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AIMS

Opioid dependence is associated with high morbidity and mortality. Buprenorphine (BUP) is approved by the Food and Drug
Administration to treat opioid dependence. There is a lack of clear consensus on the appropriate dosing of BUP due to interpatient
physiological differences in absorption/disposition, subjective response assessment and other patient comorbidities. The objec-
tive of the present study was to build and validate robust physiologically based pharmacokinetic (PBPK) models for intravenous
(IV) and sublingual (SL) BUP as a first step to optimizing BUP pharmacotherapy.

METHODS

BUP-PBPK modelling and simulations were performed using SimCyp® by incorporating the physiochemical properties of BUP,
establishing intersystem extrapolation factors-based in vitro-in-vivo extrapolation (IVIVE) methods to extrapolate in vitro enzyme
activity data, and using tissue-specific plasma partition coefficient estimations. Published data on IV and SL-BUP in opioid-
dependent and non-opioid-dependent patients were used to build the models. Fourteen model-naive BUP-PK datasets were used
for inter- and intrastudy validations.

RESULTS

The IV and SL-BUP-PBPK models developed were robust in predicting the multicompartment disposition of BUP over a dosing
range of 0.3-32 mg. Predicted plasma concentration—time profiles in virtual patients were consistent with reported data across
five single-dose IV, five single-dose SL and four multiple dose SL studies. All PK parameter predictions were within 75-137% of the
corresponding observed data. The model developed predicted the brain exposure of BUP to be about four times higher than that
of BUP in plasma.
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CONCLUSION

The validated PBPK models will be used in future studies to predict BUP plasma and brain concentrations based on the varying
demographic, physiological and pathological characteristics of patients.

WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT

¢ Opioid dependence has no cure and is associated with high morbidity and mortality.
e Buprenorphine (BUP) is approved by the Food and Drug Administration for the treatment of opioid dependence.
e Currently, there is a lack of clear consensus on BUP dosing due to interpatient physiological differences, subjective

response assessments and comorbidities.

WHAT THIS STUDY ADDS

* Physiologically based pharmacokinetic (PBPK) models of intravenous (IV) and sublingual (SL) BUP were developed and
validated using 14 independent BUP PK studies among healthy opioid-dependent and non-opioid-dependent patient

populations.

e These models are robust in predicting IV and SL BUP exposure following single and multiple BUP doses up to 32 mg.

Introduction

Drug overdose and associated deaths have become a nation-
wide crisis in the United States [1]. Data from the Centres
for Disease Control and Prevention indicate that deaths
associated with drug overdose are predominantly driven by
the increase in opioid abuse [2-4]. Broadly speaking, the term
‘opioid’ applies to any endogenous or exogenous
substance that interacts with the opioid receptors present in
the body [5]. Because of their efficacy in pain management,
prescription opioids, such as morphine, hydromorphone,
oxycodone, hydrocodone and fentanyl are routinely used in
patients [6]. Besides blocking the pain signalling pathway,
opiates also activate the brain reward system and produce
euphoric effects. This makes them highly addictive with
prolonged exposure [7, 8].

Opioid dependence is associated with high morbidity
and mortality [9, 10], and there is no cure for it.
Medication-assisted maintenance therapies can reduce the
complications of opioid dependence, as a means of decrea-
sing illicit drug use [11, 12]. Currently, methadone,
buprenorphine (BUP) and naltrexone are the three pri-
mary pharmacotherapies approved for treating opioid depen-
dence. The effectiveness of methadone as a maintenance
treatment for opioid dependence has been demonstrated in
many clinical studies [13, 14]. As a full mu-opioid
receptor agonist, methadone has the potential for abuse;
consequently, methadone maintenance treatment requires
daily patient clinic visits for dosing. Naltrexone is a mu-
opioid receptor antagonist; it can reduce illicit drug use
by blocking euphoric effects and has no potential for
abuse, but poor patient retention hampers its routine
clinical use [11, 15].

The Food and Drug Administration (FDA) approved BUP
for treating opioid addiction in 2002. Compared with
methadone, BUP is a relatively new drug that has several
advantages in clinical practice. BUP exhibits a mixed
agonist-antagonist opioid effect [16, 17], and is highly
specific towards kappa (antagonist) and mu (partial ago-
nist) opioid receptors; it is roughly 50-100 times more

potent than morphine [18]. BUP has a ceiling dose-
response profile, which limits the risk of major life-
threatening adverse effects associated with mu-opioid re-
ceptor agonists such as respiratory depression [19]. Because
of this profile, BUP can provide competitive antagonism to
other illicit opioids. In recent times, a sublingual (SL) for-
mulation of BUP (Subutex®) has been shown to be more
favourable due to its safety profiles and ease of
administration [20]. Suboxone®, a SL BUP formulation in
combination with naloxone (full mu-opioid receptor
antagonist), is another product which was developed and
approved to avoid intravenous (IV) abuse.

