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Purpose. The aim of this study was to explore the possibility of achieving a practical dosing regimen for
2,4,6-triiodophenol (AM-24), a new leukotriene B, (LTB,) synthesis inhibitor. First, a model capable of
dealing with the nonlinearity in its pharmacokinetic profile was built, and then it was combined with a
pharmacodynamic model previously established with data from earlier phase I trials.

Methods. One week after the first 240-, 350-, or 500-mg oral dose of AM-24, six additional doses were
given to 24 healthy volunteers once daily. A total of 33 blood samples were obtained from each
individual. Different models, including enzyme turnover models, were fitted to the data by using the
software NONMEM.

Results. Drug absorption was modeled with a first-order process. Drug disposition was described with a
one-compartment model, and elimination with an (auto)inhibited and a noninhibited clearance. AM-24
inhibited the enzyme production rate to a maximum of 98%. Relative bioavailability was independent of
the decrease in the amount of enzyme. The estimate of the enzyme turnover half-life was 8.5 h.
Conclusions. Simulations have shown that steady-state conditions eliciting 90% of maximal LTB4
synthesis inhibition can be reached after 3 weeks during an oral treatment with AM-24 administered at

the dosage of 500 mg once daily.

KEY WORDS: metabolism autoinhibition; NONMEM; population pharmacokinetics.

INTRODUCTION

Many factors can lead to a discontinuation in the
development of a new drug. Whereas approximately 50%
of the failures are caused by lack of efficacy, adverse effects,
or animal toxicity, almost 40% of failures are caused by poor
pharmacokinetic characteristics (1). Slow absorption rate,
low bioavailability, poor tissue penetration, nonlinear behav-
ior, presence of toxic metabolites, or high variability are
examples of limited pharmacokinetic properties (2), and to
find out if they can be overcome with the currently available
tools is a challenge. In addition to pharmaceutical technolo-
gy, which is used routinely to improve absorption and
distribution properties (3,4), data modeling helps in the case
of nonlinear kinetics to identify the cause(s) of nonlinear
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kinetics by discriminating between competing hypotheses,
the onset and offset, and the clinical impact of the nonline-
arity (5,6).

2,4,6-Triiodophenol (AM-24) is a potent leukotriene By
(LTB,) synthesis inhibitor that is currently under clinical de-
velopment. The exact mechanism of action of AM-24 is not
completely understood, but it is known that the inhibition of
the enzyme 5-lipooxygenase is involved (data on file from
Industrial Farmacéutica Catabria, S.A., Spain). Results
obtained from the first phase I clinical trial, in which a single
dose was administered orally to healthy volunteers, showed
that AM-24 had good safety and tolerability profiles (studied
doses: 6, 30, 60, 120, 240, 350, 500, 700, and 1200 mg). AM-24
showed linear pharmacokinetics in the dose range 6 to 700
mg. A nondose proportional increase in the area under the
drug plasma concentration vs. time curve (AUC) was found
for the 900- and 1200-mg doses, a finding that suggests sat-
urable enzymatic kinetics. Drug absorption and disposition
could be described with a first-order rate of absorption model
and a one-compartment disposition model, respectively. A
direct and nonlinear (Eypax type) relationship between plasma
concentrations and LTB,; synthesis inhibition with an ICs,
value (the level of drug in plasma eliciting half of maximal
LTB, synthesis inhibition) of 16.6 pg/mL was also found (data
on file from Industrial Farmacéutica Catabria, S.A., Spain).
Hysteresis was not present in the plot of the percentage of LTB,
reduction vs. drug concentrations in plasma. Similar results
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Table I. Individual Demographic Characteristics

Mean Range
Age (years) 26.12 20-32
Weight (kg) 74.30 54.1-92.0
Height (cm) 178.08 157-194
Body mass index (kg/m?) 23.83 20-26

¢ Computed as the ratio between body weight and (height)?.

were found for another LTB, synthesis inhibitor (7), where the
drug was administered and the LTB, response was measured
during 9.5 days; desensitization or tolerance were not observed.

