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Pharmacokinetics and Pharmacodynamics of Mycophenolic 
Acid: Different Formulations in Stable Renal Transplant 
Patients
Dario Cattaneo

Center for Research on Organ Transplantation “Chiara Cucchi de Alessandri and Gilberto Crespi”, Mario Negri Institute for Pharmacological 
Research, Bergamo, Italy

Mycophenolic acid has gained widespread acceptance as the antimetabolite of choice in 
most of the immunosuppressive regimens, thanks to its selective action versus T and B 
cells. This drug is characterized by a narrow therapeutic index and a well-documented 
relationship between efficacy (in terms of acute rejection episodes) and exposure to my-
cophenolic acid (as AUC and C0). For these reasons, in the past years there has been an 
increased interest in the utility of monitoring mycophenolic acid concentration to optimize 
drug dosing. 
Currently, two prodrugs of mycophenolic acid are available, namely mycophenolate mofetil 
and the enteric-coated formulation of mycophenolate sodium. Both formulations provide 
comparable distribution, metabolism and excretion of mycophenolic acid. However, impor-
tant differences in drug absorption have been reported. Some of them were expected, be-
ing related to the enteric-coating film of mycophenolate sodium that delayed the absorption 
of mycophenolic acid, resulting in higher Tmax values compared to those measured with 
mycophenolate mofetil. Nevertheless, a number of studies reported that the novel enteric-
coated formulation of mycophenolic acid produced aberrant and extremely variable phar-
macokinetic profiles, characterized by multiple peaks of mycophenolic acid concentrations 
and high basal drug concentrations. According to these preliminary data, mycophenolate 
sodium and mycophenolate mofetil cannot be formally considered as bioequivalent. More-
over, the growing body of literature on the importance of therapeutic drug monitoring of 
mycophenolic acid poses concerns also on the “clinical equivalence” between the two 
formulations. It is, indeed, very unlikely that all the monitoring strategies applied in the 
past years for mycophenolate mofetil could be applied in patients given mycophenolate 
sodium, due to the erratic and extremely variable absorption of the novel formulation. As 
an additional limitation, no data are available yet on the factors that could potentially affect 
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Introduction

Since the introduction of cyclosporine to 
organ transplantation in the early 1980s, thera-
peutic drug monitoring has become an integral 
part of immunosuppressive agents1. These mol-
ecules are characterized by narrow therapeutic 
indexes, and therefore, small variations in the 
pharmacokinetic profiles may induce an inade-
quate level of immunosuppression, resulting ei-
ther in increased risk to reject the graft, or mag-
nification of drug-related adverse events1. These 
concepts apply to mycophenolic acid (MPA), an 
antimetabolite that, thanks to its selective action 
versus immunocompetent cells, has replaced 
azathioprine as part of the maintenance immu-
nosuppressive therapies in most transplant cen-
ters. In fact, at variance with azathioprine that 
acts as a non-selective antimetabolite, MPA is a 
potent selective and reversible inhibitor of ino-
sine monophosphate dehydrogenase (IMPDH), 
a key enzyme involved in the de novo synthesis 

of guanine nucleotides, which are critical for the 
proliferation of T and B lymphocytes2, whereas 
other cell types (i.e. erythrocytes) can utilize al-
ternative pathways (the salvage pathway).

Currently, two mycophenolate compounds 
are available, namely mycophenolate mofetil 
(MMF) and the enteric-coated mycophenolate so-
dium (EC-MPS). Both formulations act as prodrugs 
and are, therefore, characterized by the same 
mechanism of action. There are, however, some 
important differences in the pharmacokinetic prop-
erties that will be the topic of the present review.

Mycophenolate mofetil

Mycophenolate mofetil is the 2,4-morpho-
linoethyl ester of MPA. It is marketed for oral 
administration in capsules (250 mg), tablets 
(500 mg), or as powder for suspension. In some 
countries, MMF is available also as intravenous 
formulation as MMF hydrochloride (524 mg cor-
responding to 500 mg of MMF). 

