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ORIGINAL ARTICLE

Development and Qualification of Physiologically Based
Pharmacokinetic Models for Drugs With Atypical
Distribution Behavior: A Desipramine Case Study

TS Samant', V Lukacova® and S Schmidt'*

Desipramine is a secondary tricyclic amine, which is primarily metabolized by cytochrome 2D6. It shows a high volume of
distribution (Vss) (10-50 L/kg) due to its high lipophilicity, unspecific phospholipid binding, and lysosomal trapping. The
objective of this study was to develop and qualify a physiologically based pharmacokinetic (PBPK) model for desipramine,
which accounts for the high Vss of the drug following intravenous and oral administration of doses up to 100 mg. The model also
accounts for the extended time to reach maximum concentration after oral dosing due to enterocyte trapping. Once developed
and qualified in adults, we characterized the dynamic changes in metabolism and pharmacokinetics of desipramine after birth by
scaling the system-specific parameters of the model from adults to pediatrics. The developed modeling strategy provides a
prototypical workflow that can also be applied to other drugs with similar properties and a high volume of distribution.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Desipramine is a secondary tricyclic amine, which
exerts a high volume of distribution (10-50 L/kg) due to
its high lipophilicity, unspecific phospholipid binding,
and lysosomal trapping.

WHAT QUESTION DID THIS STUDY ADDRESS?

M The objective of this study was to develop and quali-
fy a physiologically based pharmacokinetic model for
desipramine, which accounts for the high volume of dis-
tribution of the drug following intravenous and oral
administration of doses up to 100 mg.

Desipramine is a secondary tricyclic amine, which is indi-
cated for the treatment of depression.'? Desipramine is
primarily metabolized by cytochrome 2D6 (CYP2D6) to its
2-hydroxy metabolite,® which might itself possess some
clinical antidepressant activity.* The US Food and Drug
Administration (FDA) issued a black-box warning for desip-
ramine because of the increased risk of suicidal thinking
and behavior in children, adolescents, and young adults.
Desipramine is also used off-label in adults and pediatrics
for the treatment of enuresis anxiety and attention-deficit
hyperactivity disorder (ADHD).>® However, there is also
concern among clinicians about the use of desipramine in
pediatrics due to QT prolongation®'® and cases of death
following administration and accumulation of imipramine
and its active metabolite desipramine.’’ Given its use in
patients across a wide age range, it is important to under-
stand desipramine’s dose concentration—-response relation-
ship in adults and changes therein with age when
attempting to establish safe and effective dosing regimen
for patients of different age groups. This is likely to become

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

M We developed an age-ranging PBPK model for
desipramine that is able to account for the drug’s atypi-
cal distribution behavior due to phospholipid binding
and lysosomal trapping as well as changes in drug
clearance due to growth and maturation.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

M The developed modeling strategy provides a prototyp-
ical workflow that can also be applied to other drugs with
similar properties and a high volume of distribution.

even more important in the next few years due to a recent
recommendation of the US Preventative Services Task
Force (USPSTF) indicating the need of screening the gen-
eral adult population, including pregnant and postpartum
women, for depression. 2

Dosing regimens for special patient populations are typi-
cally obtained by scaling adult dosing regimen by either
size (e.g., by body weight (BW)) or function (e.g., organ
function in renally or hepatically impaired patients). In par-
ticular, dosing regimens for children are routinely obtained
by allometrically scaling clearance (CLchig = CLagurt
(BWniie/BWagu)®"®) and volume of distribution (Vdeniq =
Vdaquit -+ BWehia/BWaqur) Using body weight based func-
tions.'™ However, in the case of desipramine, the situation
is more complex due to the fact that the drug exerts unique
physicochemical properties, which result in phospholipid
binding and lysosomal trapping'*'® and, thus, a high volume
of distribution (Vss) (10-50 L/kg). The high volume of distri-
bution indicates that most of the drug is located in the tissue,
which poses a challenge for the treatment of desipramine
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Figure 1 Model building and qualification workflow for the establishment of an age-ranging desipramine PBPK model.