In a second phase I study, in which AM-24 was given in a
multiple-dosing regimen, the drug showed an unexpected
increase in the AUC (data on file from Industrial Farmacéutica
Catabria, S.A., Spain), a phenomenon that might compromise
the drug development process. The main objective of the
current study was, therefore, to explore the possibility of
achieving a practical dosing regimen for AM-24 by means of
computer simulations. To achieve this goal, a model describing
the data from the multiple-dosing study is first required. This
model should then be combined with the pharmacodynamic
model already established from the first phase I study data to
confirm that the target concentration can be reached.

METHODS
Subjects

Thirty-two volunteers participated in this study. All
participants gave their written informed consent after being
given a full explanation of the trial protocol prior to their
enrolment. Approval was obtained from the ethics commit-
tee of the Hospital de la Santa Creu i Sant Pau and the
Spanish Drug Regulatory Agency. The study was conducted
in accordance with the Declaration of Helsinki and Tokyo as
well as with Good Clinical Practice. Healthy male volunteers
aged between 18 and 45 years and with a body mass index
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within the normal range [19-26, calculated as the ratio
between body weight and (height)?] were admitted to the
study. Table I lists the subjects’ characteristics.

Volunteers were not eligible for the study if medical
examination or laboratory tests were not included in the
range of values established by the hospital as normal clin-
ical values, or in cases of known gastrointestinal, hepatic,
renal, respiratory, cardiovascular, metabolic, immunological,
hormonal, central nervous system, or psychiatric disorders.
Volunteers with chronic or relevant acute infections and
history of allergy/hypersensitivity to drugs including NSAI-
DS, who smoked more than 10 cigarettes per day, consumed
more than 45 g of alcohol per day, or were drug dependent
were excluded. Intake of any other drug in the 2 weeks prior
to the study was not allowed. Lastly, volunteers who had
undergone surgery in the last 6 months or those who had
participated in another study with an investigation drug with-
in the 2 months preceding the study were also excluded.

Study Design

This was a randomized, double-blind, placebo-controlled,
parallel single- and multiple-dose phase I study. The goal was
to evaluate the pharmacokinetics and tolerability of three
different oral doses of AM-24. After a 1-day screening phase
performed within the 4 weeks prior to the study, the volun-
teers were randomized into four groups of eight subjects each,
and received 240, 350, or 500 mg of AM-24 or placebo orally
with 125 mL of water after a 10-h fast. Each volunteer received
seven doses: A single dose was given on day 1, then AM-24
or placebo was administered once daily from day 8 to day
13. Fig. 1 shows the dosing and sampling schemes used in
the current study. Volunteers arrived at the Pharmacology
Research Unit at 7 a.m. on days 1 and 13 and remained
there for 24 h. The participants were served standard meals
for breakfast, lunch, and dinner. From days 2 to 12, volun-
teers arrived at 7 a.m. and left the clinic after a predose
blood sampling (days 2 to 12) and intake of the next dose
(days 8 to 12).

Time (days)

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19

Dosing f
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2 Times after first and last dose (hours)
0 1 2 3 4 5 6 7 8 9 10 11 12
swpine 4 4 444t t

Fig. 1. Schematic representation of the dosing and blood sampling schemes used in the current
study. , Sampling times corresponding to the days when the first and last doses were
administered (the rest of the samples were taken every 24 h).
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Sample Collection and Analytical Determination

Blood samples (3 mL) were taken from a heparinized
catheter implanted in a forearm vein at the following times:
(i) predose 2, 4, 4.5, 5, 5.5, 6, 12, 24, 48, 72, 96, 120, and 144
h after the single oral administration; (ii) predose at days 8 to
12; and (iii) predose 2, 4, 4.5, 5, 5.5, 6, 12, 24, 48, 72, 96, 120,
and 144 after the last administered dose (day 13). These
samples were collected in heparinized tubes and centrifuged
(1000 x g) at room temperature for 15 min. Plasma was then
stored at —40°C until analysis.

