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Purpose. To study the PK interaction of L-dopa/benserazide in rats.
Methods. Male rats received a single oral dose of 80 mg/kg L-dopa or
20 mg/kg benserazide or 80/20 mg/kg L-dopa/benserazide. Based
on plasma concentrations the kinetics of L-dopa, 3-O-methyldopa
(3-OMD), benserazide, and its metabolite Ro 04-5127 were charac-
terized by noncompartmental analysis and a compartmental model
where total L-dopa clearance was the sum of the clearances mediated
by amino-acid-decarboxylase (AADC), catechol-O-methyltrans-
ferase and other enzymes. In the model Ro 04-5127 inhibited com-
petitively the L-dopa clearance by AADC.

Results. The coadministration of L-dopa/benserazide resulted in a
major increase in systemic exposure to L-dopa and 3-OMD and a
decrease in L-dopa clearance. The compartmental model allowed an
adequate description of the observed L-dopa and 3-OMD concentra-
tions in the absence and presence of benserazide. It had an advantage
over noncompartmental analysis because it could describe the tem-
poral change of inhibition and recovery of AADC.

Conclusions. Our study is the first investigation where the kinetics of
benserazide and Ro 04-5127 have been described by a compartmental
model. The L-dopa/benserazide model allowed a mechanism-based
view of the L-dopa/benserazide interaction and supports the hypoth-
esis that Ro 04-5127 is the primary active metabolite of benserazide.

KEY WORDS: L-dopa; 3-O-methyldopa; benserazide; PK drug-
drug interaction; amino acid decarboxylase.

INTRODUCTION

L-Dopa (L-3,4-dihydroxyphenylalanine), a dopamine
precursor, is used for the treatment of Parkinsonism, which
occurs due to a deficiency of dopamine neurotransmission in
the striatum (1). Dopamine itself is not suitable for treatment
because it does not cross the blood-brain barrier and it is not
active orally as a result of enzymatic degradation in the gut
and first-pass metabolism (2). In contrast to dopamine,
L-dopa enters the brain and is decarboxylated to dopamine.
L-dopa is well absorbed, but rapidly and extensively metabo-
lized in the periphery, predominantly in the gut and the liver.
The decarboxylation of L-dopa to dopamine by amino acid
decarboxylase (AADC) is a major biotransformation path-
way (69%) for L-dopa (3). A second, but less important path-
way (10%) is the O-methylation of L-dopa to 3-O-methyl-
dopa (3-OMD) by catechol-O-methyltransferase (COMT)
(3). Peripheral dopamine formation causes side effects (nau-
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sea and cardiac arrhythmias) (4). Therefore, L-dopa is given
together with a peripheral AADC inhibitor such as bensera-
zide or carbidopa. Benserazide (seryl-trihydroxybenzylhydra-
zine) is mainly metabolized in the gut to its active metabolite
Ro 04-5127 (trihydroxybenzylhydrazine).

The pharmacokinetics of L-dopa in rats after administra-
tion of L-dopa alone or L-dopa combined with a peripheral
AADC inhibitor has been studied mainly using noncompart-
mental analysis (see, e.g., 5-8). Compartmental modelling
was used infrequently to describe L-dopa disposition in non-
humans (5,9-11). No attempt has been made to model the
inhibition of L-dopa decarboxylation after benserazide ad-
ministration and its effect on the kinetics of L-dopa and its
metabolite 3-OMD in a mechanistic way. The objective of our
investigation was to develop a model for the PK interaction of
L-dopa and benserazide in rats to better understand the use
of these drugs in humans.

MATERIALS AND METHODS

Drugs and Chemicals

All chemicals used were of analytical grade. L-Dopa and
benserazide were provided by F. Hoffmann-La Roche Ltd.
For administration L-dopa and benserazide were separately
dissolved in 0.9% NaCl (L-dopa 20 mg/ml, benserazide 10
mg/ml).

Animal Experiment

Twenty-one male albino rats (strain: Wistar/Fiillinsdorf)
weighing 262-307 g and 3 male albino rats (strain: RoRo/
Fiillinsdorf) weighing 309-323 g were used in this study. The
age of the rats was 1012 weeks. A single dose, parallel design
with three treatments, 20 mg/kg (78 wmol/kg) benserazide po
or 80 mg/kg (406 wmol/kg) L-dopa po or 80 mg/kg L-dopa +
20 mg/kg benserazide, was employed. Six rats (strain: Wistar/
Fiillinsdorf) were assigned to each treatment group. Another
3 rats (same strain) were included in the experiment for col-
lecting predose samples. They did not receive any treatment.
In the treatment group where 80/20 mg/kg L-dopa/
benserazide was given, an additional 3 rats (strain: RoRo/
Fiillinsdorf) were studied. These were also Wistar rats, which
were bred at F. Hoffmann-La Roche Ltd. They were studied
additionally to compare the present data with former com-
pany studies where only RoRo rats had been used. A catheter
was implanted in the jugular vein for blood sampling 2 days
before drug administration. Blood was collected for the de-
termination of L-dopa, 3-OMD, benserazide, and Ro 04-5127.
The blood sampling schedules were 0, 0.083, 0.17, 0.25, 0.5, 1,
2, 3, and 4 h after benserazide treatment and 0, 0.083, 0.17,
0.25,05,1, 2, 3,4, 6,8, 10, and 24 h after L-dopa treatment
and L-dopa/benserazide treatment. All samples were stabi-
lized by adding sodium metabisulfite immediately after blood
collection (5 mg/ml blood) and a second time to each plasma
sample (5 mg/ml plasma) immediately after centrifugation.
The blood samples were centrifuged at 3500 x g for 5 min and
the plasma samples were kept at —80°C until analysis. The
samples containing benserazide and Ro 04-5127 were ana-
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lyzed within 8 days, taking the compound’s known instability
into account (12). This study was carried out in accordance
with Art. 62 of the Swiss Federal Ordinance on the Protection
of Animals.