Key words
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the pharmacokinetics of mycophenolic acid released from mycophenolate sodium. Cer-
tainly, this information cannot be simply extrapolated from previous observations in pa-
tients given mycophenolate mofetil. As a support of this, it has been recently shown that 
the two mycophenolic acid formulations may be differently affected by concomitant thera-
pies and/or comorbid conditions. As far as pharmacodynamic comparisons between my-
cophenolate mofetil and mycophenolate sodium, available data are too scanty to reach 
definitive conclusions, so that, at the present time, the monitoring of inosine monophos-
phate dehydrogenase activity (the pharmacologic target of mycophenolic acid) cannot be 
considered as a viable alternative to pharmacokinetic-based approaches. 
In conclusion, evidences collected in more than 10 years of clinical use of mycophenolic 
acid have documented that this drug has important pharmacological properties that can 
be optimized by tailoring the best dosage for each patient according to periodical evalua-
tions of the plasma levels. Nevertheless, this monitoring approach can, at the present time, 
be reliably applied only in patients on mycophenolate mofetil, but not in those treated with 
mycophenolate sodium. (Trends in Transplant. 2008;2:51-61)
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Following oral administration, MMF is ab-
sorbed rapidly and completely from the gastro-
intestinal tract and undergoes extensive presys-
temic de-esterification to MPA, the active moiety. 
In the whole blood, MPA is found exclusively in 
the plasma fraction, mainly bound to albumin, 
with a binding > 95%. In vitro and in vivo studies 
have consistently shown that only free MPA (the 
fraction unbounded to albumin) is capable of 
inhibiting IMPDH2. Mycophenolic acid is me-
tabolized via glucuronidation in the gastrointes-
tinal tract, liver and, to a lesser extent, in the 
kidney. Mycophenolic acid glucuronide (MPAG), 
the main metabolite, is a phenolic glucuronide 
of MPA with no pharmacologic activity. At least 
two other minor metabolites have been recently 
identified: the 7-0-glucoside and the acyl MPAG. 
More than 90% of the drug is excreted into the 
urine as MPAG via active tubular secretion. Fol-
lowing MMF administration, MPA Tmax usually 
occurs 1-2 hours post-dose, with the appear-
ance of a secondary peak at around 4-12 hours, 
attributed to enterohepatic recirculation of 
MPAG excreted into the bile, which is de-
conjugated back to MPA and reabsorbed in 
the colon through the action of glucuronidase 
shed by gastrointestinal tract bacteria. The 
mean elimination half-life of MPA ranges from 
9-17 hours2.

Mycophenolate sodium

Enteric-coated mycophenolate sodium 
(EC-MPS), the sodium salt of MPA, is available 
for oral use as a delayed-release tablet contain-
ing either 180 or 360 mg of MPA. This formula-
tion was designed to improve MPA-related up-
per gastrointestinal adverse events by delaying 
the release of MPA until reaching the small in-
testine3. A study investigating the dissolution of 
EC-MPS tablets has shown that MPA is maxi-
mally released at a pH of 6.0-6.8 after 120 min-
utes, with results at pH 5.0 showing a slower 
and less complete release of MPA4. These data 
confirm that MPA is released from EC-MPS in 
the more alkaline environment of the small in-
testine, whereas the gastric absorption, if any, 
is negligible.

The processes of distribution, metabolism 
and excretion of MPA from EC-MPS are compar
able to those reported for MMF2. There are, how-
ever, some peculiar characteristics in the drug 
absorption that are dictated by the nature of the 
formulation. In particular, studies in stable kidney 
transplant recipients treated with single doses of 
EC-MPS have documented MPA Tmax ranging 
from 120-180 minutes, and variable half-life values 
varying between 5-8 hours5-7.