Concentrations of AM-24 in plasma were analyzed by
high-performance liquid chromatography (HPLC) (8). The
chromatographic system consisted of two pumps (model 510,
Waters, Milford, MA, USA), an autosampler (Ultrawisp 715,
Waters), a UV detector (model 486, Waters), and a system
for acquisition and integration of data (Maxima 820 Chro-
matography Data station, Waters). Analytical separation was
performed by a Nova-Pack C;g column (150 x 3.9 mm LD.,
4 um particle size; Tecknocroma, Barcelona, Spain) at room
temperature. The mobile phase, consisting of acetonitrile/
water (62:38 v/v), was filtered through a 0.45-pm membrane
filter (Millipore, Billerica, MA, USA) and degassed by
vacuum filtering. Detection was achieved at 277 nm with a
flow rate of 1 mL/min. A plasma sample (100 pL) was mixed
with a volume of 100 pL of internal standard (2,6-diiodo-4-
methylphenol) dissolved in acetonitrile (10 pg/mL). After
addition of 1 mL of ethyl acetate, the mixture was vortexed
for 3 min and centrifuged at 1000 x g for 10 min. The organic
phase was removed and dried under nitrogen. Residues were
reconstituted in 50 pL. of mobile phase and 10 pL was
injected into the HPLC system. AM-24 and internal standard
showed absolute recoveries of >90%. The method was linear
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up to 200 pg/mL. The limit of quantification was 0.1 pg/mL,
and the intra- and interday coefficients of variation of the
method were <12%.

Data Analysis

All pharmacokinetic data were analyzed simultaneously
under the nonlinear mixed-effects modeling approach using
the first-order conditional estimation method with the
INTERACTION option implemented in the software NON-
MEM, version V (9).

Disposition characteristics of AM-24 in the body were
determined by fitting mono- and multi- (two- or three-)
compartment models to the data. To describe drug input,
models assuming either a first- or zero-order rate of absorp-
tion, or a mixture of the two, were tested. The presence of a lag
time in the absorption process was also investigated.

A preliminary exploratory analysis was done by simu-
lating the mean pharmacokinetic profiles after multiple 240-,
350-, and 500-mg dose regimens based on the pharmacoki-
netic model and the mean of each of the model parameter
estimates obtained from the first phase I study [the mean of
each of the model parameters was calculated from the dose
groups showing linear kinetics (6 to 700 mg)]. In that study
data from each volunteer were analyzed individually without
using the population approach. The mean values of apparent
volume of the central compartment (V'), total plasma clear-
ance (CL), and first-order rate of absorption (K ) used in the
preliminary simulation were 21.4 L, 0.6 L h™', and 0.53 h™ 1,
respectively. Figure 2 shows the results from this simulation.
It is clear that the previously established model behaved
reasonably well after the administration of a single dose;
however, observations were clearly underpredicted during

80 100
I !

C(mg/L)
60
1

Time(h)

Fig. 2. Symbols represent the mean observed concentration vs. time profiles for
each dose group. Lines correspond to the typical model predictions obtained from
the selected model and mean of the model estimates obtained from the data
corresponding to the first phase I clinical trial in which AM-24 was given in a single-

dose regimen.
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the multiple-dose treatment. Two parameters can influence
AUC: bioavailability (F) and CL; in addition, CL affects the
half-life of the drug. Both of them can also be modified by a
change in the intrinsic enzymatic activity (CLjnT), among ot-
her factors.