Analytical Assay

Two separate analytical methods were used to determine
plasma concentrations of L-dopa and its metabolite 3-OMD
and benserazide and its metabolite Ro 04-5127, both using
HPLC-electrochemical detection methodologies (13,14). The
analytes together with internal standards (alpha-ethyldopa
for L-dopa/3-OMD, a methylated derivative of benserazide
for benserazide/Ro 04-5127) were isolated from plasma by
solid phase extraction using cation exchange cartridges (1 ml/
100 mg SCX, Bondelut, Varian) in the L-dopa/3-OMD assay
and aluminum oxide cartridges (1 ml/100 mg Alox-A, Bond-
elut, Varian) in the benserazide/Ro 04-5127 assay. Gradient
elution and ion pair formation of the cationic compounds with
anionic-pairing reagent at acidic pH was performed to sepa-
rate the analytes from residual plasma constituents. A phos-
phate buffer (100 nM)/acetonitrile gradient containing S mM
1-octanesulfonic acid and 0.5 mM EDTA was used as mobile
phase. The analytes were quantified with amperometric de-
tection.

The concentrations of the analytes were determined us-
ing a calibration curve calculated by linear least squares re-
gression of peak height ratios (peak height of analyte/peak
height of internal standard) vs. nominal concentration using
standard operating procedures. New curves were prepared
with each batch of analytical samples. The calibration samples
were prepared from human plasma (dialyzed for the L-dopa/
3-OMD assay) and stabilized with 10 mg/ml sodium metabi-
sulfite. The calibration range in this study was generally
1-500 pg/l (L-dopa, 3-OMD) and 0.25-50 pg/l (benserazide,
Ro 04-5127).

The quantification limits were determined by analyzing
spiked plasma samples repeatedly over 5 days around the
expected determination limit. The quantification limits for
this study were defined as 0.85 pg/l (L-dopa, 3-OMD) and
0.20 pg/l (benserazide, Ro 04-5127) (inter-assay precision
<20%; inaccuracy <15%). Quality control samples at differ-
ent appropriate concentrations were prepared and analyzed
in duplicate with each assay batch (approx. 18-43% quality
control samples referenced to the number of unknown
samples). Results from unknown samples were accepted only
if less than 25% of the quality control samples within each
assay batch had an inaccuracy greater than 15% (L-dopa,
3-OMD) or 20% (benserazide, Ro 04-5127).

Pharmacokinetic Analysis

The plasma concentration-time curves of L-dopa,
3-OMD, benserazide, and Ro 04-5127 were analyzed by non-
compartmental methods and by applying a compartmental
model to the data to describe the PK interaction of L-dopa
and benserazide. Visual inspection of the concentration-time
profiles did not reveal any difference between the strains
(Wistar, RoRo). To increase the data density for the model-
ling process the data of the RoRo rats were included.

1175

The maximum plasma concentrations after a dose (C,,,,,)
and the times of their occurrence (T,,,,) were determined
directly from the observed data. The beginning of the termi-
nal log-linear phase was estimated by eye from log-linear
plots and its slope, reflecting the terminal rate constant (k),
calculated by log-linear regression analysis. The terminal half-
life (Ty,,) was derived from In(2)/k. The absorption rate con-
stant (ka) was estimated by the method of residuals (15). The
areas under plasma concentration vs. time curves from time
zero to infinity (AUC,_.) were obtained by applying the lin-
ear trapezoidal rule up to C,,,, and the logarithmic trapezoi-
dal rule after C,,,, up to the last observed concentration using
actual sampling times. Extrapolation to time infinity (C,,./k)
was achieved using predicted concentrations at the last ob-
servation time point (C,asl), which were calculated from the
regression line (16). The oral clearance (CL/F) after a single
oral dose was calculated by dose/AUC, ... Dividing CL/F by k
gave an estimate of the volume of distribution (V/F).

For the compartmental analysis the kinetics of L-dopa
and 3-OMD after 80 mg/kg L-dopa and 80/20 mg/kg L-dopa/
benserazide were described by a 1-compartment model (first-
order absorption) where total L-dopa clearance (CL,,,) Was
the sum of the clearances mediated by AADC, COMT and
other elimination pathways (Eq. 1).

CL4opa = CLaapc + CLeomt + Clgpst

M

If L-dopa was administered alone the model was set up such
that 69% (3) of L-dopa were metabolized by AADC (fA apc)s
10% (3) by COMT (feonmr) and the rest, 21%, by other en-
zymes. After administration of L-dopa together with bensera-
zide those metabolic fractions were allowed to change in re-
lation to the extent of inhibition. Ro 04-5127 was assumed to
inhibit competitively (17) the L-dopa clearance mediated by
AADC (CLAApc) and thereby to affect the total L-dopa
clearance and the availability of L-dopa from the gut and
across the liver. CL, opc Was estimated by Eq. 2 where
CL A apco Was the L-dopa clearance via AADC with no inhi-
bition, C1,, was the Ro 04-5127 concentration (inhibitor con-
centration) and ki was the inhibition constant.

CLAADCO

CLAADC = 7 CLoN
( 1+ —."”)

ki

@

Therefore, the total L-dopa clearance varied after L-dopa/
benserazide due to the change in CL, o caused by the
inhibitor, whereas the total L-dopa clearance after L-dopa
was a constant value which was estimated as a primary pa-
rameter in the model.

The hepatic availability (Fy;) was described by Eq. 3
where the ratio of hepatic blood clearance of L-dopa (CLy)
to hepatic blood flow (Q; 0.828 1/h/0.25 kg (18)) was sub-
tracted from 1. The hepatic blood clearance of L-dopa was
obtained from the product of the hepatically cleared fraction
(fyy) and the total blood clearance of L-dopa (Eq. 4). Because
the blood/plasma ratio of L-dopa was approximately 1.0 (19)
the total plasma clearance of L-dopa, a primary parameter in
the model, was set equal to the total blood clearance of
L-dopa. The majority of L-dopa is metabolized extrahepati-
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cally and the hepatic clearance of L-dopa was assumed to be
13% of total body clearance (19).

