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Abstract
Inter- and intraindividual pharmacokinetic variations in the treatment of Parkinson’s disease

Masahiro Nomoto, M.D., Akiko Nakatsuka, M.D., Masahiro Nagai, M.D., Hayato Yabe, M.D.,
Takashi Moritoyo, M.D., Hiroyoko Moritoyo, M.D. and Noriko Nisikawa, M.D.
University Department of Clinical Pharmacology and Neurology

In the treatment of Parkinson's disease, levodopa, DCI, MAO-B inhibitor, COMT inhibitors, dopamine recep-
tor agonists, amantadine, anticholinergics have been applied and new drugs are being developed. Levodopa is still
the golden standard in the treatment of Parkinson's disease. The study on levodopa bioavailability showed 3-4
times differences in individual patients. Drugfood interactions are prominent in levodopa. Low protein food in-
creased levodopa bioavailability and improved no ON or delayed ON in the treatment of Parkinson’s disease. Vi-
tamine C or magnesium did not alter the bioavailability of levodopa. The bioavailability of levodopa between the
levodopa/carbidioa (100/125) group and the levodopa/benserazide (100/25) group was studied in patients with
Parkinson’s disease by population PK study. Cmax of levodopa in levodeopa/benserazide group was twice as
high as in Jevodopa/carbidopa group. Domperidone, a dopamine receptor antagonist applied as an antiemetic
inceases vowel movement. The effect of domperidone on levodopa bioavailability was studied, and the combina-
tion of domperidone with levodopa increased AUC of levodopa. Clarythromycin or grape fruit juice inhibits both
of CYP3A4 and P-glycoprotein which work on metabolism and absorption of drugs. Coadministration of clarythro-
mycin with ergot alkaloids such as cabergoline or bromocriptine increased the AUC up to 2-3 times. Amantadine
is excreted through kidney without being metabolized and renal function is the most important factor in the
blood concentration of amantadine. In elder women with the body weight of 50 kg or less, creatinine clearance is
less than 50 ml/min even though the serum creatinine is within- the normal range. Selegiline is metabolized
through CYP2D6 and 3A4. Coadministration of qunidine, cimetidine, maclorides, antifungals, grape fruit juice in-
crease the bioavailability of selegiline and may augment the antiparkinsonian effect.

(Clin Neurol, 45 : 895—898, 2005)

Key words : Parkinson's disease, individual variation, pharmacokinetics, drug interaction, food
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Mycophenolic acid (MPA), the active metabolite of mycophe-
nolate mofetil (MMF) has been introduced into immunosup-
pressant protocols in kidney transplantation. Although MMF
can produce several adverse effects in patients after kidney
transplantation, it has not been clarified that the relationship
between plasma MPA and its glucuronide (MPAG) concentra-
tions, and adverse effects. Therefore, we investigated their
plasma concentrations and hematological and gastrointestinal
toxicity in the patients after kidney transplantation. Plasma
MPA and MPAG concentrations were determined by HPLC.
Pharmacokinetic parameters of MPA and MPAG were esti-
mated from their plasma concentrations. The adverse effects
were monitored after the transplant. Dose adjusted AUC of
MPA and MPAG at 2 month following the kidney transplanta-
tion were about 1.5-fold higher than that at 1 month.
Cytomegalovirus infection and diarrhea were cansed with the
increases of MPA and/or MPAG concentrations. These results
suggested that several adverse effects in renal transplant
patients with MMF might be related with the increases of .
plasma MPA and MPAG concentrations, and. that monitoring
of their plasma concentrations might be useful.
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Effects of Calcineurin Inhibitors on Pharmacokinetics of Mycophenolic
Acid and Its Glucuronide Metabolite during the Maintenance Period
Following Renal Transplantation
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Mycophenolic acid (MPA), the active metabolite of mycophenolate mofetil (VIMF) has been introduced into
renal transplant immunosuppressant protocols in combination with calcineurin inhibitors (CNIs) and steroids.
This study compared the pharmacokinetic profiles of MPA and its major metabolite MPA glucuronide (MPAG)
in combination with tacrolimus (TAC) or cyclosporine (CyA) during the maintenance period (>6 months) fol-
lowing renal transplantation. There was no difference between TAC and CyA-treated groups in MPA plasma
concentration before drug administration (Cp). MPA C, in TAC and CyA-treated patients did not differ from
that in patients who were not treated with a CNL In patients treated with a CNI, MPAG C, was significantly
greater in those treated with CyA compared with TAC. The MPAG/MPA ratio in CyA-treated patients was sig-
nificantly greater than that in the TAC-treated group. We observed that C, of MPA was negatively correlated
with that of TAC and CyA. Positive correlation between MPA C;, MPAG C, and serum creatinine was stronger in
patients treated with CyA compared with TAC. Our study suggests that CyA, but not TAC, inhibits enterohep-
atic circulation of MPAG as a secondary excretion pathway, and that renal function makes a major contribution
to elimination of MPA and MPAG. We indicate that it may bé necessary to estimate biliary excretion of MPAG to
avoid the risk of intestinal injury in patients receiving combination therapy with TAC during the maintenance

period.

