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Background: The absorption rates of mycophenolate mofetil (MMF) and enteric-coated mycophenolate sodium (EC-
MPS) may be influenced by the concomitant use of omeprazole.

Methods: One hundred kidney transplant patients were recruited during their outpatient visits, including 50 on MMF
and 50 on EC-MPS. At the clinic, a predose mycophenolic acid (MPA) sample (C,) was collected; subsequently, the
participants received the proton-pump inhibitor omeprazole along with either MMF or EC-MPS. Two more blood
samples were collected at 1.5 and 3.5 hours and used to estimate an area under the curve (AUC) from zero to 12
hours [AUC (0—12)].

Results: The mean number of months after transplant was 92 months. The median AUC (0—12) and C, results were
62.2 mgh/L and 2.0 mg/L for the MMF group and 71.9 mgh/L and 1.8 mg/L for the EC-MPS group (P = 0.160 and
0.225, respectively). Interestingly, 54% of the MMF group and 62% of the EC-MPS group showed AUCs above the
target values. The correlation between MPA C, and the predicted AUC was poor in both groups.

Conclusion: Omeprazole can be safely co-administered with either MMF or EC-MPS, as it did not compromise the
MPA exposure. Unexpectedly, however, a high percentage of patients presented MPA AUCs exceeding the target value,
highlighting the importance of periodically assessing MPA level.
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Introduction

Since 1995, mycophenolic acid (MPA) has been a stan-
dard agent in the prevention of organ-transplant rejec-
tion [1]. Currently, two mycophenolate formulations are
available: mycophenolate mofetil (MMF) and enteric-
coated mycophenolate sodium (EC-MPS). Following ad-
ministration, both are rapidly hydrolyzed to MPA as the
active entity [2,3]. However, though both formulations
release equivalent MPA amounts, they have different
pharmacokinetic characteristics. MMF is the 2-morpho-
lino ethyl ester of MPA, which displays high solubility
in acidic media; in this context, the C,,,, (24.1 mg/L) is
reached within 54 minutes (T,,,,). Its C,,, is decreased by
40% if taken with food and it presents a bioavailability (F)
of 94% [4]. Meanwhile, the enteric-coated sodium salt of
MPA is a delayed-release tablet that is formulated to fa-
cilitate absorption in the intestine at a pH of greater than
5. The maximum concentration of EC-MPS is 24.1 mg/L,
which is reached two hours after intake. Its C,,, is not af-
fected by food and it presents an F of 72% [5—7].

The pharmacokinetics (PK) of MPA are characterized
by considerable inter- and intrapatient variability and a
significant correlation has been reported to exist between
drug exposure and the risk of rejection and side effects
[2,8]. MPA area under the curve (AUC) values of between
30 and 60 mg-hr/L have been proposed to constitute the
target therapeutic window [9]. Meanwhile, MPA AUC
values less than 30 mg-hr/L have been associated with
significantly more acute rejections relative to values of 30
mg-hr/L or greater [9,10].

The success of the transplantation process depends
upon the correct and continuous use of immunosup-
pressants and other medications. These medications can
cause some unwanted drug—drug interactions that may
lead to an increase or decrease in the blood concentra-
tion of the immunosuppressant. On the other hand, it is
crucial to use these medications to reduce any unfavor-
able side effects associated with the treatment process to
prevent early discontinuation of immunosuppressants,
which causes more than 30% of graft losses in renal trans-
plant patients [11,12].

Omeprazole is a proton-pump inhibitors (PPIs) that is
widely used to treat hyperacidity and other gastrointes-
tinal complications associated with the use of immuno-
suppressants, especially corticosteroids. PPIs interact
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with many medications because of their effect on the
stomach pH, which may alter the absorption of an immu-
nosuppressant agent, affecting the transplanted kidney
[13—15]. As described in previous reports, the signifi-
cance and effect of the interaction may change depend-
ing on the PPI in use. Miura et al [16] observed that both
the MPA AUC and the MPA plasma concentration signifi-
cantly decreased with the use of lansoprazole in renal-
transplant patients. On the other hand, the use of panto-
prazole did not alter the pharmacokinetic parameters of
MPA in the study by Rupprecht et al [17]. Meanwhile, in a
direct comparison between MMF and the enteric-coated
formulation in Chinese patients, omeprazole was found
to significantly decrease the C,,,, T,... and AUC MPA of
MME-treated patients and had no significant effect on
EC-MPS pharmacokinetic parameters [18]. This interac-
tion could potentially place patients at risk of acute rejec-
tion if therapeutic MPA exposures are not achieved.