Pharmacokinetic comparison 
between the two mycophenolic 
acid-releasing formulations

Two randomized, multicenter, clinical trials 
have shown that both in the de novo and in main-
tenance renal transplant recipients, the two MPA 
formulations were comparable in terms of efficacy 
and safety when given on fixed-dose regimens8,9. 
These evidences have led the transplant com-
munity to consider MMF and EC-MPS as “clini-
cally bioequivalent”. Accordingly, in clinical prac-
tice, 1,000 mg of MMF are considered equivalent 
to 720 mg of EC-MPS. Nevertheless, it should be 
stressed that “clinical equivalence” does not fully 
fit with the concept of “chemical equivalence”. In 
fact, 1,000 mg of MMF delivers 2.31 moles of 
MPA, whereas 720 mg of EC-MPS corresponds 
to 2.24 moles of MPA. Although this difference 
could be considered minimal, it argues against 
the widespread misconception of bioequivalence 
between the two MPA formulations. Indeed, ac-
cording to international consensus guidelines, two 
drugs can be considered as bioequivalent when 
they contain the same molecular entity, share an 
exactly equal qualitative/quantitative composi-
tion and identical pharmaceutical formulation.

Classically, demonstration of bioequiva-
lence between two formulations requires spe
cific pharmacokinetic evaluations, showing that 
the 90% confidence intervals of the relative main 
pharmacokinetic parameters (usually mean AUC 
and Cmax) of the test to reference formulation 
would be within 80-125%. Looking in the litera-
ture, there are only few studies published in 
peer-review journals that have formally com-
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pared the pharmacokinetics of MPA from EC-
MPS with that released by MMF (as summarized 
in table 1). Overall, most of these studies have 
shown that limiting only to mean MPA AUC val-
ues, the two formulations could be considered 
as bioequivalent. This trend, however, was not 
confirmed when comparing the other main phar-
macokinetic parameters (i.e. Cmax, C0, Tmax). 

In our clinical research center, we have 
recently conducted a comparative study involv-
ing kidney transplant recipients treated with EC-
MPS or MMF for 24 months after surgery13, with 
full MPA pharmacokinetic evaluations performed 
in both groups every six months. During all evalu-
ations, aberrant and variable pharmacokinetic 
curves were found in patients who were given 
the novel enteric-coated formulation of MPA, 
whereas those on MMF had regular MPA kinetic 
profiles. Moreover, patients on EC-MPS present-
ed extremely high C0 concentrations, multiple 
peak of MPA, and Tmax values ranging from 0-480 
minutes, while those on MMF showed a sharp 
peak of maximum drug concentration always 
within 1-2 hours after drug intake (Figs. 1 and 2). 
To take into account potential bias related to 
patient selection, we decided to switch at month 
24 after transplantation all kidney transplant re-
cipients who were given EC-MPS to MMF. In this 
way, we found that the conversion resulted in a 
significant reduction in the MPA C0 levels, with 
values comparable to those measured in pa-
tients who were given MMF throughout the study 
period. Notably, in patients who were shifted 
from EC-MPS to MMF, the atypical daily MPA 
profile did normalize, being associated with less 
variability in the main pharmacokinetics param-
eters (Fig. 1). These findings further indicate that 
the high variability in MPA absorption observed 
with EC-MPS was just linked to the novel formu-
lation of MPA and not to potential bias in patient 
selection.

The emerging role of therapeutic 
drug monitoring

Both MMF and EC-MPS are usually ad-
ministered at fixed daily oral dosages and thera-

peutic drug monitoring is not routinely performed. 
Nevertheless, recent evidence suggests that 
MPA pharmacokinetic monitoring could be ad-
visable at least in patients treated with MMF (no 
data are available on EC-MPS). Accordingly, 
concentration-controlled approaches can be 
helpful to limit intrapatient variability of daily 
MPA exposure and to improve the clinical out-
come of organ transplant recipients16. 