CLy,
Fu=1--5" ©)
CLH = fH X CLdopa (4)

The gastrointestinal availability (Fg) was obtained from the
literature (0.244 (11)) after administration of L-dopa and was
set to 1 after administration of L-dopa/benserazide. The over-
all oral bioavailability of L-dopa (F) was estimated by
Fg - Fy. A distinction was made between absorption param-
eters after L-dopa (ka,, F,,) and absorption parameters after
L-dopa/benserazide (ka., F.). Based on initial modelling re-
sults the 3-OMD parameters, clearance and volume of distri-
bution, were subsequently allowed to differ between the
treatments L-dopa and L-dopa/benserazide (CLopyp b,
CLoMb.os Yombp.e Youb.e)- The mass balances for the com-
partments of L-dopa and 3-OMD were described by differ-
ential equations (Eq. 5 to Eq. 7).

dAdopa,i
—at —ka; X Agopai(t) (%)
dCdopa,i _
Vdopa x T - kai x Adopa,i(t) x Fi - CLdopa x Cdopa,i(t)
(6)
dCOMD,i

=CLcomT ¥ Cdopa.i(t) - CLompi
X Comp,i(t) @)

where Ag,,,; = amount L-dopa in gut compartment, Cyop ;
= L-dopa concentration in systemic compartment, Copp; =
3-OMD concentration in systemic compartment, i = b (treat-
ment L-dopa); and i = c (treatment L-dopa/bensera-
zide).

The kinetics of benserazide and its metabolite Ro 04-
5127 were described with 2-compartment models. After oral
administration of benserazide the amount of Ro 04-5127 in
plasma was assumed to be derived from the sum of metabolite
formed systemically and presystemically. To model the kinet-
ics of the metabolite Ro 04-5127 three further assumptions
were necessary. The elimination of Ro 04-5127 was assumed
to be the fastest process of all the first-order processes gov-
erning the kinetics of Ro 04-5127. Therefore, a rough approxi-
mation of the elimination rate constant (ke,,) was obtained
from In(2)/(T,,../3).- The fraction of Ro 04-5127 absorbed
from the gut was assumed to be 7%. The fraction of bensera-
zide metabolized to Ro0-04-5127 systemically, fm, was as-
sumed to be 15%.

Figures 1 and 2 show the schematic diagram of the con-
ceptual model for L-dopa and benserazide. The data pooled
per analyte was analyzed using the naive pooled data ap-
proach. In a first step the L-dopa model was fitted simulta-
neously to the L-dopa and 3-OMD data after treatment with
80 mg/kg L-dopa. In a second step the model including inhi-
bition of the AADC pathway was fitted simultaneously to the
L-dopa and 3-OMD data after treatment with 80/20 mg/kg
L-dopa/benserazide. Those parameters, which could be esti-
mated in the first step, were fixed in the second step. The
estimated primary parameters were the volume of distribu-
tion of L-dopa (V 4.p,), the total clearance of L-dopa (CLy,p.)

\Y . X
OMD.i dt
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Other Metabolites
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ki Cloowr Clow,
Gut Comp Body C Body Ct 5
' L-Dopa F Y L-Dopa o 3-OMD -
INHIBIMON
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Ro 04-!
T | Theae
Dopamine
Vaopas CLuopas Yomp,i, CLomp,i, ki Primary parameters
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ka; Calculation by NCA
Q (0.828 /h/0.25kg) (18)
fcomt (10%) 3)
faadc (69%) A3)
fu (13%) 19)
Fg, after L-dopa alone (24%) b
Fg, after L-dopa/benserazide (100%) Assumption

i = b (treatment L-dopay); i = c (treatment L-dopa/benserazide)

Fig. 1. Schematic diagram of conceptual model to describe kinetics of
L-dopa and 3-OMD (Q hepatic blood flow, L-dopa: CL4 opc clear-
ance via AADC, CL4Apco clearance via AADC (no inhibition),
CLcomr clearance via COMT, CLy,,, total clearance, CLy; hepatic
clearance, CLgggy clearance via other elimination pathways, fo opc
fraction metabolized by AADC, fomr fraction metabolized by
COMT, fy; hepatic fraction of total L-dopa clearance, V4, volume
of distribution, F bioavailability (Fg - Fy), Fy; hepatic availability, F5
gastrointestinal availability, ka; absorption rate constant; 3-OMD:
CLoMmp; clearance, Voyp; volume of distribution; Ro 04-5127: ki
inhibition constant).

after L-dopa, the volume of distribution of 3-OMD after
L-dopa (Vomp,s) and after L-dopa/benserazide (Vomp.c)s
the 3-OMD clearance after L-dopa (CLoyp,,) and after
L-dopa/benserazide (CLoy\p,), and the inhibition constant
(ki). The secondary parameters after treatment with L-dopa
were the bioavailability of L-dopa (F), the hepatic availability
of L-dopa (Fy), the hepatic clearance of L-dopa (CLy;), the
L-dopa clearance by AADC, and the L-dopa clearance by
COMT. The constants of the model were the L-dopa dose,
the absorption rate constant of L-dopa after L-dopa (ka,,) and
after L-dopa/benserazide (ka.), the hepatic blood flow, the
L-dopa fraction metabolized by COMT after L-dopa (fcomt),
the L-dopa fraction metabolized by AADC after L-dopa
(faadc), the hepatic fraction of L-dopa (fy;), and the gastro-
intestinal availability of L-dopa after L-dopa and after
L-dopa/benserazide. The benserazide/Ro 04-5127 data were
fitted separately and the estimated parameters for the
benserazide/Ro 04-5127 kinetics were used as fixed param-
eters in the L-dopa model.

The benserazide/Ro 04-5127 model was fitted simulta-
neously to the oral data of benserazide and Ro 04-5127
(pooled data from both treatments including benserazide) of
the present study as well as intravenous data of benserazide
and Ro 04-5127 from two previous studies (20,21) (see be-
low). The estimated primary parameters in the benserazide
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T cL,

ka, —_— d
Gut Compartment g Central Compgrtment Peripheral Companment
Benserazide —_— Benserazide ClLdy Benserazide
F=0.2% Vi — V2,
l fm=15%
Gut Compartment kay, Central Comnpartment | ——— 1Peripheral Compartment
Ro 04-5127 > Ro 04-5127 Cld,, Ro 04-5127
7% of benserazide dose Vi, —— vz,

l cL,

CLB’ VlBy Vzl}, CLdB, kaa, Vlm,

Primary parameters

VZM, C]_dM, kaM

CLm Secondary parameter (derived
from V1y*key)

Fg (2.2%) Derived from
AUCya*Di/AUC*Dyra

kem Approximation from
In(2)/(Tra/3)

Fraction of benserazide metabolized Assumption

to Ro 04-5127, fm (15%)