Key words mycophenolic acid; calcineurin inhibitor; renal transplantation; maintenance period; therapeutic drug monitoring;

individual variability

Mycophenolate mofetil (MMF) is a standard immunosup-
pressive agent used in combination with calcineurin in-
hibitors (CNIs) and steroids for the prophylaxis of acute re-
jection after organ transplantation.”? Following oral admin-
istration, MMF undergoes rapid absorption and hydrolysis to
mycophenolic acid (MPA). The active metabolite MPA is
primarily metabolized by glucuronidation at the phenolic
hydroxyl group to form the inactive metabolite 7-O-glu-
curonide conjugate (MPAG), which either undergoes entero-
hepatic cycling or urinary excretion as the major excretion
product.® The contribution of this enterohepatic circulation
to the overall pharmacokinetics of MPA is 37% in humans.?

As to elimination of MPA via enterohepatic circulation
and glucuronidation, co-administrated CNIs may cause phar-
macokinetic drug interactions with MPA and MPAG in triple
immunosuppressive regimens including MMF.>® Consider-
ing drug interactions, it has been reported that tacrolimus
(TAC) can interfere with the activity of uridine diphosphate
glucuronosyltransferasé (UGT), which mediates conversion
of MPA to MPAG,'? and that cyclosporine (CyA) inhibits the
biliary excretion of MPAG.!"* Steroids induce expression
of hepatic glucuronosyltransferase and enhance the activity
of UGT." Co-administration of steroids decreases bioavail-
ability and plasma concentration of MPA, and this causes
lower levels of immunosuppression in renal transplant recipi-
ents.'” However, these individual pharmacokinetic variability
of MPA and MPAG have not been fully characterized using
therapeutic doses of CNIs in renal transplant recipients dur-
ing the maintenance period. _

There is increasing evidence that therapeutic drug moni-

* To whom correspondence should be addressed.

e-mail: naitou@hama-med.ac.jp

toring (TDM) of MPA might help to diminish adverse drug
reactions of MMF and long term over-immunosuppres-
sion.'6'”) To obtain further information on pharmacokinetics
of MPA and MPAG and their interactions with CNIs, we
compared their pharmacokinetic profiles in combination with
TAC or CyA and steroids in renal transplant recipients dur-
ing the maintenance period.

MATERIALS AND METHODS

Demographic Characteristics of Patients and Study
Schedule A total of 25 Japanese renal transplant recipients
(>6 months post-transplantation, 16 men and 9 women, me-
dian age 43 years, range 14—60 years) from Hamamatsu
University Hospital, Japan, were included in this study (Table
1). Twenty-two patients received a CNI-containing immuno-
suppressant regimen of TAC (Prograf®, n=9) or CyA (Neo--
ral®, n=13), MMF (CellCept®) and prednisolone (PSL) (Pre-
donine®, n=21). Three patients, who received a non-CNI-
containing [CNI(—)] immunosuppressant regimen of MMF
and PSL, showed intolerance to CNIs in initial immunosup-
pressive therapy. Until the present study, MMF had been
orally administered without monitoring of plasma MPA and.
MPAG. Blood specimens were drawn into tubes containing
EDTA at 12—14h after oral administration of MMF or be-
fore the morning dosing (C;) and 2h after the morning dos-
ing (C,). All patients had been receiving the same immuno-
suppressive regimen including MMF for at least 1 month be-
fore testing. Each patient received information about the sci-
entific aim of the study and gave their written informed con-

© 2006 Pharmaceutical Society of Japan
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Table 1. Demographic Characteristics of the Study Population