overdosing due to ineffective hemoperfusion or hemodialy-
sis.! The appropriate characterization of these physicochem-
ical properties is consequently important for characterizing
desipramine’s pharmacokinetics and, thus, for selecting safe
and effective dosing regimen. The use of physiologically
based pharmacokinetic (PBPK) modeling and simulation
approaches is one way of achieving this objective, as it
allows for a clear distinction between system-specific param-
eters, drug-specific parameters, and trial design parame-
ters'® and, thus, for characterizing the dynamic interplay
between the drug and the biological system on a physiologi-
cal basis. While system-specific parameters characterize the
function of the underlying biological system, drug-specific
parameters account for the physicochemical properties of a
given drug and for how the drug interacts with the biological
system. Trial design parameters specify the conditions that
pertain to the setup of the clinical trial population, such as
dosing regimen and frequency, age, and gender of the trial
population. Given the high level of physiological detail and
the use of drug-specific properties, PBPK modeling shows
great promise for appropriately characterizing desipramine’s
pharmacokinetics, in particular its atypical disposition kinet-
ics. In addition, information on growth and maturation can be
used to scale system-specific parameters from e.g., adults to
pediatrics.’™ PBPK approaches can consequently be used to
obtain dosing regimen in children.

The objective of our research was to develop and qualify
a PBPK model for desipramine that integrates information
on the physicochemical (drug-specific) properties of the
drug and its specific interactions with the biological system,
particularly with subcellular components, in a stepwise
fashion in GastroPlus (Figure 1): First, we developed and
qualified a PBPK model for desipramine in adults that is
able to characterize the drug’s concentration—time profiles
following intravenous (i.v.) administration giving the
increased volume of distribution due phospholipid binding
and/or lysosomal trapping a special consideration. Second,
the adult i.v. model was then further expanded to an oral

CPT: Pharmacometrics & Systems Pharmacology

absorption model taking the presystemic binding in entero-
cytes into consideration. Once developed and qualified, the
adult model was finally expanded to children by accounting
for growth and maturation from neonates to adults.

METHODS
Development of the adult desipramine PBPK model
GastroPlus v. 8.6 (Simulation Plus, Lancaster, CA) was
used to develop an age-ranging PBPK model for desipra-
mine. The software provides a built-in detailed whole-body
PBPK modeling framework, which incorporates a wide
range of anatomical, physiological, and drug disposition
parameters and characteristics.'” This information is based
on age, gender, and genetic differences between popula-
tions and represents a curated summary of available litera-
ture data. In addition, the split between drug-specific,
system-specific, and trial design parameters allows for a
physiologically based description of the dynamic interplay
between the drug, i.e., desipramine, and the biological sys-
tem, i.e., the human body under various conditions, such
as fed vs. fasted, adult vs. child, or normal organ function
vs. organ impaired.

Drug-specific parameters for desipramine were obtained
from the literature and in silico predictions (ADMET Pre-
dictor v. 6.5, Simulations Plus; Table 1). The Advanced

Table 1 Drug-specific parameters for desipramine obtained from a literature
search or in silico predictions (ADMET Predictor v. 6.5)

Parameter Value Reference
Molecular weight (g/mol) 266.4 ADMET Predictor
10gPo/w 4.45 [36]
lonization constant (pKa) 10.32 (Base) [36]
Solubility [mg/mL] 0.124 (pH=10.1) ADMET Predictor
B/P ratio 1.03 ADMET Predictor
Fraction unbound (f,) 0.19 [36]

Peff (cm/s * 10%) 4.54 (Human) [19]