Fraction of Ro 04-5127 absorbed Assumption

from the gut (7%)

Fig. 2. Schematic diagram of conceptual model to describe kinetics of
benserazide and Ro 04-5127 (benserazide: CLy total clearance, CLdg
intercompartmental clearance, Fy bioavailability, fm fraction me-
tabolized, kay absorption rate constant, V1, volume of central com-
partment, V2 volume of peripheral compartment; Ro 04-5127: CL,,
total clearance, CLdy, intercompartmental clearance, ka,, absorption
rate constant, key, elimination rate constant, V1, volume of central
compartment, V2, volume of peripheral compartment).

model were the volumes of the central compartment (Vlg,
V1,,) the volumes of the peripheral compartment (V2g,
V2,,), the intercompartmental clearances (CLdg, CLd,,), and
the absorption rate constants (kag, kay,). The clearance for
benserazide (CLy) was a further primary parameter while for
Ro 04-5127 it was derived from V1, - ke, (CL,,). The con-
stants in the benserazide model were the benserazide dose,
the bioavailability of benserazide, the fraction of Ro 04-5127
absorbed from the gut, the fraction of benserazide metabo-
lized to Ro 04-5127, and the elimination rate constant of
Ro 04-5127 (key,).

The weighting was selected empirically by judging the
goodness of fit. In the L-dopa model it was 1/Y®?* for both
steps. The weighting was 1/Y? after intravenous administra-
tion of benserazide. Unit weighting was applied to model the
data after oral administration of benserazide.

The integration algorithm was 4th-5th order Runge-
Kutta with variable step size. The parameters were evaluated
by nonlinear least squares estimation, using the simplex algo-
rithm for minimizing the sum of squared residuals. The mod-
elling analysis was performed on a Pentium Pro 200 Mhz
(RAM 96 MB, HD 2 GB; Windows NT 4,0 SP3) computer
using WinNonlin 1.5 (Pharsight Corporation).

Statistical Analysis

An unpaired Student’s ¢ test was used to compare the
log-transformed (22) parameters of L-dopa or 3-OMD be-
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tween treatment L-dopa and treatment L-dopa/benserazide
and to compare the log-transformed (22) parameters of
benserazide or Ro 04-5127 between treatment benserazide
and treatment L-dopa/benserazide. The level of statistical sig-
nificance was defined as p < 0.05. If no statistically significant
difference was found between treatments a 95% confidence
interval for the true mean ratio (95% CI) was calculated. The
Student’s ¢ test was not applicable for T, because it is a
discrete variable.

Intravenous Data of Benserazide and Ro 04-5127

In the benserazide/Ro 04-5127 model intravenous data
was incorporated from two previous studies (20,21). The data
were obtained from 5 male rats (strain: RoRo/Fiillinsdorf)
that received 5 mg/kg (19 pmol/kg) benserazide intrave-
nously.

RESULTS

Animal Experiment

Rat a4 of treatment group 20 mg/kg benserazide and rat
b6 of treatment group 80 mg/kg L-dopa died before dosing
due to problems with the jugular vein catheter. They were not
replaced.

Noncompartmental PK Analysis of L-Dopa and 3-OMD

The 24-h sampling period was sufficient in all instances to
describe the concentration-time curve of L-dopa and 3-OMD
and to allow a reliable estimation of the terminal half-life and
AUC,._... The L-dopa kinetics of one rat after treatment with
L-dopa did not follow a monophasic decline as in the other
rats, but showed a biphasic decline. Therefore, its terminal
half-life was not included in the statistical evaluation. The
24-h L-dopa values of three rats after treatment with L-dopa/
benserazide were around the limit of quantification. They
were not used for the estimation of the terminal rate constant.
The absorption of L-dopa started rapidly in all rats, leading to
a maximum concentration of L-dopa within 1 h after L-dopa
dosing. The formation of the metabolite 3-OMD reached a
maximum concentration within 4 h after L-dopa administra-
tion and within 6 h after L-dopa/benserazide administration.
Average concentrations of L-dopa and 3-OMD at various
time points after L-dopa dosing of each treatment are shown
in Fig. 3. The average values of L-dopa and 3-OMD param-
eters are listed in Table I and Table II. The L-dopa and
3-OMD kinetics were different with and without benserazide.
A statistically significant difference (*p < 0.01, **p < 0.05) was
found for the L-dopa parameters AUC, .. *, C, ..*, CL/F*,
T,,*, and ka** and for the 3-OMD parameters AUC,_.*,
Chax®, and T,,*. The co-administration of 80/20 mg/kg
L-dopa/benserazide resulted in an 11-fold increase in the
L-dopa AUC, .. and a 6-fold increase in C,,,, of L-dopa. The
oral clearance of L-dopa was 9-fold lower after treatment
with L-dopa/benserazide than after L-dopa. The half-life of
L-dopa was longer by a factor 2 after L-dopa/benserazide
treatment. There was a small difference in T,,,, between the
two treatment groups. However, in both cases the between-
animal variability of T, ,, was high. The absorption rate con-
stant was higher after L-dopa than after L-dopa/benserazide.
The effect of benserazide on the 3-OMD kinetics was a 15-
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Table II. Kinetic Parameters” of 3-OMD After Treatment with
L-Dopa or L-Dopa/Benserazide (Noncompartmental Analysis)

L-Dopa concentration, pmol/i

200

3 4 5
Scheduled time, hours

L-Dopa L-Dopa/Benserazide
AUC,... Mean (CV%) 183 (12%) 2716 (24%)
[h - pmol/] Min-Max 161-217 1670-3550
Crnax Mean (CV%) 10.1 (6%) 154 (19%)
[pmol/l] Min-Max 9.11-10.6 117-186
T hax Median 4.03 6.00
[h] Min-Max 2.05-4.08 4.00-6.00
k Mean (CV%)  0.0602 (17%) 0.0748 (9%)
[h'] Min-Max 0.0496-0.0748 0.0624-0.0877
T, Mean (CV%) 11.8 (16%) 9.35(10%)
[h] Min-Max 9.26-14.0 7.90-11.1
CL/Fb¢ Mean (CV%) 0.0563 (10%) —
[I/h] Min-Max 0.0479-0.0621 —
V/F>¢ Mean (CV%)  0.945 (8%) —
1] Min-Max 0.830-1.01 —
n — 5 9

