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Purpose. To characterize the magnitude, time course, and specificity of phenobarbital (PB)-mediated
enzyme induction, and further, to develop an integrated pharmacokinetic (PK)-enzyme model de-
scribing the changes in the activities of CYP enzymes as well as in the PK of PB.

Methods. PB plasma concentrations and in vitro activities of several CYP enzymes were measured in rats
treated with PB between 0 and 14 days. A PB PK-enzyme induction model was developed using the
program NONMEM.

Results. PB treatment both induces and reduces the activity of CYP enzymes by stimulating the
enzymes’ formation or elimination rates. Certain CYP enzymes affected the PB PK through auto-
induction. The half-life of the induction process was estimated to be 2 days for CYP1A2, CYP3A1/2, and
CYP2B1/2, and 3 days for androstenedione producing enzymes. The CYP2C11 activity was rapidly
reduced by PB treatment. A lag time for the PB autoinduction was observed. This lag time is explained
by the rate difference between induction and reduction in CYP activities.

Conclusion. To our knowledge, this is the first example of an induction model that simultaneously
describes plasma PK and in vitro data. It does so by integrating the bidirectional interaction between

drug and enzymes in a mechanistic manner.
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INTRODUCTION

The time course of enzyme induction is determined by
the turnover rate of the induced enzyme. The enzyme
concentration [E] can be calculated at any time during the
induction process by the following equation (1):

[E} = [Einduccd] - ([Einduccd] - [Euninduccd]) . e—k(,m-t7 (1)

where [Eingucea] 18 the concentration of the enzyme when
fully induced, [Euninguced] 1S the baseline concentration of the
enzyme, ¢ is the time that elapsed since the start of the
induction, and k,,, is the first-order turnover rate constant of
the enzyme. The turnover rate constant equals /n (2) divided
by the half-life of the enzyme.

The time course of enzyme induction has been modeled
in several studies (1-10). However, there are several aspects
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that should be considered in enzyme induction modeling,
such as i) the part of the turnover model that should be
affected by the inducing agent, ii) the shape of the inducing
agent—induction magnitude relation, iii) how to handle the
presence of a lag time, and iv) what data to use for
measurement of enzyme induction. Following is a short
review of these aspects.

i) The traditional view of the mechanism of enzyme
induction is through de novo protein synthesis (1-3);
therefore, most induction models act through stimulation of
enzyme production (4-6). However, an increased enzyme
concentration can also be the result of decrease in enzyme
elimination through protein stabilization, which was the case
in the ifosfamide model by Kerbusch et al. (7).

ii) The magnitude of the enzyme induction is most likely
dependent on the concentration of the inducing compound,
according to either a linear relation, as in the cyclophospha-
mide autoinduction model (5), or a nonlinear relation, as in
the ifosfamide autoinduction model (7). There are also
examples of step models where full induction occurs in the
presence of the inducer and no induction in absence of it, as
in the phenytoin autoinduction model (8).

iii) The presence of a lag time for the initiation of the
induction has been observed in several studies. A suggested
mechanism for the lag time is the chain of events required for
protein synthesis. Therefore, a transduction model might be a
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suitable mechanistic way to model this, which was done in
the artemisinin autoinduction model by Gordi et al. (9).
However, more empirical models, such as a step function,
where no induction occurs until a cutoff time point, have
been used in the studies by Boddy et al. (4) and Frame and
Beal (8).

iv) There can be several sources of data in the develop-
ment of induction models. The most common data to use are
plasma concentrations of a drug affected by the induction.
Either the affected drug is the same as the drug causing the
induction, i.e., autoinduction, or the inducer affects a
separate drug, as in the phenobarbitone—nortriptyline model
(6), where the changes in the elimination rate of nortripty-
line over time were used as a measurement of enzyme
induction. Sometimes metabolite data can be used to de-
scribe enzyme induction, as in the model presented by
Hassan et al. (5), where metabolite data of the induced
metabolic pathway were available. Alternative sources of
data can be generated from an in vitro experiment, where
the enzyme concentration is measured using real-time
PCR or incubations with functional markers. An example
of such an investigation was performed by Bomhard et al.
(10), where the time course in the activities of several cy-
tochrome P450 (CYP) enzymes were measured following
dichlorobenzene treatment.