The first seminal study on this topic was 
published by van Gelder, et al.17, in which 
150 adult recipients of a primary or secondary 
cadaver kidney graft were randomly allocated to 
receive MMF treatment aimed at three predefined 
target MPA AUC values. Logistic regression 
analysis showed a highly statistically significant 
inverse relationship between MPA AUC (or MPA 
C0) and the occurrence of a biopsy proven 
rejection, whereas this was not the case when 
using mean MMF dose. Subsequently, others 
have demonstrated important associations between 
MPA pharmacokinetics and graft function after 
kidney transplantation18 or MMF-related adverse 
events19. Of particular relevance are the recent 
results of the French APOMYGRE trial20. In this 
12-month study, 137 renal allograft recipients 
receiving basiliximab, cyclosporine, MMF, and 
corticosteroids were randomized to receive either 
concentration-controlled doses or fixed-dose 
MMF. A novel Bayesian estimator of MPA AUC 
based on three-point sampling was used to in-
dividualize MMF doses. The primary endpoint 
was treatment failure (death, graft loss, acute 
rejection, and MMF discontinuation). The study 
showed that at month 12, the concentration-con-
trolled group had significantly fewer treatment 
failures (48 vs. 29%) and acute rejection episodes 
(8 vs. 25%) compared to patients kept on fixed 
MMF dose, confirming the clinical relevance of 
therapeutic MPA monitoring.

Taken together, all these evidences have 
led to the definition of provisional target thera-
peutic ranges for MPA AUC and trough concen-
trations to be applied in clinical practice. When 
combined with cyclosporin A (CsA), the recom-
mended target ranges are 1-3.5 mg/l and 30-
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60 mg·h/l for trough concentration and AUC, 
respectively. For the combination with tacrolimus, 
the suggested MPA target ranges are 1.9-4.0 mg/l 
for trough and 30-60 mg·h/l for AUC16,21. Never-
theless, it is of paramount importance to under-
line the fact that these ranges derive from studies 
involving patients treated with MMF, and there-
fore can be applied only with this formulation of 
MPA. At the present time, it is thus not possible 
to know whether the proposed therapeutic win-
dows could apply also in patients on EC-MPS, 
simply because no therapeutic drug monitoring 
studies are available with the novel MPA formu-
lation. On the other hand, indirect evidences are 
available suggesting that, for sure, patients giv-
en EC-MPS will not benefit from the monitoring 
of MPA C0 concentrations as a guide to optimize 
drug therapy. Indeed, different studies have re-
ported unexpectedly high MPA C0 values in pa-

tients chronically given EC-MPS that, in some 
instances, exceeded 40 mg/l13,22, whereas 
basal MPA concentrations measured in patients 
on MMF usually ranged from 1-8 mg/l. At the 
same time, others have documented comparable 
mean MPA Cmin values between the two formula-
tions10,11. It should be pointed out, however, 
that this discrepancy is only apparent, being 
mainly affected by the erroneous interchange-
ability of the terms C0 and Cmin. For this purpose, 
it must be remembered that the term “C0” (or 
trough, basal) refers to the concentration of a 
given drug measured (in blood, plasma, or se-
rum) just before the next medication dosage is 
given, whereas Cmin represents the lowest con-
centration of a drug reached in the body be-
tween dosages. According to these definitions, 
the two parameters indicate different concepts, 
and therefore may not necessary coincide. As 
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Figure 1. Daily MPA pharmacokinetic profiles from kidney transplant recipients given EC-MPS or MMF as part of their maintenance immu-
nosuppressive regimens. At the end of month 24 posttransplantation all patients on EC-MPS were shifted to MMF13. MPA: mycophenolic 
acid; MMF: mycophenolate mofetil; EC-MPS: enteric-coated mycophenolate sodium.
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an example, in our study we found that EC-MPS 
presented comparable Cmin values, but signifi-
cantly different C0 drug concentrations (Fig. 3). 
When using the right definition of basal drug 
concentrations, all the published studies con-
sistently agreed that the novel enteric-coated 
formulation provided significantly higher MPA 
C0 values than those measured in patients on 
MMF12,13,22,23. These differences may be rele-
vant not only for pure pharmacokinetic disqui-
sitions, but, eventually, also from a clinical 
perspective. In fact, it must be considered that 
the high concentrations of MPA C0 observed in 
patients given EC-MPS do not parallel with in-
creased AUC values13, rendering the assess-
ment of the former parameter, which is routinely 
performed in patients on MMF, totally useless 
and potentially harmful if applied in patients on 
EC-MPS because it might lead to erroneous 
dose adjustments with the potential risk of drug 
underdosing.