Compartmental Absorption and Transit (ACAT) model was
used to simulate desipramine dissolution, absorption, and
intestinal metabolism. The ACAT model combines the com-
partmental absorption and transit (CAT) model'® with finite
dissolution, pH dependence, absorption from stomach or
colon, in addition to the seven compartments of the small
intestine, carrier-mediated transport, and transporter densi-
ties. The built-in intestinal physiology for human fasted state
with the default absorption scale factor (ASF) model (Opt
logD SA/V6.1) was used. ASF is a multiplier used to scale
the effectively permeability (Peff) to account for variations
in pH effects, absorptive surface areas, and other passive
absorption rate-determining effects that differ from one
compartment to another. Literature reported Peff for desip-
ramine'® was used in the model. The systemic disposition
was modeled assuming that all tissues are perfusion-
limited. Partition coeffcients (Kp) were calculated in Gastro-
Plus using the Lukacova (Rodgers—Single) method.2® The
Lukacova method used for calculating Kp is given in the
Supplementary Material.

The Population Estimates for Age Related (PEAR) Physi-
ology module was used to match the trial design specific
parameter input in GastroPlus to the corresponding obser-
vations of the literature-reported clinical trials. The built-in
GastroPlus algorithm was utilized to account for sex, age,
and body weight-dependent changes in the physiological
and anatomical parameters, such as blood flows, cardiac
output, organ/tissue volumes. In vitro Vo and K, values
for CYP2D6 (68 pmol/min/mg and 6.1 uM, respectively®")
were used to define in vivo unbound hepatic intrinsic clear-
ance (CL;y). Since CYP2D6 is also expressed in the gut,
these Vhax and K., values were also used to compute the
CYP2D6-mediated clearance in the gut. CYP2D6-mediated
clearance in the gut was lower than that in the liver due to
the reduced CYP2D6 expression in the gut vs. the liver.
Given that desipramine is only filtered in the kidneys, renal
clearance was estimated as fu*GFR, where fu represents
the fraction of unbound drug in plasma and GFR the glo-
merular filtration rate.

Qualification of the adult desipramine PBPK model

The PBPK model for desipramine was developed and quali-
fied in a stepwise fashion (Figure 1) in order to reduce the
uncertainty associated with its structural setup and associ-
ated parameter values. First, desipramine’s pharmacokinet-
ics were characterized following i.v. administration in order
to characterize systemic clearance and to avoid convolution
by first-pass and presystemic absorption effects. Tissue
partition coefficients, i.e., Kp values, were adjusted using
optimized B/P ratios (2.4 in males and 2.7 in females).
These higher B/P ratios were used to calculate desipr-
amine’s Kps and volume of distribution (Vss) in light of its
phospholipid binding and lysosomal trapping. The equations
for calculating Kps and Vss are complex because they con-
sider physiological fluid volumes and binding to plasma pro-
teins as well as cellular components and are provided as
reference material for the reader in the Supplementary
Material. The B/P ratio for both males and females was
reverted back to the predicted value of 1.03 once the higher
volume of distribution was captured. The model was
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originally developed using observed PK data following i.v.
bolus administration of 12.5 mg desipramine®? and externally
qualified by overlaying model-based predictions with
observed data following the i.v. administration of 50 mg
desipramine,® which further increased our confidence in the
model given that it was able to predict plasma concentration—
time profiles across an almost 4-fold dose-range.

Once developed and qualified for i.v. administration, the
PBPK model was expanded to account for presystemic
metabolism or nonspecific binding/lysosomal trapping in
enterocytes, if any, following oral administration. To that
end, the fraction unbound in enterocytes was optimized to
0.55% in order to appropriately characterize the observed
concentration—time profile. The PBPK model for oral desip-
ramine administration was developed for a 50 mg dose®*
and was externally qualified with a 100 mg dose.?®