The aims of this study were to characterize the mag-
nitude, time course, and specificity of phenobarbital (PB)-
mediated enzyme induction and to develop an integrated
pharmacokinetic-enzyme model describing the changes in
the CYP enzymes’ activities as well as the changes in the
pharmacokinetics of PB over time. To accomplish this, we
combined in vitro enzyme activity measurements with PB
plasma concentrations from rats treated with the auto-
inducer PB for up to 14 days, thereby allowing a more
mechanistic and explanatory model to be developed. Fur-
thermore, consideration was made of the aspects (i)—(iii)
described herein.

MATERIALS AND METHODS

Phenobarbital (Fenemal Recip® 200 mg/mL) for intra-
venous injections was purchased from the hospital pharmacy
(Apoteket AB, Uppsala, Sweden). PB for standard prepara-
tions was purchased from Apoteket Production and Labora-
tory (Apoteket AB, Stockholm, Sweden). Methanol was
purchased from JT Baker (Deventer, Holland) and was of
gradient grade. Etoxyresorufin (EROD), resorufin, NADPH,
sucrose, TRIS, EDTA, dithiothreitol and bovine serum
albumin were purchased from Sigma Chemicals (St. Louis,
MO, USA). Potassium pyrophosphate, glycerol, copper
sulfate, sodium carbonate, sodium hydroxide pellets, and
hydrochloric acid were supplied by Merck (Darmstadt,
Germany). Water purification was done with a Milli-Q
Academic system (Millipore, Bedford, MA, USA). 20-, 6a-,
7a-, 16a-, 16B-Hydroxytestosterone (OHT), androstenedione,
and testosterone were purchased from Steraloids Inc
(Newport, RI, USA). 2B-OHT was purchased from Ultrafine
Chemicals (Manchester, UK). All incubations with liver
microsomes were performed in 0.1 M TRIS buffer (pH 7.4)
containing 20% glycerol and 0.1 mM dithiothreitol.
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Animal Treatment and Dosage of Inducer

Forty-four male Sprague—Dawley rats (Charles River,
Uppsala, Sweden) weighing 250-300 g were used. The
animals were acclimatized for at least 7 days prior to the
experiment. They were maintained at 22°C in a humidity-
controlled room with a 12-h light/dark cycle and free access
to food and water. The animals were treated according to the
“Principles of Laboratory Animal Care,” and the Animal
Ethics Committee at the court in Tierp, Sweden, approved
the protocol (C195/1) before the study was initiated.

Forty of the rats were randomized into five groups of
eight animals per group. The animals received intraperitone-
al (i.p.) injections of PB (80 mg/kg body weight) once daily
for 1,2, 4,9, and 14 consecutive days. Four rats were used as
controls and received i.p. injections of saline. A 100-pL
plasma sample was withdrawn from each animal daily. After
the last dose of PB, ten plasma samples were withdrawn
within the next 24 h. The rats were decapitated 24 h after
their last injection of PB. The livers were harvested im-
mediately after decapitation from four rats in each treatment
group and from the four control animals. The livers were
stored in TRIS buffer at —80°C until microsomes were ex-
tracted from the livers.

Preparation of Microsomes

Microsomes were extracted from 24 livers individually
using different centrifugation steps according to the pro-
cedure described by Meijer et al. (11). The protein content
in the microsome solution was determined in triplicates with
the method developed by Lowry et al. (12) using bovine
serum albumin as the standard. The microsomes were stored
at —80°C until the measurements were to be conducted,
whereupon they were incubated.

Microsome Incubations

The isolated microsomes were thawed on ice. Incuba-
tions were carried out at 37°C in a 60-rpm shaking water
bath (Haake SWB 20, Fisons, Karlsruhe, Germany). The
microsomes were added to a final protein concentration of
0.1 mg/mL in TRIS buffer containing 1 mg/mL. NADPH.
The incubation solution was preincubated for 3 min before
the substrate was added. EROD and testosterone were
added to final concentrations of 4 and 100 pM, respective-
ly. The substrates were added in separate incubation vials.
Incubations were also performed with the formed metab-
olites of EROD and testosterone with microsomes at the
following concentrations (in pM): resorufin 0.1, 20-OHT 1,
2B-OHT 0.4, 6a-OHT 0.85, 70-OHT 0.5, 16a-OHT 0.26,
16B-OHT 0.4, and androstenedione 0.38. Incubations were
conducted with the metabolites formed to enable calcula-
tion of the metabolic rate of these metabolites. These in-
cubations were carried out in two separate incubation vials,
with resorufin in one vial and all testosterone metabolites
in another vial. Samples were taken from the incubation
vials after 0, 10, 20, 30, and 40 min. The reactions were
terminated by adding 100 pL of the sample to 200 pL
methanol for the EROD and resorufin incubations and
through a 1-min heat shock in water at 100°C for the
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incubations with testosterone and its metabolites. After the
reaction was terminated, the samples were centrifuged for
5 min at 7200 x g using a Force7 bench centrifuge (Denver
Instrument Company) and the supernatant was transferred
to Eppendorf tubes and stored at —20°C pending analysis.