3-0OMD concentration, pmol/l

10 12 14 16 18 20 22 24
Scheduled time, hours

Fig. 3. Average (+SD) plasma concentration-time profiles of L-dopa
and 3-OMD after treatment with L-dopa (-A-) and after treatment
with L-dopa/benserazide (-H-).

fold increase in AUC,, ., and C,,, of 3-OMD. The half-life of
3-OMD was shorter after treatment with L-dopa/benserazide
than after L-dopa. There was a small increase in 3-OMD
T,..x When L-dopa was given together with benserazide. The
oral clearance of 3-OMD after 80 mg/kg L-dopa was 0.0563 +
0.00556 1/h and the volume of distribution (V/F) was 0.945 +
0.0759 1. The between-animal variability for the L-dopa
parameters AUC,_,., ka, k, T,,,, CL/F, and V/F was small
after treatment with L-dopa. After combined treatment with

Table I. Kinetic Parameters® of L-Dopa After Treatment with
L-Dopa or L-Dopa/Benserazide (Noncompartmental Analysis)

L-Dopa L-Dopa/Benserazide
AUC,... Mean (CV%) 279 (13%) 307 (27%)
[h - pwmol/l] Min-Max 22.1-31.2 216-482
Criax Mean (CV%)  20.6 (53%) 115 (27%)
[pmol/l] Min-Max 13.2-38.8 67.4-152
Tonax Median 1.00 0.50
[h] Min-Max 0.08-1.00 0.17-1.00
ka Mean (CV%)  2.11 (22%) 1.29 (60%)
[h7'] Min-Max 1.56-2.77 0.55-3.25
k Mean (CV%) 1.73 (7%) 0.887 (20%)
[h] Min-Max 1.60-1.90 0.470-1.07
Ty, Mean (CV%)  0.403 (7%) 0.824 (30%)
[h] Min-Max 0.365-0.433 0.648-1.48
CL/F Mean (CV%)  3.72 (14%) 0.397 (20%)
[/h] Min-Max 3.20-4.59 0.291-0.519
V/F Mean (CV%) 222 (7%) 0.480 (43%)
1] Min-Max 2.07-2.42 0.301-0.952
n — 5° 9

“ Parameters for whole rats; no weight correction applied.
"n = 4 (for k, T,,, and V/F).

“ Parameters for whole rats; no weight correction applied.

® CL/F and V/F were estimated assuming that the fraction metabo-
lized to 3-OMD was 10% (3).

¢ CL/F and V/F cannot be estimated for the L-dopa/benserazide treat-
ment, because the fraction metabolized changes with the degree of
inhibition.

L-dopa/benserazide the between-animal variability was sev-
eral times higher in most cases than after L-dopa.

Noncompartmental PK Analysis of Benserazide and
Ro 04-5127

The 4-h sampling period was sufficient in all instances to
describe the concentration-time curve of benserazide and
Ro 04-5127 and to allow a reliable estimation of the terminal
half-life and AUC,.... The absorption of benserazide was fast
in all rats, with two exceptions, leading to a maximum
benserazide concentration within 0.5 h after benserazide dos-
ing. For two rats T, ,, was 2 h and 1 h, respectively. The
formation of the metabolite Ro 04-5127 reached a maximum
concentration of Ro 04-5127 within 0.27 h after benserazide
administration and within 0.5 h after L-dopa/benserazide ad-
ministration. Average concentrations of benserazide and Ro
04-5127 at various time points after benserazide dosing of
each treatment are shown in Fig. 4. The average values of
benserazide and Ro 04-5127 parameters are listed in Table III
and Table IV. The benserazide kinetics were similar with and
without L-dopa. No statistically significant difference (p <
0.05) was found for AUC,_., (and hence for CL/F), C,,,,, and
V/F between the treatments benserazide and L-dopa/
benserazide. The observed mean ratio [(L-dopa with bensera-
zide)/benserazide] for those parameters is presented together
with the 95% CI in Table III. After L-dopa/benserazide the
maximum plasma benserazide concentration of one rat was
about five times higher than the other C_,, values. This
caused the high variability of C_,,, in the treatment group
L-dopa/benserazide and an upward shift of the average value.
The median of C,,,, and the median of AUC,_. were similar
in both treatment groups confirming that the observed up-
ward shift of the average value was due to an individual
extreme value. There was no relevant difference in T,,, and
k between the two treatment groups. After treatment with
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The 4h value after treatment with benserazide was the average of two
points only.

Fig. 4. Average (+SD) plasma concentration-time profiles of
benserazide and Ro 04-5127 after treatment with benserazide' (-A-)
and after treatment with L-dopa/benserazide (-H-).

L-dopa/benserazide T,,,, was smaller than after benserazide.
However, the between-animal variability was very high in
both groups. The kinetics of Ro 04-5127 were similar with and
without L-dopa. No statistically significant difference (p <
0.05) was found for AUC,_.., C,..» T1,, and k between the
treatments benserazide and L-dopa/benserazide. The ob-
served mean ratio [(L-dopa with benserazide)/benserazide]
for those parameters is listed together with the 95% CI in
Table IV. T, was similar between the two groups. However,
the between-animal variability was high, especially after
treatment with L-dopa/benserazide (CV 88%).

Compartmental PK Analysis of L-Dopa and 3-OMD

The final parameter estimates of L-dopa and 3-OMD are
listed in Table V. After administration of L-dopa the hepatic
availability of L-dopa was 87%. Together with the literature
value of the gastrointestinal availability of L-dopa (Fg: 24%
(11)) this gave a bioavailability for L-dopa of 21%. Further
secondary parameters were the hepatic clearance of L-dopa
(CL4;: 0.107 I/h), the L-dopa clearance by COMT (CLomr
0.0823 1/h), and the L-dopa clearance by AADC (CLA opc:
0.568 1/h). After administration of L-dopa together with
benserazide the availability and clearance terms of L-dopa
changed over time dependent on the time course of inhibitor
Ro 04-5127. Figure 5 shows the plasma concentration-time
profile of Ro 04-5127 and the temporal change of the L-dopa
clearance by AADC after L-dopa/benserazide administra-
tion. The model fits to combined data sets of treatment with
L-dopa and L-dopa/benserazide described the observed con-
centrations well (Figs. 6 and 7).
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Compartmental PK Analysis of Benserazide and
Ro 04-5127

The final parameter estimates of benserazide and
Ro 04-5127 are listed in Table V. The fits to combined data
sets of oral and intravenous data described the observed con-
centrations of benserazide and Ro 04-5127 well.