Considering the well-stirred model for hepatic elim-
ination (10), Egs. (1) and (2) represent the model that has
been used to relate hepatic plasma clearance (CLy) and rel-
ative F with CLint:

. Q X CL]NT ><fu

Cly=———-—7"""*+
H Q+CL]NT ><fu

(1)

Q

F=——— <
Q+CLINT ><fu

)

where QO and f, represent the liver plasma flow and the
unbound fraction in plasma, respectively. During the analysis,
Q was a parameter estimated by the model, and strictly
speaking, CLjnt represents the product between the intrinsic
enzymatic activity and f;, (CLint X fy). Data from in vitro
preclinical studies showed that f,, was low and remained constant
up to AM-24 plasma concentrations of 250 mg/L (data on file
from Industrial Farmacéutica Catabria, S.A., Spain).

The following models were explored to deal with the
drug-induced decrease in CLinr:

Model 1

Michaelis-Menten kinetics (11).

Vmax 3)

CLINT = m

where Vyax is the maximum rate of elimination and Ky, is
the plasma concentration of AM-24 (C) corresponding to
half of VM AX-

Model 11

Competitive metabolite. This model assumes the pro-
duction of a hypothetical metabolite that competes with AM-
24 for the binding to the enzyme responsible for its
elimination:

GCLINT
CLiny = —JCLINT 4
N T (Cve/ICsom) @
dcC
dl;AE = Kme(C — CuvE) (5)

where Ocr vt i the value of CLynt in the absence of AM-24,
Cwme 1s the plasma concentration of the metabolite, ICspn 1s a
parameter scaling the inhibitory effect of Cyg, and Kyg is the
first-order rate that controls the formation of Cyg from C.
This model has been adapted from the previously published
one to account for the development of tolerance to nicotine
effects (12).
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In the following models (Models III to V), CLnt was
modeled as Ocpint X ENZ, where ENZ represents the
amount of enzyme. The time course of ENZ is given by:

dENZ
dr = KENZ — KENZ x ENZ (6)

where dENZ/dt is the rate of change of ENZ and Kgnz
represents the rate of turnover (13). At time ¢ = 0 (i.e., before
administration of AM-24), ENZ = 1. Models III to V deal
with a temporal decrease in ENZ as follows:

Model 111
Reversible inhibition of the formation rate:

dENZ C
— Kenz|1 -1 <
dr ENZ MAX X 0%

— KENZ x ENZ (7)

where Iyiax is the maximum Kgynz inhibition that AM-24 can
produce, and ICs, is the plasma concentration of AM-24
eliciting half of Iy ax inhibition.

Model 1V

Reversible stimulation of the degradation rate:

dENZ

— = Kexz — Kenz % [1 +-SLOPE x C| x ENZ  (8)

where SLOPE is a parameter governing the linear and
positive relationship between Kgnz vs. C.

Model V

Irreversible loss of enzyme amount:

dENZ
dr

= KENZ — KENZ x ENZ — KIRR x Cx ENZ (9)

where Kigrr is a parameter characterizing the irreversible loss
of enzymatic activity induced by AM-24.

Models I-V were also tested with simpler versions of
Egs. (1) and (2) corresponding to a drug exhibiting restrictive
clearance (CLy = CLint X fy and F = 1), and to a drug
exhibiting nonrestrictive clearance (CLy = Q, and F = Q/
CLinT X fy). In addition, models where CL was the sum of
CLy and CL, (additional elimination pathway not being
affected by administration of AM-24) were also tested.

Interindividual variability was modeled exponentially,
and residual variability (reflecting the difference between the
observed and model-predicted concentrations) was modeled
initially with a combined error model; if one of the com-
ponents (additive or proportional) of the residual error was
negligible, it was deleted from the model.

Once a model providing an adequate description of the
data without the incorporation of covariates was selected,
patient characteristics listed in Table I were explored for
significance using the generalized additive model (GAM)
approach implemented in the software Xpose, version 3
(14,15). The covariates initially selected during the GAM
analysis are further tested for significance in NONMEM
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Table II. Results of AIC from Different Models Fitted to the Data

No. of
Description parameters” AIC

Model 0 Linear 3 5614.3
pharmacokinetics

Model I Michaelis-Menten 5 3226.9
kinetics

Model 11 Competitive metabolite 6 3029.3
interaction

Model III Reversible inhibition 7 3002.4
of enzyme formation

Model IV Reversible stimulation 6 3014.9
of enzyme degradation

Model V Irreversible loss of enzyme 6 3014.9

AIC, Akaike information criteria.
#Number corresponding to the fixed-effect parameters; the number
of random-effect parameters was seven in all but model 0 (n = 5).

using the forward inclusion and backward elimination
approach.