Chemical Analysis

All of the analyses were conducted using high-pressure
liquid chromatography (HPLC) systems consisting of a
Triathlon refrigerated autosampler (Spark, Emmen, Holland)
and LC-10AD pumps (Shimadzu, Kyoto, Japan). Quantifi-
cation of PB plasma concentrations were done using a
modified version of a previously reported method (13), here
described briefly. An ultraviolet detector (Shimadzu SPD-
10A) at wavelength 240 nm and a 10 x 4.6 mm, 5-um particle
size, Chromosphere C18 column (Thermo Hypersil, Runcorn,
UK) was used to detect PB. The mobile phase consisted of
30% methanol in water. At a flow rate of 1.0 mL/min, PB
was eluted after 11 min. PB was quantified using the peak
area in standard curves obtained with blank rat plasma
spiked to concentrations between 10 and 400 pM. All plas-
ma samples were mixed with an equal volume of trichloro-
acetic acid; the mixture was centrifuged and 30 pL of the
supernatant was injected into the HPLC system.

The resorufin was quantified using a method modified
from Leclercq et al. (14), using a fluorescence detector (Jasco
FP-920, Japan) and a 10 x 4.6 mm, 5-um particle size C4
column (Thermo Hypersil). The mobile phase used in the
resorufin analysis consisted of 58% 25 mM phosphate buffer
(pH 7.0) and 42% methanol. The flow rate was 0.8 mL/min
and the excitation and emission wavelengths were set at 530
and 580 nm, respectively. Resorufin was eluted from the
column after 4.7 min and quantified using the area under the
peaks in standard curves obtained for a series of concentrations
of resorufin between 100 and 1500 nM. EROD has no emission
at this wavelength and, therefore, was not quantified.

Testosterone and its metabolites were analyzed using an
SPD-10A ultraviolet detector (Shimadzu) at wavelength 240
nm. However, a Quattro Ultima mass spectrometer (Micro-
mass, Manchester, UK), was used as the detector for very low
concentration samples. This analytical method is described in
detail in a previous paper (15).

Data Analysis

The formation rates of the functional markers and the
model that best describes the pharmacokinetics of PB and
the induction processes were determined through nonlinear
mixed-effect modeling using the first-order conditional
estimation (FOCE) method with interaction in the computer
program NONMEM, version VIB (16). The estimated popula-
tion model parameters were i) the fixed-effect parameters
related to the typical individual and ii) the random-effect
parameters, describing the magnitudes of interindividual
variability in parameters (exponential models) and residual
variability (proportional and/or additive models were
employed) between individual predictions and observations.
The difference in the objective function value produced by
NONMEM was the main tool used to discriminate between two
nested models. A drop in the objective function value of
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> 3.84 between two nested models corresponds to p < 0.05,
which was regarded as statistically significant. In addition,
the model-building process was guided by graphical evalu-
ation using S-Plus v 6.1 (Insightful, Seattle, WA) with the
Xpose library, version 3.1 (17), as well as a judgment of
reasonable parameter estimates and their corresponding
standard errors.

The model development was performed in two steps,
described in detail in the next section. First the formation
rates of the functional markers were estimated, and subse-
quently used as a measurement of enzyme activity in the
integrated model. Then, an integrated model for simulta-
neous description of the time course in enzyme induction and
the pharmacokinetics of PB was created.