DISCUSSION

The mechanistic models formulated allowed us to ad-
equately describe the observed L-dopa and 3-OMD concen-
trations in the absence and presence of benserazide. The ad-
equacy of the model was corroborated by the fact that the
parameter estimates of L-dopa and 3-OMD of the compart-
mental analysis were similar to values obtained by noncom-
partmental analysis (Table VI). Furthermore, the model pa-
rameters were also in good agreement with values reported in
the literature where available. The L-dopa volume of distri-
bution and the L-dopa clearance of the present study ex-
pressed in units per kg body-weight were V4., (1.98 I/kg) and
CLgopa (3:29 Vh/kg). Sato et al. (10) estimated a volume of
distribution (Vdg) of 1.79 I/kg and a clearance of 3.13 I/h/kg
for L-dopa. Further L-dopa clearances reported in the litera-
ture were 4.46 1/h/kg (11), 5.15 I/h/kg (11), and 1.48 I/h (19).
The bioavailability of L-dopa after L-dopa was estimated in
the present study to be 21%. This was in good accordance
with work done by Iwamoto et al. (11).

In the compartmental model the bioavailability of
L-dopa was the product of the gastrointestinal availability and
the hepatic availability. The availability across the intestinal
wall was introduced in addition to the hepatic availability
because the gut wall contributes substantially to the overall
first-pass effect of L-dopa (11,23). The gastric and intestinal
walls are rich in AADC (24,25). This builds an efficicnt en-
zymatic barrier for the absorption of L-dopa. Although the
liver also has high concentrations of AADC and quickly me-
tabolizes L-dopa (26), it seems to be a less important site of
decarboxylation than the gut wall. Peripheral and hepatopor-
tal vein injections of L-dopa gave similar plasma concentra-
tions (19,25,27). In addition, hepatectomy did not create ma-
jor changes in the disposition of injected L-dopa (28). In the
present study the gastrointestinal availability was 24% and
the hepatic availability was 87% after oral administration of
L-dopa confirming that the gut is the major site of metabolism
for L-dopa. After oral administration of L-dopa/benserazide
the gastrointestinal availability was assumed to be 100%
while the hepatic availability changed dependent on the inhi-
bition (Fy; = 87%).

The different magnitude of changes in L-dopa’s oral
clearance (9 fold) and half-life (2-fold) when the drug was
given together with benserazide indicates that the change in
CL/F is not only due to the decrease in systemic clearance of
L-dopa when combined with benserazide, but also due to a
change in the bioavailability of L-dopa. The fact that bensera-
zide has a major effect on the bioavailability is also reflected
in the almost 5-fold change in V/F between treatments.
Benserazide affects gut wall AADC controlling the fraction
absorbed while changes in systemic L-dopa clearance will be
largely due to inhibition of AADC at sites other than the gut
wall.
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Table III. Kinetic Parameters of Benserazide After Treatment with Benserazide or L-Dopa/
Benserazide (Noncompartmental Analysis)

Treatment

L-Dopa/Benserazide Ratio® [95% CI]

Benserazide
AUC,... Mean (CV%) 0.297 (24%)
[h - pmol/1] Min-Max 0.224-0.413
Crax Mean (CV%) 0.161 (50%)
[pmol/1] Min-Max 0.0732-0.287
Tonax Median 0.50
[h] Min-Max 0.50-2.00
k Mean (CV%) 0.567 (20%)
[h1] Min-Max 0.451-0.735
Ty, Mean (CV%) 1.26 (19%)
[h] Min-Max 0.943-1.54
CL/F Mean (CV%) 70.8 (31%)
[I/h] Min-Max 48.0-95.1
V/F Mean (CV%) 131 (39%)
1] Min-Max 65.3-190
n — 5

0.268 (49%)
0.161-0.569
0.247 (90%)
0.123-0.827
0.17 —
0.10-1.00
0.963 (38%) —
0.400-1.59
0.842 (48%) —
0.436-1.73
95.4 (36%)
39.7-144
110 (40%)
30.9-171
8a,b _

0.85 [0.55; 1.32]

1.38 [0.70; 2.73]

1.31 [0.81; 2.12]

[0.82 [0.44; 1.53]

“No data was available in the terminal phase for rat c¢9. Therefore, N was 8 for the parameters AUC,,_..,

k, T,,,, CL/F and V/F.
bp =9forC,, and T

max max-*

¢Ratio ((L-dopa with benserazide)/benserazide) was estimated with geometric means.

The absorption rate constant of L-dopa was higher
after treatment with L-dopa than after L-dopa/benserazide.
L-dopa is a large neutral amino acid (LNAA) and is absorbed
via the saturable LNAA-system (3,4). If L-dopa is adminis-
tered together with benserazide, the metabolism of L-dopa to
dopamine in the gut is inhibited. As a consequence higher
amounts of L-dopa and 3-OMD, two competing substrates for
the carrier (3), are available for transport than after admin-
istration of L-dopa alone. This competition determines the
flux of each competing substrate across the membrane and
may explain why we observed a slower absorption rate after
L-dopa/benserazide than after L-dopa.

The between-animal variability was high for the L-dopa
parameters C,,, and T, ., after L-dopa and for T,,,, and ka
after L-dopa/benserazide. Bredberg ef al. (9) made similar
observations with regard to T,,,, and C_,, after combined
oral administration of L-dopa and carbidopa and attributed
this to factors influencing gastric emptying. These findings are

in agreement with the marked inter-patient variability in T,
and C,,,, in humans after oral L-dopa administration (29-31).

The terminal log-linear phase of 3-OMD after treatment
with L-dopa and L-dopa/benserazide extended over 16-20 h
and was thus defined over less than 2 half-lifes. Nevertheless,
the elimination rate constant of 3-OMD could be estimated
well by linear regression. It was similar to the elimination rate
constant obtained by compartmental analysis (Table VI) and
from the literature (32).

