tabs 

MMF 
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Using the model incorporating enterohepatic recy-
cling, no difference was observed in clearance of MPA
between CsA and TACR co-administration (difference:
2.2 l h

 

-

 

1

 

; 95% CI: 

 

-1 to 6 l h-1). This clearance repre-
sents almost entirely the glucuronidation of MPA. In
case of CsA co-administration, a somewhat higher
clearance from the central to the peripheral compart-
ment, and a higher peripheral volume was observed. No
significant differences were observed for either absorp-
tion half-life or central volume.

No statistically significant difference was observed in
the volume of distribution of MPAG, although the aver-
age value was about 40% higher in case of TACR co-
administration. Consequently, total clearance of MPAG
calculated as (k40 + k41)*V4/F using empirical Bayes
estimates was 40% lower in case of CsA co-administra-
tion. This difference, however, was caused by the

difference in volume of distribution of MPAG, as the
sum of the rate constants for TACR co-administration
(k41 + k40) equalled the rate constant for CsA co-
administration (k40).

The strongest relationships between patient character-
istics and pharmacokinetic parameters were shown for
creatinine clearance and k40, with correlation coeffi-
cients of 0.51 for the Nankivell estimate (Clnk) and 0.45
for the Cockroft and Gault (Clcr) estimate (P < 0.0001,
n = 340, data from 12 weeks and later). All other corre-
lations were less than 0.39.

Discussion
Earlier pharmacokinetic studies have demonstrated an
interaction between calcineurin inhibitors and MMF.
However, controversy remains regarding the exact
mechanism through which this interaction takes place
[14]. Zucker et al. reported significantly increased MPA
trough plasma concentrations and MPA AUCs in
patients treated with TACR, compared with patients
treated with MMF and CsA [6], leading to the hyp-
othesis that increased MPA levels are the result of inhi-
bition of glucuronidation of MPA by TACR, which is
supported by an in vitro study showing inhibition of
uridine-diphosphate-glucuronyl-transferase (UGT) for-
mation of MPAG by TACR but not CsA [9]. Smak
Gregoor et al. however, reported significantly decreased
MPA plasma trough concentrations in kidney transplant
recipients in case of CsA co-administration when com-
pared with no calcineurin inhibitor as comedication,
leading to the hypothesis that CsA inhibits the entero-
hepatic recirculation of MPAG [15]. This hypothesis
was later confirmed by in vivo studies in rodents show-
ing no effect of TACR on MPA concentrations when
compared with placebo, in contrast to the known effect
of CsA on MPA concentrations [10]. This interaction
may occur at the level of the biliary excretion of MPAG,
where MPAG can be expected to be a substrate for the
active transport by ATP-binding cassette transporters
such as multidrug resistance-associated protein 2 (MRP-
2) [8], which was recently confirmed by an in vivo study
in rodents [16].

Pharmacokinetic (PK) modelling may capture phar-
macological information about a drug, especially in
complex systems such as the metabolism and biodistri-
bution of a drug such as MMF. It has become clear,
however, that PK modelling based solely on MPA con-
centrations is difficult after oral administration of MMF
[17, 18]. In the present study, we modelled both MPA
and MPAG plasma concentrations simultaneously, and
it seems that this enhanced data set is more useful for
the description of MMF PK. Moreover, our data were

Figure 2
Average (±SD) graph of observed data (black markers: CsA, white markers: 

TACR) with average predicted curves from weeks 12, 26 and 52 combined; 

top graph: MPA, bottom graph: MPAG
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Table 2
Final NONMEM parameters for the full model using data from 12 weeks and later

Parameter Mean (SE) TACR Mean CsA Difference (95% CI) CV (%)

Cl/F (l h-1) 11.9 (1.75) 14.1 2.2 (-1 to 6) 30
T1/2a (h) 0.567 (0.137) 0.690 0.123 (-0.18 to 0.42) 57
Q/F (l h-1) 11.2 (4.09) 20.1 8.9 (0 to 18) 51
Vc/F (l) 10.3 (16.8) 11.7 1.4 (-3 to 6) 74
Vp/F (l) 183 (75.0) 465 282 (90 to 480) 330
V4/F (MPAG) (l) 8.91 (2.27) 5.60 -3.31 (-7.9 to 1.2) 20
K40 (MPAG) (h-1) 0.122 (0.0343) 0.165 0.043 (-0.03 to 0.12) 28
K41 (MPAG) (h-1) 0.0410 (0.0209) NA NA 78
Error MPA (%) 35
Error MPAG (%) 14