Estimation of Formation Rates of Functional Markers

A linear metabolite concentration—time relation (dM/
dr = kS) was not sufficient for estimating the formation rates
of the different metabolites, as it would not take into account
any sequential metabolism. Therefore, the formation rates
were estimated as follows: First, the metabolic rates with
which the metabolites resorufin, 2a-, 2p-, 6a-, 7a-, 160-, and
16B-OHT, and androstenedione were metabolized were
estimated as a first-order process Eq. (2). Then, on the basis
of the incubations with EROD and testosterone, the forma-
tion rates of resorufin, 2a-, 2p-, 6a-, 7a-, 16a-, and 163-OHT,
and androstenedione were estimated using both the appear-
ance of the metabolites Eq. (3) and the previously
estimated metabolic rates (now fixed) of the metabolites
Eq. (4). A decrease in formation rate, not attributable to a
decrease in substrate levels, was observed during the 40-min
incubation period, so a linear loss of enzyme activity over
time was added to the model Eq. (5). The individual
estimated initial formation rates of the functional markers
(where Activity equals 1 at time 0) were used as measure-
ments of enzyme activities in the further modeling process.
Thereby, four data points (one per animal) were generated
for each functional marker at induction days 0, 1, 2, 4, 9,
and 14.

dM,
el S M 2
a knvio M4 (2)
d
d_f = —ksm S X Activity (3)
M
_ddtz = kSMS X ACthIty — kM() M2 (4)
d(Activity)
=k (5)

where M, is the concentration of metabolites during incuba-
tion with the metabolites, S is the concentration of substrate
(EROD and testosterone), and M, is the concentration of
metabolites during substrate incubations.

Modeling of Phenobarbital Pharmacokinetics

The population modeling was developed in steps.
Initially, the pharmacokinetics of PB was modeled after a
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single PB dose, without an autoinduction model. One- and
two-compartment structural models for the pharmacokinet-
ics of PB were evaluated. Thereafter, data following re-
peated PB dosing was modeled, and an autoinduction
model was introduced. Several autoinduction models were
used, all consisting of two components: one for the
pharmacokinetics of PB and one for the enzyme activity.
The former component stimulated the production of
enzymes, and the latter stimulated the elimination of PB.
Three autoinduction models were evaluated, all dependent
on the presence of PB: i) a step model, where one clearance
value is used in the absence of PB and another value is used
in the presence of PB [compare with Eq. (6)], ii) a linear
model where PB clearance is linearly increased depending
on the PB concentration in the central compartment [com-
pare with Eq. (7)], and iii) a nonlinear model where PB
clearance is nonlinearly dependent on the PB concentration
in the central compartment [compare with Eq. (8)]. Both
proportional [where CL = CLpgse(1 + CLipgucea)] and addi-
tive forms (where CL = CLguse + CLnqucea) Were evaluated.
Moreover, a lag time for the autoinduction to be initiated was
observed. A step model (where the induction started at a
time point later than the first dose of PB) as well as a
transduction model (9,18), using two transition compartments
causing a delay chain, were evaluated to describe the lag time.

When the model of the pharmacokinetics of PB and its
autoinduction had been established, the influence of PB
exposure on the activities of the different CYP enzymes was
examined. The changes in the activities of the enzymes were
modeled with turnover models. The effect of PB exposure on
the production rate (R;,) and the turnover rates (koy) of the
enzymes was evaluated, comparing three PB-dependent
models: a step model Eq. (6), a linear model Eq. (7), and
nonlinear models Egs. (8) and (9). In addition, the presence
of a lag time for the induction was assessed:

Ry, = Rin‘Base (1 + OO/IRin,induced)7 (6)

Rin - Rin.Basc (1 + 0Cp7 PB): (7)

Indmaxc PB )

Rin = Rin, 1+— )
in m,Base< Km,Ind + Cp,PB

; ©)

Indp. Cp.
kout = koul,Base <1 + aipl)B)

K nda + Cpp

where Ry, is the total formation rate, Ri, pase i the uninduced
formation rate, Koy pase 1S the uninduced turnover constant,
0o is 0 in the absence of PB and 1 in the presence of PB, 0 is
a slope factor for the induction, Indys,y is maximal induction,
Cp.pp is the concentration of PB in plasma, Ky, 1nq is the PB
concentration causing 50% of maximal induction, and ko is
each enzyme’s turnover constant.