In addition, the model’s performance in adults was evalu-
ated by calculating AUCy and C,,a ratios for observations
vs. predictions as well as the use of visual predictive
checks. The structural model was deemed acceptable if the
ratio of observed/predicted AUCy and Cax Was contained
within the 0.8-1.25 range of model-based predictions,
which is more stringent than the 2-fold range that is typical-
ly applied for evaluating the predictive performance of
PBPK models.?%%” Visual predictive checks were performed
to qualitatively and quantitatively evaluate the predictive
performance of the model on a population basis.?® To that
end, a virtual population of 50 subjects was generated via
Monte Carlo simulations and model-based population pre-
dictions were superimposed with observed plasma concen-
trations. In addition, 2.5th and 97.5th percentiles were
generated for the model-based population predictions and
overlaid with the respective percentiles of the observed
plasma concentrations. The population simulations incorpo-
rated 10-30% variability on various system and drug-
dependent parameters based on GastroPlus built-in values
as well as literature reported variability values.

Development of the pediatric desipramine PBPK model
The GastroPlus PEAR Physiology module was used to
build the pediatric PBPK model for children of different age
groups ranging from newborns to 15-year-olds. Age groups
(0, 0.5, 1, 2.5, 5, 10, and 15 years) were selected to repre-
sent the classification given in the ICH guideline for neo-
nates (birth to 1 month), infants (1 month to 2 years),
children (2—12 years), and adolescents (12—-16 years). The
built-in GastroPlus ontogeny patterns for CYP2D6 were
used to characterize changes in clearance after birth. The
enzyme maturation patterns are provided by the expression
levels of CYP2D6 in the liver and the gut. Renal clearance
was scaled in GastroPlus using the PEAR Physiology mod-
ule, which accounts for maturational changes in plasma
protein levels (resulting in age-dependent changes in fu)
and GFR. The B/P ratio was scaled from adults to children
in GastroPlus by accounting for age-dependent changes in
hematocrit.'” Changes in other physiological parameters,
such as organ weight and composition or blood flows, with
age were also considered during the development of the
pediatric desipramine PBPK model.
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Figure 2 Comparison of simulated (lines) and observed (points) plasma concentration—time profiles of desipramine following i.v. admin-
istration: (a) mean simulated Cp-time profile after 12.5 mg i.v. bolus administration used for model building; (b) population simulation
(mean, 2.5-97.5th percentiles) for 12.5 mg i.v. bolus administration used for model building; (¢) mean simulated Cp-time profile after
12.5 mg i.v. bolus administration without increased volume of distribution; (d) mean predicted Cp-time profile for 50 mg i.v. bolus
administration used for external model qualification; (e) population simulation (mean, 2.5-97.5th percentiles) for 50 mg i.v. bolus admin-
istration used for external model qualification. Observed data are obtained from refs. 22, 23.

Due to the lack of reported experimental concentration—
time in children, the model was externally qualified by com-
paring model-predicted clearance values (calculated by
noncompartmental analysis of simulated profiles) with
reported clearance values from the literature.2%-28