Selection between models was based on the precision of
parameter estimates, goodness-of-fit plots, and the minimum
value of objective function, —2 log(likelihood) (—2LL),
provided by NONMEM. A model is declared superior to the
other nested model when —2LL is reduced by 3.84 points (p <
0.05). Because some of the models compared were not
nested, —2LL was not used directly for comparative pur-
poses, and the value of the Akaike information criteria (AIC)
(16), computed as —2LL + 2N, where N,, is the number of
the parameters in the model, was used instead. The model
with the lowest value of AIC, given that precision of model
parameters and data description was adequate, was selected.

Pharmacokinetic model parameters were expressed as
the corresponding estimate with the relative standard error
(RSE). RSE was computed as the ratio between the standard
error provided by NONMEM and the parameter estimate.
The degree of interindividual and residual variability was
expressed as coefficient of variation (%).

The final population pharmacokinetic model was ex-
plored by means of computer simulations. One thousand
individual concentration vs. time profiles were generated for
each dose group, using the fixed and random population
estimates obtained from the final model. The intervals includ-
ing 90% of the simulated concentrations and the profile
corresponding to the median were constructed and plotted
together with the raw data. The agreement between simulations
and observations was judged visually.

Pharmacokinetic/Pharmacodynamic Simulations

Simulations were based on typical model parameter
estimates. Table III lists the model estimates corresponding
to the pharmacokinetic part of the model. In respect to
pharmacodynamics, values of 100% for maximal LTB,
synthesis inhibition and 16.6 pg/mL for ICs, were used. At
baseline, the degree of synthesis inhibition was considered to
be zero. The goal of the simulation exercise was to determine
whether a steady-state plasma concentration of AM-24 can
be reached and whether an appropriate percentage of LTB,
synthesis inhibition can also be achieved shortly after the
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start of a long-term treatment. Different scenarios using
doses of 120, 240, 350, and 500 mg of AM-24, and dosing
intervals of 24 h were explored.

RESULTS

Drug absorption was well described with a first-order
rate of absorption model, and there was no need to
incorporate a lag time into the model (p > 0.05). AM-24
showed one-compartment disposition kinetics. For all the
tested models, the addition of an extra elimination pathway
constant over time, represented by CL,, was significant (p <
0.001). Inclusion of interindividual variability was significant
(p < 0.001) in all the pharmacokinetic parameters, with the
exception of Kgnz and Iyiax. Residual variability in the data
supported the two components of the combined error model.
None of the demographic characteristics listed in Table I
showed significant covariate effects (p > 0.05).

Model for CLy and F

When AM-24 was considered to have a nonrestrictive
clearance, the models did not converge and model estimates
could not be obtained. Under the AIC criteria, the assumption
of a restricted elimination for AM-24 performed worse than
the models using the expressions represented by Eqgs. (1) and
(2). However, in the latter cases, the estimates of interindivid-
ual variability for ¢ exceeded 150-200%. Considering the
homogeneity of the population studied, this result probably
indicates a model misspecification. When the typical relative
bioavailability was computed using Eq. (2), its value was
always >0.8. Therefore, CLy was described as CLinT X f, and
relative F was considered equal to 1, as in the case of a
restricted cleared drug. Data obtained after an intravenous
administration would have been very useful in the current
situation to fully explore the mechanisms of the nonlinear
kinetics.