As a final step, an integrated model, including the phar-
macokinetics of PB, its effect on the activities of the CYP
enzymes, and the influence of the CYP enzymes on the
elimination of PB, was estimated simultaneously. Thereby, the
autoinduction of PB was estimated via the PB-dependent
changes in the activities of the enzymes. The CYP enzymes
were included one by one to find which enzymes best
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described the autoinduction of PB elimination.
RESULTS
Estimation of Formation Rates and Metabolic Rates

Models using a constant value for the formation rate of
the metabolites (dM/dt = k-S) resulted in poor fits of the
model predictions to the data as well as a negative trend in
the individual residuals vs. incubation time plot (Fig. 1A). By
introducing sequential metabolism of the metabolites a
significantly improved fit was obtained (Fig. 1B). Moreover,
a linear decline in enzyme activity during the 40-min incu-
bation period was added to the model and resulted in
symmetrically distributed individual residuals vs. incubation
time plots (Fig. 1C). Logarithmic and exponential losses of
enzyme activity during the incubation period were also
evaluated, but these models did not improve the fit of the
model to the observed data. The final model, using the
data for further metabolism and a linear decline in
enzyme activity, resulted in concentration-time curves that
fitted well with the observed data (Fig. 3C and D).

All the formed metabolites were further metabolized
(data not presented) apart from resorufin and 7a-OHT
for which metabolism could not be detected. Further me-
tabolism of 20-, 16a-OHT and androstenedione increased
due to PB exposure, resulting in a 2- to 3-fold induction in
the metabolic rate from day 0 to day 14. 2f-, 6a-, 168-OHT
had comparable metabolic rates throughout the study period.
The estimation of the metabolic rate of 16a-OHT was
uncertain, probably due to fast metabolism of this compound.
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Fig. 2. Schematic diagram of the final model. Solid arrows indicate
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Enzyme Kinetics

The final model consisted of one central PB compartment
and eight enzyme-activity compartments (Fig. 2). The model
described the observed data well (Figs. 3 and 4). The amount
of PB in the central compartment influenced the enzyme
activity through a nonlinear relation Egs. (8) and (9) for all
enzymes except 7a-OHT, where a step function was used
instead Eq. (6). The same K, ,q value of the induction
process was used for all enzymes and was estimated to be
13.5 pmol. The maximal change in formation rate of each
functional marker is presented in Table I.

PB treatment was found to induce the formation rates
of several functional markers, but it also reduced the
formation rates of 2a- and 160-OHT (Fig. 4). The induction
of the formation rates of resorufin and 2B-, 6a-, and 16f3-
OHT followed a monoexponential time course with no
significant lag time for the induction to start, Fig. 4. PB
exposure increased the production rate (Rin) of all of these
induced enzymes according to Eq. (8). The turnover rate
kout was estimated to be 0.355 days™ ', corresponding to a

half-life of 2 days, for these functional markers. The induc-
tion of the formation rates of androstenedione also followed
a monoexponential trend, but with a kout of 0.235 days™',
corresponding to a half-life of 3 days. The induction of
the 7a-OHT-forming enzyme was linearly increased over
time.

The 20-OHT formation rate was reduced following PB
treatment. This decrease in activity was modeled as an
increase turnover rate (kou) of the 20-OHT-producing
enzyme Eq. (9). 160-OHT is formed by the enzymes forming
16B-OHT and 2a-OHT; thus, the changes in the 16a-OHT
formation rate were modeled as a combination of the for-
mation rates of 168- and 2a-OHT.

PB Pharmacokinetics and Autoinduction

A one-compartment model was sufficient to describe
the PK of PB. The PK parameters of PB are presented in
Table 1. The PB clearance and volume of distribution was
estimated to be 17.4 L/h and 0.24 L, respectively, resulting
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Fig. 4. Model-predicted time course and magnitude of the formation rate of the functional markers, and observed average + SD enzyme
activity of each functional marker at each time point.

in a half-life for the compound of about 10 h in the unin-
duced state. The time course and magnitude of the auto-
induction of PB were best described using the combined
changes in the activities of the 2a-OHT- and androstenedione-

producing enzymes (see the Appendix for the differential
equations). Figure 6 shows the estimated changes in PB
clearance over time in a typical individual. The model could
well describe the observed PB data (Figs. 3A, B, and 5).
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Table I. Typical Values [Relative Standard Errors (RSE %)] of Phar-
macokinetic (PK) Parameters for Phenobarbital (PB), the Induction
in the Formation Rates of the Functional Markers, and the Inter-
individual Variability (IIV) (RSE %) of the Parameters

Estimate IV %
Parameter (RSE %) (RSE %)