Vol. 29, No. 2

Calcineurin inhibitor (—) Tacrolimus Cyclosporine
Number of patients (male/female) 3 (3/0) 9 (4/5) 13 (9/4)
Age (years) 40 (36—51) 40 (14—60) 45 (20—359)
Body weight (kg) 64.7 (63.9—66.4) 54.8 (45.0—72.3) 58.0 (39.4—74.0)
Donor type (living/cadaveric) 1/2 5/4 8/5
Serum creatinine (mg/dl) 1.73 (1.25—1.99) 1.30 (1.07—2.04) 1.40 (0.91—2.92)
Serum albumin (g/dl) 4.0(3.9—4.2) 4.3 (3.8—4.4) 4.3 (3.9—4.6)
AST (1UM) 14.0 (12.0—17.0) 14.0 (10.0—20.0) 15.0 (8.0—28.0)
ALT U/t 12.0 (11.0—17.0) 11.0 (8.0—16.0) 10.0 (6.0—33.0)
Dose of MMF (mg/d) 1250 (1000—1750) 500 (250—2000) 1000 (250—1000)
Dose of CNI (mg/d) — 3.0 (2.0—5.0) 150 (100—200)
Dose of PSL (mg/d) 5.0 (5.0—10) 5.0 (5.0—7.5) 5.0 (0—10)
Trough concentration of CNI (ng/ml) — 4.6 (3.0—7.2) 41.9 (20.7—142)

Median (range).

sent. The study was approved by the Ethics Commitiee of
Hamamatsu University Hospital.

Materials MPA and n-butyl-p-hydroxy-benzoate (inter-
nal standard) were purchased from Sigma (St. Louis, MO,
U.S.A.). MPAG was purchased from Analytical Services In-
ternational (London, UXK.). HPLC-grade acetonitrile and
tetra-n-butylammonium bromide were purchased from Wako
Pure Chemicals (Osaka, Japan). All other reagents were
reagent grade and commercially available.

Simultaneous Determination of MPA and MPAG
After quantification of TAC by monoclonal microparticle en-
zyme immunoassay (Abbott Japan, Tokyo, Japan) and CyA
by affinity column mediated immunoassay (Dade Behring,
Newark, DE, US.A.), plasma was separated and stored at
—40°C. Simultaneous determination of plasma MPA and
MPAG was performed by ion-pair HPLC/UV as previously
described with a modification.'® Plasma extracts with solid
phase extraction cartridge (Sep-Pak C,3®; Waters, MA,
U.S.A.) were injected onto an analytical column (TSKgel
ODS-80Ts, 5pum, 4.6mm id.X150mm, Tosoh, Tokyo,
Japan). The mobile phase was a mixture of acetonitrile and
40 mM tetra-n-butylammonium bromide, in which the mixing
ratio was 1:2 (v/v) for analysis and delivered at a flow rate
of 1 ml/min. UV detection was set at 250 nm. The HPLC sys-
tem consisted of a solvent delivery system (Model LC-10AT,
Shimadzu, Kyoto, Japan), a UV-Vis detector (SPD-M10A
VP, Shimadzu) and an auto-injector (Model SIL-10A XL,
Shimadzu). This method was accurate and reproducible for
MPA and MPAG, based on the results of small intra- and
inter-assay coefficients of variation (<8.9%).

Data Analysis For the MPA, MPAG and MPAG/MPA
ratio of Cy and C,, CNI-treated groups were compared using
a nonparametric Mann—Whitney U test. Correlation between
plasma concentration of MPA and MPAG and several factors,
such as MMF dose, blood CNI C, and serum creatinine, was
performed by regression analysis. Three CNI(—) cases were
not included in these statistical tests. p<<0.05 was considered
statistically significant.

RESULTS

Effect of MMF on MPA and MPAG Plasma Concentra-
tion Figure 1 shows the dose-dependent effect of MMF on
Co and C, of MPA and MPAG. MPA C, was significantly cor-
related with MMF dose in TAC- (p=0.028, r=0.723) and

CyA-treated (p=0.033, r=0.592) patients. MPAG C, was
also significantly correlated with MMF dose in TAC-
(»=0.012, r=0.785) and CyA-treated (p=0.049, r=0.555)
patients. The effect of MMF on C, of MPA and MPAG dif-
fered between TAC- [MPA (p=0.001, r=0.911), MPAG
(»=0.014, r=0.774)] and CyA-treated [MPA (p=0.092,
r=0.634), MPAG (p=0.131, »=0.580)] patients.

Effect of CNIs on MPA and MPAG Plasma Concentra-
tion Figure 2 shows the influence of CNIs on MPA C, and
C, after administration of MMFE. MPA C, did not signifi-
cantly differ between the TAC- and CyA-treated groups.
MPA C, in TAC- and CyA-treated patients did not differ
from that of CNI(—) patients. CNIs had no influence on
MPA C,. Figure 3 shows the effect of CNIs on C, and C, for
MPAG. MPAG C, was significantly increased in the CyA-
treated compared with the TAC-treated group (p=0.043).
The MPAG C, values of the three CNI(—) patients were
higher than the median MPAG C, in patients treated with
TAC. CNIs did not influence MPAG C, to the same extent as
MPA C,. Figure 4 shows the effect of CNIs on plasma
MPAG/MPA ratio. MPAG/MPA ratio was increased signifi-
cantly more in the CyA-treated group than in the TAC group
at Cy (p=0.025). The MPAG/MPA ratio in the CNI(—) pa-
tients did not differ compared with that in the CNI-treated
groups. CNIs did not influence the MPAG/MPA ratio at C,.