RESULTS

Model building and qualification results in adults

Our PBPK model for desipramine describes the drug’s
observed exposure following both i.v. (Figure 2a,d) and
Oral (Figure 3a,d) administration reasonably well. The
observed/predicted ratios for i.v. AUCq; (0.97 (model devel-
opment) and 0.87 (external model qualification)), oral
AUC,; (0.88 (model development) and 0.98 (external model
qualification)), and Cax (0.90 (method development) and
1.04 (external qualification)) were well within the 0.8—1.25-
fold limits. This indicates that the model predicted values
are in good agreement with the respective observed values
for doses from 12.5-100 mg. The PBPK model predicted
clearance (Figure 4) was also similar to that of the
observed clearance for adults from the published
literature.?223
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The Kp values in all simulations were calculated using an
increased B/P ratio that was used to adjust the Vss to
respective literature values. This is an important optimiza-
tion to obtain a good estimate of Vss, which when not
included in the model led to a poor predictive performance
of the pharmacokinetic profile and Vss lying outside the
clinically observed values and pharmacokinetic parameters
outside of the predefined 0.8-1.25 limits (Figure 2c¢) for the
i.v. dosing. For the oral desipramine model, the percent
unbound drug in the enterocytes was optimized to 0.55% in
order to account for the effect of desipramine binding to
phospholipids and/or accumulation in lysosomes in entero-
cytes on the rate at which drug appears in plasma. This
optimization was used in the oral desipramine model devel-
opment to achieve a good overlay of the observed and sim-
ulated concentration—time profiles at a dose of 50 mg
(Figure 3a). We gained confidence in this optimized value
of 0.55% by predicting plasma concentration-time profiles
in the presence (Figure 3a) and absence (Figure 3c) of
enterocyte binding following oral administration at the cur-
rent dose level (50 mg). Our results clearly indicate a mis-
match between model-based predictions and observations
(Figure 3c) if enterocyte binding was not considered. This
value of 0.55% was qualified with an external dataset for
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Figure 3 Comparison of simulated (lines) and observed (points) plasma concentration—time profiles of desipramine following oral
administration: (a) mean simulated Cp-time profile after 50 mg oral administration used for model building; (b) population simulation
(mean, 2.5-97.5th percentiles) for 50 mg oral administration used for model building; (¢) mean simulated Cp-time profile after 50 mg
oral administration with no phospholipid binding or lysosomal trapping in enterocytes; (d) mean predicted Cp-time profile for 100 mg
oral administration used for external model qualification; (e) population simulation (mean, 2.5-97.5th percentiles) for 100 mg oral
administration used for external model qualification. Observed data are obtained from refs. 24, 25.

oral route at a higher dose (100 mg) which was not used
for model building (Figure 3d). This optimization conse-
quently represents an important step in the development of
the desipramine PBPK model. The 2.5-97.5th percentiles
of the population simulation in 50 virtual subjects also cap-
tured the observed clinical data suggesting good model
predictions as compared to the observed concentrations
with  the visual predictive checks (Figure 2b,e,
Figure 3b,e).

Once developed and qualified, the adult model was
scaled to pediatrics by accounting for growth and matura-
tion after birth. In the absence of actual concentration—time
data in pediatrics, we used the model-based predictions
(Figure 5) to compute key pharmacokinetic parameters,
particularly clearance, and compared them to reported liter-
ature values. Respective computed clearance values nor-
malized by body weight are in good agreement with those
reported in the literature, as shown in Figure 4. We expect
this normalized clearance values to increase in younger
children given that both organ, i.e., liver, size, and CYP2D6
enzyme ontogeny play a role. Such nonmonotonic changes
in clearance have been previously reported for other
enzyme-substrate combinations in children for midazolam
(CYP3A4), theophylline (CYP1A2),2° and 27 other sub-
strates.®® The changes in computed desipramine clearance
and Vss are provided in the Supplementary Table.

DISCUSSION

Most of the current PBPK applications focus on the charac-
terization of changes in clearance due to genetic polymor-
phisms, drug—drug interactions, or growth and maturation,
while atypical distribution patterns due to, e.g., phospholipid
binding or lysosomal trapping, remain largely understudied
for small molecules. The primary objective of our study was
to address this limitation by developing a respective case
study using desipramine, a tricyclic antidepressant that
shows atypical tissue distribution, as an example. Desipr-
amine’s atypical tissue distribution is due to phospholipid
binding as well as lysosomal trapping and cannot be cap-
tured by any of the typically employed Kp calculation meth-
ods, such as Poulin and Theil,®'"®? Berezhkovskiy,>® and
Rodgers et al.®+3%

To overcome this limitation, we calculated desipramine’s
Kp values using a higher B/P ratio, which mimics a stronger
interaction with acidic phospholipids than estimated based
on in silico B/P ratios.®*2® However, a clear distinction
between phospholipid binding and lysosomal trapping is dif-
ficult because the phospholipid content is highest in tissues
with high lysosomal volumes.®* As a consequence, the
increased B/P ratio served as a hybrid surrogate for both
effects in our PBPK model. Once this information was
incorporated into the adult desipramine PBPK model,
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model-based predictions in adults were in good agreement
with respective clinical observations following 12.5 and
50 mg i.v. dosing regimens (Figure 2).