PK parameters
Volume (L) 0.240 (1.7) 11 (43)
Clearance (mL/h) 17.4 (3.8) 17 (23)
ko (h™h) 5.54 (22) 90 (33)
Ko 1ng (Lmol) 13.5 (68)
kow 24071H 0.355 (14)
kou androstenedione (24 h™1) 0.235 (14)
Indpay 20-OHT? 4.05 (24)
Indpay 26-OHT? 3.60 (25) 28 (41)°
Ind,,.y 60-OHT? 3.54 (25) ¢
Induction slope 7a-OHT 0.105 (6.4)
Indax 168-OHT? 152 (21) ¢
Ind,,.x androstenedione” 2.26 (26) ¢
Ind,,, resorufin® 1.63 (35) ¢
Residual error
PB (%) 520 (12) 0.12
PB (uM) 10.1 (9.7) 0.097
2a-OHT? (SD) 9.16 (19) 0.19
2B-OHT? (SD) 0.852 (12) 0.12
60-OHT (SD) 0.764 (18) 0.18
70-OHT? (SD) 3.46 (17) 0.17
16B-OHT (%) 6.72 (37) 0.37
Androstenedione? (SD) 7.90 (11) 0.11
Resorufin® (SD) 1.04 (19) 0.19

“Indyax value in Eq. (9). A value of 0 indicates no induction.
b Indpmay value in Eq. (8). A value of 0 indicates no induction.
“The same IIV of 28% was used for all Ind,,,x values.
4Values are in micromoles per hour per milligram protein.
¢Values are in picomoles per hour per milligram protein.

DISCUSSION

Formation Rate of Functional Markers

The functional markers used here are considered to be
associated with the following CYP enzymes: CYP1A2 for
resorufin (19), CYP3A1/2 for 2p-OHT (20,21), partly CYP2A
for 6a-OHT (22,23), and CYP2B1/2 for 168-OHT (20,24).
According to the turnover concept, the time it takes to reach
half of the maximal enzyme induction is equivalent to each of
the enzymes’ half-lives, which here was estimated to be 47
h for the CYP1A2, CYP3A, and CYP2B enzymes. This half-
life is in good agreement with previously reported half-lives
for these CYP enzymes (25).

Androstenedione is a quite unspecific functional marker
proposed to be associated with CYP2B1/2 and CYP2C11
activity (23,26). The induction in the formation rate of
androstenedione was significantly slower than for the other
compounds, with an estimated half-life of 72 h. One
explanation for the long apparent half-life could be that
more than one enzyme is involved in this metabolism.
However, the involvement of multiple enzymes with dif-
ferent half-lives would result in a multiple exponential curve
for the androstenedione induction, which was not observed
in this study.
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The change in the formation rate of 7a-OHT is thought to
be caused by changes in the activity of CYP2A1 (22,27,28).
The formation rate of 6a-OHT is also considered to at least
partly be a measurement of this enzyme’s activity. However,
the formation rate of 6a-OHT follows the same monoexpo-
nential induction as thed other functional markers, whereas
that of 7a-OHT does not. We do not fully understand the
reason for this difference, but it could be the result of poor
substrate specificity. The linear increase in the formation rate
of 7a-OHT could be caused by the long half-life for this
enzyme, where only the onset of the monoexponential curve
has been studied here.

The decrease in the formation rates of 2a- and 16a-OHT
was very rapid. The decrease in the formation rate of 2a-
OHT is thought to be caused by a decrease in the activity of
CYP2C11, whereas 160-OHT is formed both by CYP2CI11
and by CYP2B1/2 (20,23). There was no PB present in the
incubation vials, and competitive binding can therefore not
explain the decrease in CYP2CI11 activity. It has been
proposed that the decrease in CYP2C11 expression might
be caused by reduced production of the enzyme due to
decrease in the amplitude of growth hormone pulses caused
by PB treatment (29), but the exact mechanism is not known.
If PB only affects the production of this enzyme, the half-life
of CYP2C11 must be less than 12 h to fit the rapid decline in
the enzyme activity. We find it unlikely that the half-life of
this enzyme is four times shorter than any other enzyme here
investigated. The inhibition of CYP2C11 was therefore
modeled as an increased elimination of the enzyme (ko).
An increased kout results in both a decrease in enzyme
concentration and a more rapid change in the enzyme activity
and fitted well with the observed data.