The issue of drug-to-drug 
interactions 

Some important drug-to-drug interactions 
have been reported for MMF2. One of the most 
frequently observed interactions in organ trans-
plant recipients involves the concomitant admin-
istration of cyclosporine and MMF. In particular, 

it has been demonstrated that cyclosporine inhib-
its biliary excretion of MPAG by multidrug resis-
tance associated protein 2 (MRP2) transporter15. 
This leads to impaired excretion of MPAG in the 
bile and reduced enterohepatic recirculation of 
MPAG, blunting the secondary peak of MPA nor-
mally seen when MMF was given in combination 
either with tacrolimus or sirolimus15,24. 

Nevertheless, it should be considered 
that findings on drug-to-drug interactions involv-
ing MMF cannot be automatically extrapolated 
also for EC-MPS. As a partial support of this 
statement, a randomized, calcineurin inhibitor 
crossover study has demonstrated that, at vari-
ance with previous observations with MMF15, the 
switch between cyclosporine to tacrolimus (and 
vice versa) has only minor effects on MPA phar-
macokinetics in stable renal transplant patients 
receiving EC-MPS5.

Different effects of mycophenolic 
acid formulations  
on the pharmacokinetics  
of calcineurin inhibitors

The calcineurin inhibitors (CNI) cyclospo-
rine and tacrolimus remain the backbone of im-
munosuppression for most organ transplant re-
cipients. Both drugs are characterized by narrow 
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Figure 2. Box-plot showing the distribution of the main MPA pharmacokinetic parameters (C0, Tmax and AUC0-12) in kidney transplant recipi-
ents given EC-MPS or MMF13. MPA: mycophenolic acid; MMF: mycophenolate mofetil; EC-MPS: enteric-coated mycophenolate sodium.
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therapeutic indexes, irregular absorption, and 
high intrapatient variability in the daily drug ex-
posure. Moreover, many investigations have 
consistently documented significant associa-
tions between the pharmacokinetics of CNI and 
the outcome of patients after transplantation, 
where low concentrations were associated with 
an increased risk for rejection, and high levels 
correlated with drug-related toxicity (reviewed25). 
Accordingly, therapeutic drug monitoring is rou-
tinely adopted in all transplant centers as a 
guide to tailor the best CNI dosage for each 
patient. For these reasons, it is likely that any 
factor able to significantly alter the daily expo-
sure of cyclosporine or tacrolimus might have 
potential clinical implications.

In this regard, a comparative study involv-
ing kidney transplant recipients given cyclospo-
rine in combination either with EC-MPS or MMF 
has shown that the MPA formulations significant-
ly affected the pharmacokinetics of the CNI26. 
During all the kinetic evaluations, patients on 
EC-MPS had a shift to the right in the cyclospo-
rine peak concentration as compared to that 

observed in patients given MMF, an effect as-
sociated with significant differences in Tmax val-
ues. In particular, the authors found that the 
majority of patients on EC-MPS had cyclospo-
rine peaking at two hours post-dosing, whereas 
most of patients on MMF had Cmax at one hour. 
To assess whether these findings should be as-
cribed to EC-MPS or to MMF, we compared the 
pharmacokinetics of cyclosporine from these 
patients with those measured in patients given 
the CNI in combination with azathioprine27. As 
shown in figure 4, the pharmacokinetics of cy-
closporine measured in patients given MMF or 
azathioprine were fully overlapped and differed 
significantly from the kinetic profiles observed in 
patients on EC-MPS, suggesting that the shift in 
the cyclosporine Tmax was clearly related to the 
novel formulation of MPA. These findings would 
imply that cyclosporine C2 values, recently pro-
posed as a novel single-point monitoring strat-
egy, may assume a different meaning according 
to the MPA formulation given concomitantly. 