The main immunosuppressant protocol at the local
center includes prednisolone, tacrolimus, omeprazole
20 mg twice daily and either MMF or EC-MPS. Therefore,
the current study aimed to compare the impact of con-
comitant use of omeprazole on the MPA exposure by as-
sessing the AUC from zero to 12 hours [AUC (0—12)] and
C, in patients treated with MMF (CellCept; Genentech,
San Francisco, CA, USA) or EC-MPS (Myfortic; Novartis,
Basel, Switzerland). Furthermore, it aimed to assess the
attainment of MPA AUC (0—12) target levels for both for-
mulations.

Methods
Ethics approval

The Ministry of Health Ethical Committee of Kuwait ap-
proved the study protocol (registration no. 2017/619).

Study design

A cross-sectional nonrandomized study was carried
out in the outpatient department at Hamed Al-Essa Or-
gan Transplant Center in Kuwait. The study protocol was
approved by the ethical committee of the Ministry of
Health, Kuwait, following the guidelines of the Declara-
tion of Helsinki before the study was begun. Participants
were considered eligible for the study if they were aged 21
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years or older, presenting six months or more after trans-
plant with stable renal function and with the ability to
read and sign the informed consent form. Patients with
one or more of the following conditions were excluded
from the study: severe active infection requiring reduc-
tion or discontinuation of mycophenolate, use of hista-
mine-2 receptor blockers or other PPIs, advanced renal
dysfunction (i.e., glomerular filtration rate < 40 mL/min
as detected by the Modification of Diet in Renal Disease
formula [19—23]) and/or using cyclosporine instead of
tacrolimus as an immunosuppressant.

Study protocol and sample collection

The routine procedure at the study center is to collect
blood samples one day before a scheduled outpatient
visit. Weekly, the patient list was screened to select those
patients whose characteristics were compatible with the
study design. During the day of each patient’s follow-up
visit, study investigators explained the study objectives to
the participants and obtained their approval for inclusion
by having them sign the informed consent form. Partici-
pants were asked to come the next day having fasted over-
night and without taking their morning medication doses.

The next day, a predose MPA sample was collected and,
then, participants received their omeprazole dose (Mini-
sec, 20 mg; Kuwait Saudi Pharmaceutical, Subhan Indus-
trial Area, Kuwait) along with either MMF (CellCept, 500
mg or 250 mg) or EC-MPS (Myfortic, 360 mg or 180 mg).
Two more blood samples were collected at 1.5 (C1.5) and
3.5 (C3.5) hours postdosing. The collected samples were
analyzed by the Hamed Al-Essa laboratory, using a fully
automated immunoassay cobas c 501 analyzer (Roche
Diagnostics, Basel, Switzerland) to measure the serum
MPA concentration in the blood. The samples were ana-
lyzed at once, with the serum stored in the fridge at a
temperature between 2°C and 8°C for one week in case of
the need to retest if necessary.

AUC calculation and statistical analysis: As the patients
stayed at the clinic for a maximum of four hours during
their outpatient visit, the MPA AUC (0—12) was calcu-
lated using a limited sampling strategy based on multiple
linear regressions as per the research by Musuamba et al
[24]. MPA levels at C1.5 and C3.5 were used in the model
equation AUC (0—12) = 16.5 + 4.9 x C1.5 + 6.7 x C3.5 to
predict the MPA AUC.

Table 1. Baseline characteristics of the MMF and EC-MPS groups

Parameter MMF EC-MPS P value
No. of patients 50 50 -
Male/female 38/12 28/22 0.035°
Age (yr) 48 + 15 445+ 13 0.049"
Months after transplant 115+715 84 + 59 0.028°
Mean tacrolimus trough level  5.89 + 1.42  6.15+0.94 0.550°
(ng/mL)
Daily dose (MMF/EC-MPS) 0.042°
1,000 mg/720 mg 7 (14%) 16 (32%)
1,500 mg/1,080 mg 23 (46%) 24 (48%)
2,000 mg/1,440 mg 20 (40%) 10 (20%)
Data are presented as number only, mean + standard deviation, or percentages
only.

Categorical data are presented as percentages and were compared using the
chi-squared test, while the Mann—Whitney U test was used for continuous
variables; significance was found at P < 0.05.

EC-MPS, enteric-coated mycophenolate sodium; MMF, mycophenolate mofetil.
°Nonsignificant difference between the two groups. "Significant difference
between the two groups.