The amount of PB in the central compartment affected
the enzyme activity through a nonlinear relation Egs. (8) and
(9) for all enzymes except 7a-OHT. The same K, nq value
was used for all induction processes, which is a reasonable
modeling assumption, as enzyme induction is the result of PB
binding the same nuclear receptor. It is therefore logical that
they have the same K, 1,q value, which would correspond to
the affinity of PB to the nuclear receptor. The Ky, 1nq value
in this single-dose-level study was quite uncertain with a
relative standard error of 68%. The certainty of the K, 1nq
value for the induction could probably be increased with an
increased number of dose levels.

Pharmacokinetics of Phenobarbital
and the Autoinduction Process

The autoinduction in the pharmacokinetics of PB was
initially modeled using an empirical model where the half-life
of the autoinduction process was estimated to be 74 h, with a
42 h delay for the autoinduction of PB to be initiated. We
assumed that the delayed onset of the autoinduction was the
result of the many steps necessary in the synthesis of new
proteins and, therefore, we expected to see similar lag times
for the onset of the induction in the in vitro experiments.
However, no significant lag time could be observed for the
induction of any of the functional markers (Fig. 4). We then
found that PB treatment both induced and reduced the
activity of different CYP enzymes and that the time course of
the enzyme induction was much slower than the reduction.
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The combined changes in the formation rate of 2a-OHT and
androstenedione could well mimic both the time course of
the autoinduction and its delayed onset. The apparent lag
time for the onset of the PB autoinduction could be
explained by the fast reduction in formation rate of 2a-
OHT and the slower androstenedione induction. Figure 6
shows the time course of the autoinduction in a typical
individual. Clearly, a fast inhibition of CYP2C11 in com-
bination with a slower induction can cause the apparent
lag time for the onset of the induction. As support for the
mechanistic model, where in vitro incubations explained the
PB autoinduction, the objective function values were com-
parable between the empirical and the mechanistic models,
although the number of parameters was reduced in the
mechanistic model. In addition, the mechanistic model
was much more stable and faster to run than the empirical
model.

The metabolic pattern of PB is not fully understood in
humans and even less characterized in the rat. In humans,
PB is metabolized by CYP2C9, CYP2C19, and CYP2E]; it
undergoes N-glucosylation and is renally excreted (30-33).
We do not claim that PB only is metabolized by the enzymes
forming 2a-OHT and androstenedione. However, the changes
in the formation rates of these functional markers could
well describe the time course of the PB autoinduction pro-
cess and could give a mechanistic explanation to the ob-
served lag time for the onset of the PB autoinduction. We
thereby show that in vitro generated data can contribute
valuable information in the development of induction mod-
els. Together with a better understanding of which enzymes
are involved in a drug’s metabolism and with more specific
enzyme-activity measurements, the methods used in this
study could result in even better models.

Modeling of the Formation Rates of the Functional Markers

In this study, the formation rates of the functional mark-
ers were estimated, rather than calculated by the amount of
metabolite formed during a certain period. The reason for
this was that we wanted to take into account the metabolic
rate of the metabolites formed. It is well known that PB not
only induces phase I metabolism through CYP enzymes, but
it can also induce phase II metabolism (34,35). It was, there-
fore, necessary to follow the PB-mediated changes in the
further metabolism of the metabolites formed. The inclusion
of data of further metabolism significantly improved the
model, showing that these data contain important informa-
tion. However, the sequential metabolism of the metabolites
formed could not fully explain the bent concentration—time
curve. By estimating a linear decrease in enzyme activity over
time, well-fitted concentration—time curves could be obtained
and the enzyme activity could be calculated. An explanation
to the loss in activity could be that the formed metabolites
reduce the enzyme activity at later time points. This ex-
planation is supported by the fact that the decline in
formation rate differed for the compounds used. By estimat-
ing the linear decline in enzyme activity, all data points
collected during the 40-min incubations could be used. An
alternative approach would have been to only use the con-
centrations of the metabolites formed during the first 10 to 20
min, where the formation of the metabolites was almost
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linear. However, this would probably have resulted in less
reliable formation rate estimates for the functional markers.