Notably, two independent studies have 
recently shown that simultaneous administration 
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Figure 3. Differences in the C0 and Cmin values observed in kidney transplant patients on EC-MPS or MMF13. MPA: mycophenolic acid; 
MMF: mycophenolate mofetil; EC-MPS: enteric-coated mycophenolate sodium.
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of EC-MPS induced significant alterations also 
in the pharmacokinetics of tacrolimus as com-
pared with those observed with MMF23,28. Taken 
together, these results suggest that the novel 
formulation of MPA, probably due to its enteric-
coated film, can significantly alter the absorption 
of both CNI. The clinical implications of these 
findings remain, however, to be established.

Pharmacodynamic monitoring  
of mycophenolic acid

Pharmacodynamic monitoring by mea-
surement of IMPDH activity is a novel approach 
to individualize MPA therapy as it may better 
reflect biological response to the drug2. Never-
theless, the widespread application of this ap-
proach was limited by the complex methodology 
of the assay, which was technically demanding. 
These shortcomings have been overcome by the 
development of validated high-performance liq-
uid chromatography (HPLC) methods able to 
estimate enzyme activity by measuring the rate 

of conversion of inosine monophosphate to xan-
thine monophosphate in PBMC, a reaction that 
is selectively catalyzed by IMPDH29. In the past 
few years, this assay has been applied in organ 
transplant recipients given MMF as part of their 
maintenance immunosuppressive regimens (re-
viewed29) with promising results. Remarkably, 
Glander, et al. have found that pretransplant 
IMPDH activity significantly correlated with clin-
ical outcome after renal transplantation, both in 
terms of acute rejection episodes and complica-
tions of MMF therapy30. 

To date, only two studies have focused 
on the pharmacodynamics of MPA in patients 
given EC-MPS11,12. Both studies showed that 
maintenance renal transplant patients given ta-
crolimus or cyclosporine and converted from 
MMF to EC-MPS showed that the two MPA for-
mulations provided comparable mean inhibition 
of IMPDH activity (approximately 85%). It should 
be underlined, however, that these studies re-
ported a very large between-subject variability 
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in the IMPDH activity, a condition that might 
have potentially biased the conclusions. More-
over, as an additional drawback, only a very few 
patients were enrolled in the present investiga-
tions. 

Due to the high variability in the results 
observed with both MPA formulations and the 
lack of validated ad hoc prospective clinical tri-
als, the monitoring of IMPDH activity cannot be 
considered at the present time as a viable alter-
native to pharmacokinetic-based approaches. 

Conclusions

Available data suggest that from a che
mical-pharmacokinetic point of view, EC-MPS 
and MMF cannot be formally considered bio-
equivalent. Moreover, the growing body of lit-
erature on the importance of therapeutic drug 
monitoring of MPA poses concerns also on the 
“clinical equivalence” between the two formula-
tions. It is, indeed, very unlikely that all the mon-
itoring strategies applied in the past years for 
MMF, based on the measurement of basal MPA 
concentrations or on the prediction of the daily 
drug exposure (as AUC), could be applied in 
patients given EC-MPS due to the erratic and 
extremely variable absorption of the novel for-
mulation. 

As an additional restraint, no detailed 
data are available on the factors that could po-
tentially affect the pharmacokinetics of MPA re-
leased from EC-MPS. At this stage this informa-
tion cannot be simply extrapolated from previous 
observations in patients given MMF. In fact, pre-
liminary evidences have shown that concomitant 
therapies may have a diverse influence on the 
two formulations of MPA4,15. Similarly, EC-MPS 
and MMF may be differently affected by coexis-
tent pathologies, as has recently shown with 
diabetes, where the disease significantly altered 
the pharmacokinetics of MPA in patients given 
MMF but not in those on EC-MPS31,32.

In conclusion, evidences collected during 
more than 10 years of clinical use of MPA have 
documented that this drug has important phar-

macological properties that might eventually go 
beyond the immunosuppressive activity33. The 
use of this drug can be optimized by tailoring 
the best dosage for each patient according to 
periodical evaluations of the plasma levels. Nev-
ertheless, this monitoring approach can only, at 
the present time, be reliably applied in patients 
on MMF but not in those treated with EC-MPS.
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