Figure 3
Average (±SD) empirical Bayes estimates of 

clearance of MPA, clearance of MPAG and k40 

during 1 year post transplantation calculated 

using the four-compartment model without (left 

side of the figure) and with the use of k41 in 

case of TACR co-administration (right side of the 

figure); white markers represent TACR and black 

markers CsA comedication
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derived from transplant patients who were stable and on
well controlled systemic exposure to the calcineurin
inhibitors [12, 13], thereby eliminating some potential
factors influencing MMF PK.

The present study clearly shows two major findings.
First, MPA and MPAG PK in stable renal transplant
patients, or at least those data between 0 and 6 h after
drug administration, can be described adequately by a
compartmental metabolite PK model. Such a model may
be of use for therapeutic drug monitoring purposes in
case both MPA and MPAG concentrations are deter-
mined on a routine basis. Moreover, the model may be
of help describing PK in other patient populations and
describing PK of other formulations with MPA as active
compound. Second, this study strongly suggests that
inhibition  of  the  enterohepatic  cycle  in  case  of  CsA
co-administration explains some of the differences
observed in PK of MMF when co-administered with
either TACR or CsA. This conclusion is based mainly
on the significant improvement of description of the data
by introduction of an enterohepatic cycle into the model
in case of TACR co-administration. The finding may
explain the less frequent gastrointestinal side-effects
caused by MMF in case of CsA co-administration, since
biliary excretion of MPAG is believed to play a role in
this adverse event [16].

The present study, however, did assume an extreme
situation, namely complete inhibition of biliary excretion
in case of CsA co-administration, where it is known from
animal studies [16] that inhibition is not complete. The
reason for not estimating k41 in the presence of CsA,
however, has to do with identifiability. There is a trade-
off between all parameters, where an increase in one will
lead to a decrease in another with (almost) the same
curve as result. The presence of k41 effectively increases
the amount available for take-up in the gut. Incorporation
of k41 in the CsA group would probably lead to nonzero
estimates for this parameter compensated by and increase
in distribution volume. Posing an extreme situation (pres-
ence/absence of k41) enables to see if all other param-
eters are essentially similar while there is a substantial
difference in (dose-normalized) concentrations.

According to the model, no difference exists in glu-
curonidation between TACR and CsA. However, this
finding should not be extrapolated easily to the conclu-
sion that there is no effect on glucuronidation by TACR,
especially since we did not investigate specifically
whether inhibition of glucuronidation by TACR signifi-
cantly improves description of the data. To address these
issues more appropriately, a third patient group consist-
ing of patients receiving only MMF should be studied.
However, such a patient group was not available.

In the present study we only determined MPA and
MPAG plasma concentrations during 6 h after MMF
administration, thereby possibly missing part of the sec-
ond plasma peak MPA sometimes shows, and which has
been attributed to the enterohepatic cycle. However, as
in our final data set all patients had received MMF for
at least 3 months, substantial contribution of the entero-
hepatic cycle had also resulted in general accumulation
of both MPA and MPAG and thereby an increase in
basal levels. In the present study, we also did not inves-
tigate possible other metabolites of MMF such as the
pharmacologically active acyl-glucuronide of MPA
(Acyl-MPAG) [4, 19]. However, these metabolites,
although pharmacologically active, are quantitatively
negligible in the biodistribution and metabolism of
MMF. Nevertheless, in the future, it would be interesting
to expand the present model with such metabolites.

The present study shows that MPA and MPAG PK in
stable renal transplant patients can be described ade-
quately by a compartmental metabolite PK model.
Moreover, it shows the ability of modelling techniques
to help unravel complex pharmacological systems, sup-
plying supportive clinical evidence that inhibition of the
enterohepatic cycle in case of CsA co-administration
explains some of the differences observed in PK of
MMF when co-administered with either TACR or CsA.
This may have clinical consequences for the immuno-
suppressive management of kidney transplant patients.

Competing interests: None declared.
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