In summary, we have in this study followed the
pharmacokinetics of PB, its autoinduction process, and the
time course of PB-mediated changes in several CYP enzyme
activities by use of rat liver microsomes and functional
markers. Both the rates with which CYP functional markers
were formed and further metabolized were modeled using
NONMEM. In addition, a mechanistic model describing the PB
autoinduction process as well as the PB-dependent changes
in the formation rate of the functional makers was developed
in NONMEM. The final model describes the pharmacokinetics
of PB in the rat during repeated i.p. PB dosing, as well as
the time course of the changes of several CYP functional
markers. Moreover, the changes in the formation rate of 20-
OHT and androstenedione explains the magnitude and the
time course, including the lag time of the PB autoinduction.
To our knowledge, this is the first example of a model that
simultaneously describes plasma PK and formation rates of
functional markers. It does so by integrating the bidirec-
tional interaction between drug and enzymes in a mecha-
nistic manner.
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$PK

;i:1::PB KINETICS

v = THETA (1) *EXP(ETA(1)

TVCL = THETA (2) *EXP (ETA(2))

TVKA = THETA (3) *EXP (ETA (4))

;i::::INDUCTION RESORUFIN

T12RES =THETA (4) ;Half life of the Resorufin producing enzyme

KRES =0.6931/T12RES

RINRES = THETA(9) ;Uninduced formation rate of Resorufin producing enzyme
INDRES = THETA(10) *EXP (ETA(3)) ;Inducability of Resorufin producing enzyme

A_0(3) = RINRES/KRES ;jA_0(3) is uninduced formation rate of Resorufin (observed

in in vitro experiment)

T122A =THETA (4) ;Half 1life of the 20 OHT producing enzyme

K2A =0.6931/T122A

RIN2A = THETA(13) ;Uninhibited formation rate of 2o OHT producing enzyme
IND2A = THETA (14) ;Inhibition of 20 OHT producing enzyme

A 0(4) = RIN2A/K2A ;A_0(4) is uninhibited formation rate of 2A OHT (observed

in in vitro experiment)
;ii::;INDUCTION 28, , 16B-OHT and androstenedione was done as for resorufin induction

;jiiiii INDUCTION 70-OHT

A 0(7) = THETA(15) ;A _0(7) is uninduced formation rate or 7o OHT (observed in
in vitro experiment)
FORM7A = THETA(16) ;Linear increase in 70 OHT producing enzyme over time

C2C16A = THETA (20) jamount of substrate that forms 160 OHT compared to 2A OHT
C2B16A =THETA (33) ;amount of substrate that forms 16o OHT compared to 16B OHT
A 0(8) =C2Cl6A*RIN2A/K2A ;Assumes 0 activity of 16B OHT producing enzyme at time 0
KMIND = THETA (24) ;Amount of PB causing 50% of maximal induction

FE1 = THETA(25)/(THETA(25)+1) ;Fraction of PB CL following time course of 2o OHT

FE2= 1/ (THETA (25) +1) ;Fraction of PB CL following time course of and. induction

;iiiii DIFFERENTIAL EQ

$DES

El = FE1*A(4)/A04 ;A(4) /A04 = 200 OHT producing enzyme activity compared to
uninhibited state.

E2 = FE2*A(10) /A010 ;A(10) /A010 = Androstenedione producing enzyme activity

compared to uninduced state.

PBACT = E1+E2 ;PB CL changes with activity of 2o OHT and andr. producing
enzyme

CL = TVCL*PBACT ; PB Clearance

K = CL/V

DADT (1) = -KA*A (1) ;PB Dosing compartment
DADT (2) = -K*A(2)+KA*A (1) ;PB Central compartment
DADT (3) = RINRES* (1+ (INDRES*A(2)) /(KMIND+A( ))) -KRES*A(3) ;Resorufin act. compartment
DADT (4) = RIN2A -K2A*A(4)* (1+ (IND2A*A(2))/ (KMIND+A(2))) ;200-OHT act. compartment
DADT (5) = RIN2B* (1+ (IND2B*A(2))/( KMIND+A(2))) -K2B*A(5) ;2B-OHT act. compartment
DADT (6) = RING6A* (1+ (IND6A*A(2))/(KMIND+A(2))) -K6A*A(6) ;60-OHT act. compartment
DADT (7) = FORM7A ;70-OHT act. compartment
DADT (8) = C2CLl6A*RIN2A+C2B16A*RIN16B* (1+ (IND16B*A(2))/ (KMIND+A(2))) -

K2A*A (4) * (1+ (IND2A*A(2)) / (KMIND+A (2))) -K16B*A(9) ;160-OHT act. compartment
DADT (9) = RIN16B* (1+(IND16B*A(2))/ (KMIND+A(2)))-K16B*A(9) ;16B-OHT act. compartment
DADT (10) = RINAND* (1+ (INDAND*A(2))/(KMIND+A(2))) -KAND*A(10) ;Androstenedione act. comp.

Appendix