Statistical analysis was conducted using the IBM SPSS
Statistics ver. 24.0 software program (IBM Corp., Ar-
monk, NY, USA). Data were not normally distributed and,
hence, values of continuous variables were expressed as
median and ranges. The Mann—Whitney U test was used
for continuous variables to compare between the studied
groups. Categorical data were presented as percentages
and compared using the chi-squared test. Statistical sig-
nificance was set at P < 0.05.

Results

One hundred fifty-five patients were eligible for inclu-
sion in this study and were invited to participate; ulti-
mately, 135 patients accepted the invitation and 100 com-
pleted the study. Baseline characteristics for the study
participants are presented in Table 1. An equal number
of patients received MMF and EC-MPS, with a total of 50
participants included in each group, respectively. More
than 50% of the patients were male in both groups and
the majority received 1,500 mg or 1,080 mg per day of
MMEF or EC-MPS. There were no statistically significant
differences in laboratory results between both groups.

MPA exposure levels with the measured concentrations
for the MMF and EC-MPS groups are shown in Table 2.
There were no statistically significant differences in the
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Table 2. MPA exposures with measured concentrations for the
two groups

Parameter MMF EC-MPS P value
Co (mg/L) 2.00 (1.93) 1.80 (1.30) 0.225°
C1.5 (mg/L) 4.48 (3.42) 3.41(3.61) 0.049"
C3.5 (mg/L) 3.29 (2.60) 4.90 (3.95) <0.001°
AUC (0-12) 62.21 (20.29) 71.88 (43.80) 0.160°

Data are presented as median (interquartile range).

AUC, area under the curve; C,, MPA concentration at zero time (predose); C1.5,
MPA concentration at 1.5 hours after C,; C3.5, MPA concentration at 3.5 hours
after C,; EC-MPS, enteric-coated mycophenolate sodium; MMF, mycophenolate
mofetil; MPA, mycophenolic acid.

The Mann—Whitney U test was used; significance was found at P < 0.05.
°Nonsignificant difference between the two groups. "Significant difference
between the two groups.

Table 3. The percentages of patients whose AUC (0—12) estimates
were below, within and above the target ranges, respectively, when
using MMF and EC-MPS

AUC (0—12) (mg-h/L) MMF EC-MPS P value
<30 0 2%
30-60 46% 36% 0.252°
> 60 54% 62%

The target range of MPA is from 30 to 60 mgh/L.

AUC, area under the curve; EC-MPS, enteric-coated mycophenolate sodium;
MMF, mycophenolate mofetil; MPA, mycophenolic acid.

*Nonsignificant difference between the two groups, using the chi-square test.

MPA AUC (0—12) and C, values between the MMF and
EC-MPS groups (P = 0.160 and 0.225, respectively). How-
ever, the MMF group showed significantly higher C1.5
values than the EC-MPS group (P = 0.049), while the EC-
MPS group presented significantly higher C3.5 values
relative to the MMF group (P < 0.001).

The percentages of patients whose AUC (0—12) esti-
mates were below, within and above the target ranges
associated with MMF and EC-MPS, respectively, are re-
ported in Table 3. A target MPA AUC (0—12) range of 30
to 60 mg-hr/L was achieved in 46% and 36% of the MMF
and EC-MPS groups, respectively. A large proportion of
patients presented MPA AUC (0—12) values of more than
60 mg-hr/L (54% and 62% in MMF and EC-MPS groups,
respectively; P = 0.252).

The numbers and percentages of patients who had an
MPA AUC (0—12) value of greater than 60 mg-hr/L are
presented in Fig. 1. More than 80% of patients who re-
ceived 1,000 mg of MMF had AUC (0—12) value of greater
than 60 mg-hr/L as compared with 56.25% with equiva-
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Figure 1. The numbers and the percentage of recipients with
MPA-AUC > 60 mg-hr/L to the total number of the recipients
who receive equivalent doses.

AUC, area under the curve; EC-MPS, enteric-coated mycophenolate
sodium; MMF, mycophenolate mofetil; MPA, mycophenolic acid.
*The total number of patients who receive a specific dose of either
MMF & EC-MPS. °The number of patients who had AUC values of
more than 60 mg-h/L (above the targeted AUC) of the same dose.
MMF doses are 1,000 mg, 1,500 mg and 2,000 mg. EC-MPS doses
are 720 mg, 1,080 mg and 1,440 mg. °“Nonsignificant difference be-
tween the two groups. °Significant difference between the two groups.