Substantial effort was spent to fit models to the data after
L-dopa and after L-dopa/benserazide keeping the 3-OMD
clearance and the 3-OMD volume of distribution the same for
both treatment groups. However, this resulted in an underes-
timation of the 3-OMD plasma concentrations after L-dopa/
benserazide and in a high estimation error for ki. The fit
became satisfactory only when allowing for different values
for those two parameters in each treatment (the Akaike In-
formation Criteria (33) improved from 3868 to 3790). The fact

Table IV. Kinetic Parameters of Ro 04-5127 After Treatment with Benserazide or L-Dopa/Benserazide
(Noncompartmental Analysis)

Treatment

L-Dopa/Benserazide Ratio” [95% CI]

Benserazide
AUC,._.. Mean (CV%) 0.309 (42%)
[h - pmol/l] Min-Max 0.171-0.502
Crax Mean (CV%) 0.579 (79%)
[pmol/1] Min-Max 0.143-1.15
Tonax Median 0.17
[h] Min-Max 0.083-0.27
k Mean (CV%) 0.525 (23%)
[h1] Min-Max 0.363-0.642
Ty, Mean (CV%) 1.38 (26%)
[h] Min-Max 1.08-1.91
n — 5

0321 (19%)
0.249-0.435
0.621 (59%)
0.184-1.19
0.10 —
0.083-0.50
0.798 (42%)
0.275-1.25
1.10 (60%)
0.553-2.52
9 —

1.10 [0.78; 1.55]

1.20 [0.47; 3.03]

1.40 [0.82; 2.41]

0.71 [0.42; 1.22]

“ Ratio ((L-dopa with benserazide)/benserazide) was estimated with geometric means.
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Table V. Kinetic Parameters Estimated by Compartmental Analysis
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Analyte PK Parameter [Unit] Estimate CV%*
L-Dopa Vaopa [l] 0.496 9
CLgopa [I/h] 80 mg/kg L-dopa 0.823 9
3-OMD Voups [1] 80 mg/kg L-dopa 0.196 13
Vowmb.e [1] 80/20 mg/kg L-dopa/benserazide 0.128 5
CLoMmp b [1/h] 80 mg/kg L-dopa 0.0120 27
CLoMmp e [/h] 80/20 mg/kg L-dopa/benserazide 0.00895 11
Benserazide CLg [Vh] 1.67 4
Vi [1] 0.202 6
V2 1] 0.127 13
CLdg [V/h]* 0.0720 9
kag [h7'] 0.940 27
Ro 04-5127 CLy, [I/h] 429 11
Vi [1] 0.0691 11
V2, ] 3.20 49
CLd,, [V/h]" 1.06 5
kay [h7'] 247 17
ki [umol/1]® 0.00246 42

“ Intercompartmental clearance.
® Inhibition constant.

¢ CV% derived from asymptotic standard error of the estimate.

that different values for clearance and volume of distribution
had to be introduced for 3-OMD after treatment with L-dopa
and with L-dopa/benserazide points to saturability in 3-OMD
formation or elimination. In contrast to L-dopa, 3-OMD is a
poor substrate for AADC (34). Therefore, the possibility of
benserazide influencing the elimination of 3-OMD is judged
to be small.

Our study is the first investigation where the kinetics of
benserazide and its metabolite Ro 04-5127 could be estimated
in rats in some detail due to a newly available quantitative
analytical method. Average curves of benserazide and its me-
tabolite Ro 04-5127 look similar. However, this is an artifact
of averaging concentrations. When plotting individual
benserazide and associated Ro 04-5127 concentration-time
profiles together, the metabolite peak was higher and oc-
curred earlier than the benserazide peak. Furthermore, the
metabolite Ro 04-5127 declined biphasically. This metabolite-
parent compound pattern in the concentration-time profile is
typical for drugs where a part of the parent compound is
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Fig. 5. Plasma concentration-time profile of Ro 04-5127 and the
change of L-dopa clearance by AADC! over time after oral admin-

istration of 80/20 mg/kg L-dopa/benserazide.

converted to metabolite during the absorption step (35,36)
and where the metabolite’s elimination is formation-rate lim-
ited. This is the case for benserazide, which is substantially
metabolized to Ro 04-5127 in the gut already. Therefore, the
terminal half-life of Ro 04-5127 estimated by noncompart-
mental analysis does not reflect the true elimination half-life
of this metabolite.

The benserazide kinetics were described well by the
benserazide/Ro 04-5127 model. The final benserazide param-
eters were in good agreement with values from a previous
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Fig. 6. Predicted and observed L-dopa and 3-OMD plasma concen-
trations after oral administration of 80 mg/kg L-dopa.
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Fig. 7. Predicted and observed L-dopa and 3-OMD plasma concen-
trations after oral administration of 80/20 mg/kg L-dopa/benserazide.

compartmental analysis. In that analysis, intravenous data of
benserazide from two previous studies (20,21) had been fitted
simultaneously to a standard 2-compartment model. The ki-
netic parameters of the present analysis compared to the
previous analysis were CLg: 1.67 Vh vs. 1.62 I/h, V1: 0.202 1
vs. 0.186 1, V25: 0.127 1 vs. 0.115 1, and CLdg: 0.0720 V/h vs.
0.0685 1/h.

The benserazide parameters estimated by noncompart-
mental analysis were based on noisy data, where often only
few points were available for parameter estimation. Still they
were similar to estimates obtained by compartmental analysis
where the data were pooled to increase the density of infor-
mation (compartmental vs. noncompartmental: CL/F: 76.0 1/h
vs. 70.8-95.4 I/h; F 2, 2% assumed for calculation of compart-
mental values).

The parameters of Ro 04-5127 were based on the four

Table VI. Comparison of PK Parameters of L-Dopa and 3-OMD
Estimated by Compartmental Analysis (CA) and by Standard
Noncompartmental Analysis (NCA)

PK parameter Estimate Estimate
Analyte [unit] (NCA)® (CA)*P
L-Dopa VI/F [1] 222 2.33
CL/F [l/h] 3.72 3.88
k [h']° 1.73 1.66
3-OMD V/F (1] 0.945 0.923
CL/F [V/h] 0.0563 0.0563
k [h™]° 0.0602 0.0611

“F = 0.212 (estimated from Fg - Fyy).

b Calculations done with all significant figures.