Correlation between Plasma Concentration of MPA or
MPAG and CNI The correlation between C, of MPA or
MPAG and C,; of CNIs in renal transplant recipients is shown
in figure 5. C; of MPA was negatively correlated with that of
TAC (p=0.343, r=—0.359) and CyA (p=0.102, r=-0.474)
at therapeutic doses, although not significantly. There was a
weaker correlation between C;, of MPAG and TAC (p=
0.740, »=—0.129) and CyA (p=0.228, r=-0.359) com-
pared with that of MPA.

Effect of PSL on Plasma Concentration of MPA and
MPAG Figures 6 and 7 show the influence of PSL on
plasma MPA and MPAG in renal transplant recipients. PSL
did not affect plasma C; and C, of MPA and MPAG in a
dose-dependent manner when given in combination with
CNIs during the maintenance period (>6 months post-trans-
plantation).

Correlation between Plasma Concentration of MPA
and MPAG and Serum Creatinine Figure 8 shows the
correlation between MPA Cy, MPAG C, and serum creatinine
concentration. We observed a positive correlation between
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plasma MPA C, and serum creatinine, and the correlation in
CyA-treated patients (p=0.038, r=0.578) was significantly
stronger than that in the TAC group (p=0.480, r=0.272).
There was also a stronger positive correlation between
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C, (B) after Administrations of MMF in Renal Transplant Recipients
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plasma MPAG C, and serum creatinine in CyA-treated
(p=0.089, r=0.490) compared with TAC-treated patients
(p=0.875, r=—0.061).

DISCUSSION

Triple immunosuppressive regimens of MME, CNIs and
steroids cause pharmacokinetic drug interactions with MPA
and MPAG in renal transplant recipients.”~*' However,
TDM of MPA is not generally accepted during the treatment
of renal transplant recipients, and the individual pharmacoki-
netic variability of MPA and MPAG have not been fully char-
acterized for therapeutic doses of CNIs.

There was a significant relationship between MMF dose
and MPA and MPAG C, in TAC- and CyA-treated patients.
This suggests that it may be possible to use monitoring to ad-
just the targeted C, of MPA and MPAG during the mainte-
nance period. C, in steady state reflects oral clearance and is
a valuable index for avoiding acute renal transplant rejection
and serious adverse drug reactions.’® The dose-dependency
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of MMF for MPA and MPAG C, differed between the CNIs.
Recently, it has been reported that MPA C, has a better corre-
lation with area under the time~concentration curve (AUC)
than C,.'%?% CNI C,, especially that of CyA, is monitored as
index as well as C instead of AUC in some centers. AUC of
MPA is related to drug exposure and is predictive of the like-
lihood of allograft rejection after renal transplantation.?!
From a clinical point of view, it would be better to estimate
AUC using C, equation for all commonly used drugs (CNIs
and MMF) in order to simplify TDM.

Most patients with diabetes mellitus have delayed gastric
emptying of immunosuppressant drugs because of gastro-
paresis.”>? Although diabetic renal transplant patients ex-
hibit increased time of maximum concentration for MPA,
they do not have a significantly different dose-normalized
AUC and clearance.”” Delayed gastric emptying may have
influenced MPA and MPAG C, in the two patients in the
CyA-treated group with severe diabetes and in those with
milder diabetes.
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the values of the CNI(—) patients.
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We did not find that combination of immunosuppressants
and CNIs had any pharmacokinetic effect on MPA. Zucker ef
al. and Filler et al. reported significantly increased C, and
AUC of MPA in recipients treated with TAC compared with
CyA.>® Smak Gregoor et al. reported that combining MMF
with CyA reduced plasma MPA exposure compared with
CNI(—) recipients.” Our study differed from some previous
studies, in that the recipients were given a large range of
MMTF doses for several adverse drug reactions such as bone
marrow suppression and cytomegalovirus infection. The sec-
ondary MPA peak caused by enterohepatic cycling had little
influence on C, because blood sampling was carried out at
12—14h after oral administration. We observed that MPA C,
was negatively correlated to a small extent with therapeutic
C, of CNIs in renal transplant recipients, and the correlation
of MPA was stronger than that of MPAG in patients treated
with CyA. Filler et al. reported that there was a significant
negative correlation between dose-normalized AUC of MPA
and CyA.? These data suggest that concentration of CNI,
particularly CyA, influences clearance of MPA.