Table 4. Degree of the correlation between MPA concentration
and AUC level

MMF AUC (0—12) EC-MPS AUC (0—12)
r P value r P value
C, MPA —-0.075 0.621° 0.498 0.001°

AUC, area under the curve; CO, MPA concentration at zero time (predose); EC-
MPS, enteric-coated mycophenolate sodium; MMF, mycophenolate mofetil;
MPA, mycophenolic acid; r, correlation.

Pearson’s correlation test was used; correlation was poor in both groups.

°No significant correlation between AUC and C, MPA. "Significant correlation
between AUC and C, MPA.

Parameter

lent EC-MPS dosing (P = 0.170). Meanwhile, 18 patients
(75%) who received 1,080 mg of EC-MPS had AUC (0—
12) values above the target range in comparison with 10
patients (43.48%) on 1,500 mg of MMF (P = 0.028). In the
2,000-mg MMF and 1,440-mg EC-MPS groups, the per-
centages were 55% and 40%, respectively (P = 0.440).

The correlation between MPA C, and the predicted AUC
is shown in Table 4. A poor correlation was found to exist
between the variable in the two groups, with no statisti-
cally significant difference.

Discussion

The current study was conducted to evaluate the AUC
and C, of both MMF and EC-MPS with the concomitant
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use of omeprazole. The results suggested the absence of
any significant difference in both AUC (0—12) and C, be-
tween the groups (P > 0.05), which indicates that stable
renal transplant recipients who use omeprazole could
be safely shifted between MMF and EC-MPS if needed.
At the same time, the concentration of MPA at C1.5 was
significantly higher in the MMF group but was higher at
C3.5 in the EC-MPS group (P = 0.049 and P < 0.001, re-
spectively).

The AUC (0—12) is a decisive parameter by which to
evaluate patient exposure to MPA as it is directly related
to unwanted effects and medication outcomes [25]. To
accurately calculate it, at least 10 blood samples much be
collected over 12 hours; thus, this method is costly and
difficult to adopt, especially in outpatient departments.
As such, limited sampling strategies and pharmacoki-
netic models have emerged that are simpler to use to es-
timate the MPA AUC in such settings [26—28].

Musuamba et al [24] previously developed a multiple
linear regression model for monitoring MPA concomi-
tantly administered with tacrolimus within four hours
following dose administration. In their study, these au-
thors compared the outcomes of many prediction models
to the measured AUCs in transplant patients receiving ei-
ther MMF or EC-MPS along with tacrolimus [24] and con-
cluded that the equation AUC (0—12) =16.5+4.9 x C1.5+ 6.7 x
C3.5, with a regression coefficient (r*) of 0.82, is the most
accurate and precise model by which to predict MPA to-
tal exposure. In the Hamed Al-Essa outpatient clinic, it
was deemed appropriate to use this equation to predict
the MPA AUC during the scheduled outpatient appoint-
ments.

As a PPI, omeprazole increases the gastric pH, which
might affect the absorption process of co-administered
oral medications, especially those that are formulated to
be absorbed in low pH conditions like MME. On the other
hand, the effect of PPI was expected to be diminished in
correlation with intestine-absorbed drugs like EC-MPS.
Previous results on the effect of omeprazole on MPA
PK are conflicting. For instance, in the study by Xu et al
[18], omeprazole was reported to significantly decrease
the MPA AUC by at least 35% during co-administration
with MMF as compared with EC-MPS. Meanwhile, in the
study by Fernandez-Rivera et al [29], both MMF and EC-
MPS patients showed greater exposure to MPA with the
use of omeprazole as compared with in nonomeprazole

patients. In the current study, the EC-MPS group showed
nonsignificantly higher MPA AUC values when compared
with those of the MMF group, which were comparable to
those reported by David-Neto et al [30].

David-Neto et al [30] also mentioned in their analysis
that the reduction effect of omeprazole on MPA PK can
be observed only in the first week during the first year of
transplantation, thereafter becoming clinically irrelevant.
As such, the time after transplantation could be used as
an explanation for the discrepancies observed between
the results of previous studies. For example, omeprazole
significantly affected MPA pharmacokinetic parameters
in the study by Xu et al [18], who investigated MPA sam-
ples from newly transplanted patients, while this study
and that by Fernandez-Rivera et al [29] assessed the ef-
fect after six months of transplantation; in particular, the
mean time after transplant in this study was more than 80
months in both groups.