¢ k was estimated by linear regression analysis (NCA) and as a sec-
ondary parameter from CL/V (CA).

Grange, Holford, and Guentert

assumptions mentioned earlier. Those assumptions did not
influence the L-dopa/3-OMD parameters obtained. The
benserazide/Ro 04-5127 model parameters adequately de-
scribed the observations and were fixed when combining
them with the L-dopa model. Knowledge on the fraction of
benserazide metabolized to Ro 04-5127, resulted from the
assumption that the total Ro 04-5127 clearance is not larger
than the cardiac output in the rat, which is 110.4 + 15.60
ml/min (37). Thus the maximum value of fm could be esti-
mated from the total Ro 04-5127 clearance which was set to
the cardiac output, the area under the plasma concentration-
time curve of Ro 04-5127, and the benserazide dose. The fm
value used in our model, 15%, was then arbitrarily chosen
from the possible range 0-30%. Further experiments will be
needed to verify these assumptions and confirm the param-
eters estimated.

Benserazide is chemically a seryl-trihydroxybenzylhydra-
zine. In neutral, alkaline, or strongly acidic medium it is un-
stable (12). In the body the seryl-moiety splits off enzymati-
cally liberating trihydroxybenzylhydrazine (Ro 04-5127). In
our compartmental model concentrations of Ro 04-5127 and
not of benserazide itself were assumed to inhibit AADC
based on results by Burkard er al. (17). The fact that we
obtained a better fit with Ro 04-5127 as inhibitory moiety
than with benserazide provides additional evidence for this
mechanism of action. The Akaike Information Criteria (33)
improved from 3793 to 3790.

In the literature we find mostly 2-compartment models to
describe the L-dopa kinetics. It is well known that L-dopa
kinetics follow a biexponential decline after intravenous ad-
ministration in rats, dogs, and humans (1,9-11,27,38). The
initial rapid decline of the L-dopa plasma concentration re-
flects its distribution from plasma to other tissues, primarily
muscle (8,39) as well as liver and kidney (40). If L-dopa is
administered orally the rapid distribution phase is often
masked by the simultaneous absorption of the drug (4,7). This
was also seen in the present study where the initial distribu-
tion phase was not apparent after oral dosing. Therefore, a
1-compartment model was chosen to describe the L-dopa ki-
netics of the present study.

For the compartmental analysis the data density of the
present study was not sufficient for individual analysis. We
decided to pool the data and to fit the model to all individual
observations simultaneously (ndive pooled data approach).
The disadvantage of pooling is masking of the individual be-
havior and distortion of the model structure and parameter
estimates. However, the profiles of individual animals given
the same treatments had similar shapes and this encouraged
us to believe that pooling the data to explore model features
that could not be defined by any one animal would not seri-
ously affect our conclusions.

There are numerous descriptions of drug-drug PK inter-
actions in the literature. They vary from qualitative vs. quan-
titative to in vitro vs. in vivo approaches. A drug-drug PK
interaction can be described qualitatively. In this case the
objective of the study would be to answer the question of an
occurrence of a drug-drug PK interaction with yes or no.
However, this qualitative information is often not sufficient.
There is frequently the need to quantify the drug-drug PK
interaction. One approach to do that is to estimate and com-
pare PK parameters (e.g. AUC,..., C,.,) of the investiga-
tional drug by noncompartmental analysis after treatment
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with and without inhibitor. An alternative approach to quan-
tify the interaction is to formulate a mathematical relation-
ship describing the PK drug-drug interaction taking into ac-
count the mechanism of the interaction (e.g. type of inhibi-
tion, enzymes involved, site of inhibition). In the present
study both approaches were applied. The noncompartmental
analysis of drug-drug interaction did not necessitate knowl-
edge about the mechanism of the interaction. Therefore, it
was a useful tool for checking on a potential bias a model
could introduce and for initial quantification of the changes in
AUC,_.., C,,.x, and CL/F caused by the interaction of L-dopa
and benserazide. However, the limitation of this approach
was that it gave no insight into the sequence and progression
of events. Without applying a model the only conclusion from
this study was that the decrease in CL/F led to higher expo-
sure of L-dopa. In contrast, the compartmental model had the
advantage of describing the temporal change of inhibition and
the recovery of enzyme. Thus a more explicit view could be
gained on the cause for higher exposure of L-dopa and
3-OMD. PK parameters such as total L-dopa clearance, bio-
availability of L-dopa, and fraction of L-dopa metabolized
via COMT were allowed to change over time depending
on the inhibitor concentration in plasma. The bioavailability
of L-dopa increased from 21% (L-dopa) to more than 87%
(L-dopa/benserazide). For some time after administration
of benserazide the metabolic pathway via AADC was
almost blocked after L-dopa/benserazide administration. The
L-dopa clearance via AADC decreased within 5 min from
0.568 1/h to 0.00246 I/h and recovered only slowly over 24 h
(Fig. 5). This had an influence on the total L-dopa clearance,
which was reduced 69% within the first 5 min and recovered
over 24 h. Those changes in bioavailability and total clearance
resulted in a higher exposure of L-dopa. Due to the inhibition
of the AADC pathway the fraction of L-dopa metabolized by
COMT increased from 10% to 31% resulting in higher
AUC,., and C,,,, of 3-OMD. These temporal changes could
not be described by noncompartmental analysis. Therefore,
the drug-drug PK interaction described with modelling con-
tained more information about what happened when L-dopa
and benserazide were administered together. Another advan-
tage of describing the interaction with a model is that it allows
simulations. Exploratory analyses can be performed to pre-
dict different scenarios such as multiple doses or change in
strength of dose. Modelling is a powerful tool to enhance the
comprehension of the complex processes defining a PK drug-
drug interaction and thus may also prove useful in drug de-
velopment. However, the modelling approach needs a lot of
information and assumptions on the drug behavior. Depend-
ing on the development stage of the drug, this information is
not always available. This could be a drawback for applying
the modelling approach in early phases of drug development.

In conclusion, our study is the first investigation where
the kinetics of benserazide and Ro 04-5127 have been de-
scribed by a compartmental model. The L-dopa/benserazide
model allowed a mechanism-based view of the PK interac-
tion of L-dopa/benserazide and supports the hypothesis that
Ro 04-5127 is the primary active metabolite of benserazide.
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