In addition, desipramine’s oral bioavailability is reported
to be around 40%%? with a time to reach maximum concen-
tration (Thax) Of around 4-6 h. This is somewhat unusual
for a high-permeability compound, such as desipramine,
where one would expect a faster Ty This discrepancy
between high permeability and prolonged T,.x might be
due to desipramine’s phospholipid binding and lysosomal
trapping in the gut wall because it explains the fast disap-
pearance of drug from the gut lumen and relatively slow
appearance in plasma. This phenomenon of fraction of
unbound drug in the enterocytes was captured by using an
optimized value of 0.55%. We also considered presystemic
CYP2D6 metabolism in the gut, but given that CYP2D6 is
expressed at less than 1% of the corresponding liver micro-
some levels, its impact on intestinal desipramine meta-
bolism was found negligible. This is in line with the
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Figure 5 Simulated concentration—time curves of desipramine in
males of different ages following the i.v. administration of
12.5 mg desipramine.
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corresponding literature®” and resulting model predictions
are in good agreement with observed plasma concentra-
tions following administration of 50 mg and 100 mg desipra-
mine, respectively.

The secondary objective of our study was to expand the
PBPK model developed in adults to children given its off-
label use in this patient population. This expansion is in line
with recent advances and applications of PBPK models
in pediatric drug development and regulatory decision-
making.'®38 In particular, it was noted in a 2014 FDA work-
shop that PBPK modeling provides a viable option for dose
selection in children “since dose-response information for
efficacy and safety in special populations is often lacking.”®
Numerous case examples for extrapolating adult pharmaco-
kinetics to children using PBPK modeling and simulation
approaches have become available in recent years in the lit-
erature.*>*? Furthermore, the FDA Advisory Committee has
voted in favor of the routine use of PBPK modeling in pedi-
atric drug development for identifying dose, optimizing clini-
cal trial design, and evaluating the impact of organ
impairment.*3

We expanded our adult PBPK for desipramine to children
by accounting for growth and maturation after birth, which
allowed for the prediction of nonmonotonic changes in drug
clearance for i.v. from neonates to adults (Figure 4) (Sup-
plementary Table). These nonmonotonic changes in clear-
ance are the combined result of changes in body and
organ size as well as changes in metabolizing enzyme
expression and activity levels.'® Even though an external
qualification of the developed pediatric PBPK model for
desipramine was not possible due to the lack of available
concentration—time data in children, our confidence in the
predictive performance of the pediatric model increased
stepwise during the model building process. This is particu-
larly due to the fact that: 1) pediatric clearance values
that were computed from the PBPK model-predicted
concentration—time profiles were in good agreement with
respective literature-reported values down to the age of 8.5
years (Figure 5); 2) physiological changes in plasma pro-
tein levels (resulting in age-dependent changes in fu), GFR,
hematocrit (resulting in age-dependent changes in the B/P
ratio), organ size, and blood flow were taken into consider-
ation; and 3) nonmonotonic changes in clearance in young
children are also reported for a plethora of other drugs that
are cleared via different CYP pathways.

CONCLUSION

In summary, we developed a PBPK model for desipramine
that accounts for desipramine’s atypical distribution behav-
ior due to phospholipid binding and lysosomal trapping.
Once developed and qualified in adults, we expanded the
PBPK model to children by accounting for growth and mat-
uration after birth. Although physiologically based, the mod-
el would benefit from a prospective qualification in children
prior to its application for efficacy and safety predictions in
this special patient population.
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