Another crucial factor that might explain the variations
in the results is related to the omeprazole brand in use.
Shimatani et al [31] concluded that the acid-suppression
effect of some brands of generic omeprazole was differ-
ent from that of the original product, Moreover, Okorie et
al [32] concluded that the brand of an omeprazole medi-
cation had a significant influence on its release rate and
may therefore impact clinical outcomes. As such, the pa-
tients who are co-medicated with a generic substitution
for drugs such as chemotherapeutic drugs and drugs with
narrow therapeutic indices should be closely monitored.
Consequently, the use of different omeprazole generics
may affect the extent of MMF dissolution and, thus, its
pharmacokinetic parameters. Previous studies did not
mention the brand of administered omeprazole generic;
while, in this study, omeprazole (Minisec, 20 mg) was
used throughout the study period.

As expected, the C1.5 value was higher in the MMF
group and the C3.5 value was higher in the EC-MPS
group, respectively. This can be explained by differ-
ences in the site of absorption of each drug, as MMF is
absorbed from the stomach and reaches its maximum
concentration in the blood after about one hour, while
EC-MPS is absorbed from the intestine and reaches its
maximum concentration in the blood after 1.5 to 2.75
hours [4—7].

Recently, many studies have highlighted the strong
correlation between the level of MPA and its pharmaco-
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logical efficacy and toxicity, especially given the strong
interindividual variability noted in the pharmacokinetic
parameters between patients given the same dose. There-
fore, MPA monitoring is required to optimize its exposure
and dosing. A consensus guideline recommended moni-
toring MPA with the AUC (0—12) approach and consider-
ing an ideal target range of 30 to 60 mg-hr/L [10,33,34].
In the present study, more than 50% of patients in both
groups had an AUC (0—12) MPA level of 60 mg-h/L or
more, exceeding the target range. This outcome neces-
sitates the revision of the transplant center protocol that
uses MMF and EC-MPS in fixed daily doses and supports
the necessity of adopting MPA therapeutic drug monitor-
ing and treatment personalization in the near future.

The time-dependent characteristic of AUC MPA is an-
other reason suggesting the need to re-evaluate the MPA
exposure after six months of transplantation. The center
protocol should be reviewed because the mean AUC (0—
12) of MPA in the late posttransplantation (3—6 months)
is almost 40% higher for the same dose than that in the
early posttransplantation period [35,36]. It is also impor-
tant to note that omeprazole may have a role in the pres-
ence of such high MPA AUC levels as per the research by
Fernandez-Rivera et al [29].

Although the predose concentration C, could be used
to evaluate drug exposure, its application is weak due to
its poor correlation with the MPA AUC, which is consid-
ered a better predictor of MPA clinical outcomes. As seen
in Table 4, the correlation between MPA C, and predicted
AUC was investigated and a poor correlation in both
groups was noted (r = —0.075 for MMF and r = 0.498 for
EC-MPS). With the use of both MPA and tacrolimus, a C,
of at least 1.9 mg/L of MPA is required to attain an MPA
AUC value within the target level. At the same time, a C,
of 2.75 mg/L or more is associated with more frequent
side effects like diarrhea and hematological toxicity
[34,37]. Twenty-three patients in both groups had a C, of
at least 2.75 mg/L (17 mg/L in the MMF group and 6 mg/
L in the EC-MPS group), warranting further attention in
the future.

This study had some limitations, the first of which was
the absence of a control group (i.e., inclusion of patients
not on omeprazole). The second limitation was the per-
formance of an analysis of pharmacokinetic parameters
only, without relating to clinical outcomes including
graft rejection and side effects. Additionally, this study

484 www.krcp-ksn.org

used a limited sample strategy for AUC estimation that is
considered to be less accurate than the 12-hour sample-
collection method. Another limitation is the variations in
sex, age and posttransplant duration between the study
groups. Previous studies have clarified that these factors
do not change the pharmacokinetic parameters signifi-
cantly. Pescovitz et al [38] concluded that there was no
significant difference in the PK of MMF between males
and females. At the same time, age did not significantly
affect the PK or pharmacodynamics (PD) of MPA in the
research by Tang et al [39]. Meanwhile, Mohammadpour
et al [40] observed that the MPA AUC and clearance were
not affected by the time after transplantation.

According to our results, the concomitant use of omepra-
zole with MPA formulations (MMF or EC-MPS) did not
result in different exposure levels or predose concentra-
tions in late transplant patients. Omeprazole can be co-
administered with MPA (MMF or EC-MPS) without com-
promising MPA exposure. However, the analysis of MPA
exposure indicated unexpectedly high exposure levels
with the use of both formulations. We recommend the
use of individualized MPA dosing instead of fixed daily
dosing and the pursuit of further investigation to eluci-
date the reasons behind these results.
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