Table III. Population Pharmacokinetic Model Parameter Estimates
(Model IIT)

Parameter Estimate v
V(L) 16.2 (0.03) 12 (0.48)
Ocunt (LY 1.23 (0.18) 35 (0.37)
CL, (Lh™") 0.103 (0.34) 30 (0.52)
Ka (h7h 0.35 (0.11) 54 (0.31)
Kenz (b7 0.081 (0.14) NE
Ivax 0.98 (0.014) NE
ICso (mg L) 0.56 (0.29) 65 (0.58)
Additive residual error (mg L™1) 0.19 (0.19) NA
Proportional residual error (%) 17 (0.075) NA

Parameters are shown as estimates together with the relative
standard error in parenthesis. Estimates of interindividual variability
(ITV) are expressed as coefficient of variation (%).

V, apparent volume of distribution; 6cpint, plasma clearance
susceptible to inhibition by the drug; CL,, plasma clearance
representing elimination routes not affected by AM-24; K, first-
order rate constant of absorption; Kgnz, rate constant governing the
turnover rate of the amount of enzyme; Iyax, maximum fractional
decrease that AM-24 can exert on Kgnz; ICs, concentration of AM-
24 in plasma eliciting half Iyjax; NE, not estimated in the model; NA,
not applicable.
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Fig. 3. Symbols represent the mean observed concentration vs. time profiles for each
dose group. Lines correspond to the typical model predictions obtained from the

model selected.

Model for CL\nt

Table II lists the AIC values for models I-V, including a
model assuming linear kinetics, model O (in their full version,
i.e., with all the significant random effects incorporated),
obtained considering AM-24 as a restricted cleared drug.

240 mg

Model 0 obviously performed the worst. The models using a
Michaelis-Menten kinetics (model I) or the production of a
competitive metabolite (model II) behaved worse than the
models including the formation and degradation of an
enzyme responsible for part of the elimination of AM-24.
From among latter models, model III, representing a
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Fig. 4. Results from simulations in which 1000 virtual individuals were simulated for each dose group using the selected
model and its model estimates. Dashed lines cover the area including 90% of the simulated concentrations, and solid
lines represent the median of the simulated profiles. Open circles are observations, and solid circles are mean values.
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reversible AM-24-induced inhibition of enzyme formation,
was finally selected. Table III lists the estimates of the model
parameters. All of them showed adequate precision, taking
into consideration that for the random effect parameters
values of RSE around 0.5 are considered acceptable.

Estimates of interindividual variability of the disposition
pharmacokinetic parameters V, Ocpint, and CL, are low,
ranging from to 12 to 35%. The variability associated to Ka
and ICsy was 54 and 65%, respectively. The fact that
interindividual variability estimates could not be obtained for
Kgnz and Iy ax might be interpreted as an identifiability issue.
With regard to the response data obtained in the previous
study, a population analysis was not performed, and therefore
we cannot confirm if the variability found in pharmacokinetics
is lower, similar, or higher than in pharmacodynamics.
However, because drug plasma concentration values could be
related directly with the elicited response, we expect a bigger
impact of the pharmacokinetic variability on the response than
in the cases where a delay between the drug in plasma and the
onset of the response is present.

Figure 3 shows that the model selected was able to
describe simultaneously the mean pharmacokinetic profile of
each dose group adequately. Individual profiles were also
well described (results not shown). In Fig. 4, the medians of
the simulated profiles describe very well the median ob-
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served profiles. It is possible that the interindividual variabil-
ity is slightly overestimated because the majority of the
observations are located within the intervals covering 90% of
the simulated values.

AM-24 was able to almost completely inhibit (98%) its
main route of metabolism. The additional pathway of elimi-
nation represents less than 10% of total plasma clearance.
Figure 5 shows in detail how the model behaves. After a single
oral administration of 240 and 500 mg, the maximum plasma
concentrations (Cyax) of AM-24 were 10 and 22 mg/L, re-
spectively (Fig. 5, left). The middle panel shows that concen-
trations in plasma of 2.5 and 10 mg/L are sufficient to achieve
75 and 90% inhibition of the formation rate, respectively.
The estimate of 0.081 h™! obtained in the selected model,
which corresponds to a turnover half-life of 8.5 h, explains the
fact that whereas the time to Cypax 1S 6.5 h after admin-
istration, the time to maximal decrease in ENZ is approxi-
mately 2 days later (Fig. 5, right). Figure 5 also shows that the
autoinhibition already occurs after single administration.