TAC and CyA differently influence the pharmacokinetics
of MPAG and the MPAG/MPA ratio.?>?® In addition, we
showed that the MPAG/MPA ratio in CNI(—) patients was
not higher than the median ratio in patients treated with TAC..
It has been reported that CyA interferes with the enterohep-
atic circulation of MPAG, and that TAC may interfere with
the activity of UGT.!®'® Our results suggest that the higher
MPAG/MPA ratio observed in the CyA-treated recipients
was a consequence of inhibition of biliary excretion of
MPAG by CyA. Kobayashi et al. reported that therapeutic
doses of CyA, but not TAC, inhibited the biliary excretion of
MPAG in rats, possibly via the multidrug resistance-associ-
ated protein 2 (Mrp2)/canalicular multispecific organic anion
transporter.'? We speculate that TAC-treated recipients may
have frequent intestinal exposure and toxicity to MPA com-
pared with CyA-treated recipients. Diarrhea occurs more fre-
quently as an adverse effect of MMF in patients treated with
TAC.22 We suggest that estimating biliary excretion of
MPAG is needed to avoid the risk of intestinal injury in com-
bination therapy with TAC during the maintenance period.

Steroids have different effects on the bioavailability and
plasma concentration of MPA between the early and mainte-
nance post-transplant periods.'” Renal transplant recipients
were given high dose steroids to avoid allograft rejection in
the early post-transplant period, and then maintained on a
low dose or discontinued after tapering. We observed that co-
administration of PSL (0—10mg) did not influence the
plasma concentration of MPA and MPAG. Our results indi-
cate that concentrations of MPA and MPAG were influenced
by the choice of CNI and its concentration rather than PSL
dose during the maintenance period.

Some groups have reported that plasma concentration of
MPA and MPAG changes with varying degrees of renal func-
tion in renal transplant recipients*? We observed that
there was a positive correlation between MPA and MPAG C,
and serum creatinine concentration. C; of MPA and MPAG
was influenced by renal function in CyA-treated recipients
but not in those treated with TAC. We speculate that CyA
may inhibit enterohepatic circulation as a secondary excre-
tion pathway, and, therefore, that renal function may con-
tribute greatly to elimination of MPA and MPAG. In TAC-
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treated patients, many excretion pathways, such as entero-
hepatic circulation and other metabolic pathways,*? may
contribute to the concentration of MPA and MPAG. During
the maintenance period, serum creatinine concentration may
be predictive of the likelihood of avoiding over-immunosup-
pression with MPA.

TAC and CyA differently influenced the pharmacokinetics
of MPAG, but not MPA during the maintenance period. In
addition, we suggest that the concentration of CNIs, particu-
larly CyA, may influence clearance of MPA. We indicate that
CyA, but not TAC, may inhibit enterohepatic circulation of
MPAG as a secondary excretion pathway, and that it may be
necessary to estimate its biliary excretion to avoid the risk of
intestinal injury in patients receiving combination therapy
with TAC during the maintenance period. Our study provides
some information on individual pharmacokinetic variability
of MPA and MPAG in triple immunosuppressive regimens
including MMF during the maintenance period.
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Abstract

.Although endothelial dysfunction deteriorates diabetic angiopathy, the mechanisms are obscure. We revealed
that high glucose augmented eNOS through stimulation of eNOS mRNA in-cultured BAECs. NO was decreased
and O; was increased simultaneously. NOS inhibitor, inhibited O5 release, so did NADPH oxidase inhibitor. The
effects were synergistic. Both intracellular BH, level and GTPCHI activity were decreased by high glucose, in line
with decrease of GTPCHI mRNA. HMG-CoA reductase inhibitor, atorvastatin increased GTPCH1 mRNA and
activity, and BH, level. Conclusively, high glucose leads to eNOS dysfunction by inhibiting BH, synthesis and
atorvastatin stimulate BH, synthesis directly, and it may work as atherogenic process.
© 2004 Elsevier Inc. All rights reserved. :

Keywords: eNOS dysfunction; Superoxide anion; L-NAME; Apocynin; Aminoguanidine; BHy; GTPCH] activity; HMG-CoA
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Introduction

The acceleration of atherosclerosis in diabetes mellitus results in higher risks of cardiovascular
+ . events. Growing clues showed that an impairment of diabetic endothelial function exhibited crucial
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