Figure 6 shows the plasma concentration vs. time profiles
of AM-24 after administration of a 120-, 240-, 350-, and 500-
mg oral dose of AM-24 once daily for a period of 28 days.
Plasma drug concentrations at steady state are achieved after
3 weeks of treatment. Figure 6 shows as horizontal lines the
values of plasma concentrations of AM-24 required to obtain
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Fig. 5. Graphic details of the selected model. Left, typical model-predicted plasma concentration vs. time profiles after
a single oral administration of AM-24 at doses of 240 mg (dashed line) and 500 mg (solid line). Middle, model-predicted
relationship between rate of turnover (Kgnz) and plasma concentrations (C) of AM-24. Right, time course of the
arbitrary amount of enzyme (ENZ) after a single oral administration of AM-24 at doses of 240 (dashed line) and 500 mg

(solid line).
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90% maximal LTB, synthesis inhibition.

50% (16.6 mg/L), 75% (49.8 mg/L), and 90% (149 mg/L) of
LTBy, synthesis inhibition. Dosing regimens consisting of 240,
350, or 500 mg given once daily produce at steady-state
percentages of LTB, synthesis inhibition higher than 75%. If
maximal inhibition is needed, the maintenance dose should
be 500 mg. Simulations suggest that the use of loading dose
might be not necessary because a 75% of maximal LTB,

synthesis inhibition is achieved in the third day of treatment
for the dosing regimens based on the highest doses—350 and
500 mg. The 500-mg dose is a safe and well-tolerated dose
with respect to adverse events, although two, three, and two
volunteers in the 240-, 350-, and 500-mg dose groups, res-
pectively, experienced a mild transient nonclinically relevant
hypothyroidism.
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DISCUSSION

The presence of a certain complexity in the pharmaco-
kinetics of a new drug does not necessarily represent a reason
to discontinue its development. Tolerance development and
delayed onset of action with respect to the plasma drug
kinetics are examples of complexities in the response that can
be understood and predicted with the use of appropriate
models (17,18).

In the current study, a drug in early clinical development
showed clear nonlinear pharmacokinetics after multiple oral
dosing. In this situation, it is therefore important to know if a
steady state can be achieved after multiple dose administra-
tion, in other words, whether or not plasma clearance can be
completely inhibited. If a steady state can be reached, the
possibility to design a practical dosing regimen to obtain the
therapeutic goals has then to be explored.

To address the first point, data modeling is required. The
selected model will help to identify whether the nonlinearity is
due to an increase in bioavailability, a decrease in total plasma
clearance, or both, and if there is more than one elimination
pathway.

Nonlinear elimination has been modeled in the past
using Michaelis-Menten saturation kinetics (11); other
authors have used circadian variations, as in the case of
nicotine (19) or more frequently assuming that elimination is
a function of an enzyme. The levels of this enzyme are
maintained in baseline conditions by the balance between
synthesis and degradation, processes that can be modified by
plasma drug concentrations in this type of model (13,20).
More elaborate models including the active and inactive
status of the enzyme have also been proposed (21,22). Such
models are far from being fully mechanistic, but they are
useful to explore different dosing scenarios as they use
plasma or metabolite concentrations as the driving force to
cause time-dependent alterations of the enzyme amount.
Other more empirical models where the time from the start
of the treatment is used as the predictor variable have been
also proposed (23). As we do not know the exact mechanism
responsible for the increase in AUC, several models were
tested. If the drug is given intravenously, changes in AUC
reflect a change in total plasma clearance. However, if the
drug is given orally, as in the case of the current evaluation, a
change in AUC can be the consequence of a change in CL
and F. Assuming a well-stirred model for drug elimination, in
the case of a nonrestricted cleared drug, CL would be
independent of CLint and F would be inversely related to
CLint. If elimination is restricted, CL is proportional to
changes in CLiyt, and F has a value close to 1. Because
information about the absolute bioavailability was not avail-
able, models considering a restricted, intermediate [repre-
sented by Egs. (1) and (2)], and nonrestricted clearance were
fitted to the data. On the basis of the model selection criteria,
CL seemed to be the parameter showing the nonlinearity.

Unfortunately, due to the data generated at the time,
which did not include information after intravenous admin-
istration, it was not possible to further explain the mecha-
nisms of enzyme inhibition and the enzymes involved. There
are examples in the literature showing that several enzymes
responsible for drug elimination become (auto)inhibited after
continuous exposure. High levels of 3’-azido-3’-deoxythymi-

1541

dine (AZT) in cultured primary placental cells induced a
decrease in uridine diphosphate glucuronosyltransferase,
resulting in an autoinhibition of AZT metabolism (24).
CYP 2D6 activity was found to be decreased after 6 weeks
of continuous paroxetine administration (25), and the long-
acting calcium antagonist mibrefadil inhibits its own metab-
olism, decreasing the CYP 3A4 activity (26). In none of these
studies was an attempt to model the kinetics of the auto-
inhibition undertaken, and therefore a comparison across
model parameter estimates is not possible because, to our
knowledge, the current study is the first to report a modeling
of clearance autoinhibition. However, models dealing with
enzyme induction have reported estimates for the Kgnz
(h™1) parameter [0.027 (20), 0.041 (21), 0.034 (22)] that are of
the same order as that reported in the present study (0.081).
The effect of the magnitude of the parameter Kgnz on the
plasma concentration vs. time profiles of AM-24 is shown in
the right panel of Fig. 7 for a single 240-mg oral dose of AM-
24. It can be observed that Kgnz has a clear impact on the
pharmacokinetics of the drug. The left panel in Fig. 7 shows
the kinetics of the arbitrary amount of enzyme, where the
fastest onset and offset of the autoinhibitory effects corre-
spond to the highest values of Kgnz.

As another noninhibited elimination pathway was sup-
ported by the data and as the estimate of Iyax was
significantly different from 1 (p < 0.001), we were able to
anticipate that a steady state could be reached. However,
computer simulations were needed to investigate when the
appropriate target plasma concentration would be achieved
after treatment was started. Diseases that require LTBj,
inhibition, such as asthma, psoriasis, rheumatoid arthritis,
and inflammatory bowel disease (27), are long-duration dis-
eases and, therefore, it is not of maximum importance to
achieve the target plasma concentration immediately after
the beginning of the treatment. In the case of AM-24, simu-
lations have shown that (i) steady-state conditions can be
reached after 3 weeks of treatment, (ii) 90% of maximal
LTB, synthesis inhibition can be achieved at steady-state by
administering 500 mg once daily, and (iii) 75% of maximal
LTB, synthesis inhibition can be achieved at the third day of
treatment by using the same dosing regimen. With respect to
adverse events, single doses of up to 1200 mg and multiple-
dose administration of 500 mg were exempt from moderate
and serious adverse events and showed excellent tolerability.

In conclusion, an extensive modeling exercise was
undertaken to describe the nonlinearity observed after a
multiple, once-daily administration of AM-24, a compound
that showed linear kinetics after a single administration. AM-
24 was able to inhibit its main route of metabolism—although
not completely—and a second minor pathway of elimination
was found. These two results ensure that a steady state can be
achieved, and simulations have shown that steady-state
conditions eliciting 90% of maximal LTB, synthesis inhibi-
tion can be reached after 3 weeks during oral treatment with
AM-24 administered at the dose of 500 mg once daily.
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