Despite the proven efficacy of BUP in treating opioid
addiction, a meta-analysis showed that patients on BUP had
1.26 times the relative risk of discontinuing the treatment
compared with patients receiving methadone [14]. In
addition, a randomized phase IV study found BUP to be
associated with a 54% patient dropout rate compared with
26% in the methadone group [21]. Several factors can have
an impact on the outcomes of BUP therapy and in turn affect
its compliance - e.g. the lack of clear consensus on induction
and on a maintenance dosing regimen for BUP; subjectivity
of the clinical opioid withdrawal (COW) scale that is used to
determine the dose [22]; and the confounding effects of
factors such as mental health comorbidities and smoking, as
well as concomitant medication use that can confound
COW scoring and the selection of improper BUP dosing. In
addition, there is high interpatient variability in the
bioavailability of BUP due to differences in the extent of SL
absorption [23].

A better understanding of the physiological and drug
formulation parameters affecting BUP pharmacokinetic
(PK) and pharmacodynamic profiles is needed to develop a
more objective dosing regimen of BUP. Physiologically
based PK (PBPK) modelling is a comprehensive and
relatively inexpensive strategy to address the impact of
various clinical pharmacotherapeutic factors that affect drug
dosing. The PBPK modelling approach incorporates a drug’s
physiochemical properties, human physiological variables
and population variability estimates to predict drug
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exposure [24]. As population PBPK models incorporate
anatomical, physiological and metabolic attributes, any
physiological alterations induced by disease, age, gender,
genetic polymorphism and other pathophysiological
conditions can be captured by such a model. To the best
of our knowledge, the use of PBPK modelling in predicting
BUP exposure has not been explored in adult populations.
The objective of the present study was to build robust,
validated PBPK models for IV and SL BUP formulations in
an attempt to be able to predict the impact of patient covar-
iates on the optimal dosing of BUP in patients.

Methods

BUP PBPK modelling and simulations were conducted using
the SimCyp® population-based simulator v15.1 (Simcyp
Limited, Sheffield, UK). WinNonLin software (Phoenix
WinNonLin®: version 6.4, Pharsight Corp, Mountainview,
CA, USA) was used to simulate steady-state exposure after ad-
ministration of the SL formulation. A systematic and exten-
sive literature search in MEDLINE through Pubmed was
performed to identify published physicochemical properties
(Table 1), plasma protein binding, in vitro disposition and
metabolic profiles of BUP. Similar strategies were used to
identify published clinical trials using IV and SL BUP
(Tables 5, 8 9). These data were tabulated and digitized, where
necessary, for PBPK model building or model validation. The
bibliographies of selected articles were also reviewed to
identify additional relevant information. GetData Graph
Digitizer V.2.26 [25] was used to digitize published BUP
clinical PK data.

General workflow for model building and
model validation

A full PBPK model was initially developed for the IV BUP
formulation using physiochemical properties (Table 1)

Table 1

Summary of buprenorphine physiochemical parameters

Parameter Value Source/reference

Log P,.w Avdeef et al. [26]

pKal, pKa2

9.62, 8.31 Avdeef et al. [26]

f.° 0.03 Walter et al. [28]

B/P, blood to plasma partition coefficient; f,, plasma fraction un-
bound; logP,.y, logarithm of the octanol to water partition coeffi-
cient; MW, molecular weight; pKa, negative logarithm of the acid
dissociation constant

“f, was fitted by a nonlinear mixed-effect modelling strategy using
the parameter estimation module of Simcyp. The Nelder-Mead
method was used for the minimization. An f, value of 0.04,
published by Walter et al. [28], was used as the initial estimate
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Table 2

Distribution parameters for the buprenorphine profile

Parameter Value

Vg (1 kg_I)-predicted" 2.48
Tissue partition coefficients (K;)
Bone/additional® 35

Muscle 1.31
Spleen 1.31

PBPK, physiologically based pharmacokinetic; Vy, Volume of dis-
tribution at steady state

?V,, predicted and K, values for all tissue were predicted by the
corrected Poulin and Theil method [35-37]

PBullingham et al. [33]

“The bone/additional compartment K, value was optimized using
the Simcyp® parameter estimation module, and the Nelder-Mead
method was used for the minimization. The predicted K, value,
3.73, by the Poulin and Theil method, was used as the initial value,
and (0.001, 100) as the boundaries

de scalar was optimized using the Simcyp® parameter estimation
module, and the Nelder-Mead method was used for the minimi-
zation. The default K, scalar, 1, was used as the initial value, and
(0.01, 100) as the boundaries.

[26-28], (Table 2) in vitro metabolic profiles (Tables 3, 4)
[29-31] and published IV BUP clinical PK data in healthy
subjects (Table 5). In the IV model, BUP was modelled to
enter the systemic circulation through venous blood
(Figure 1). Several model-naive IV BUP clinical PK datasets
were used to perform inter- and intrastudy validations by
comparing the mean area under the plasma drug
concentration-time curve (AUC) and the observed maxi-
mum concentration (C,,y) after administration of a dose
between the observed and predicted data. After establishing
a validated IV BUP PBPK model, an SL BUP PBPK model
was built by incorporating an SL absorption component
to the IV model. The SL route of administration involves
a drug being absorbed through the reticulated vein under-
neath the oral mucosa, and then enter systemic circulation
via the facial vein, in addition to a portion of the formulation
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Table 3

Intrinsic clearance and intersystem extrapolation factor (ISEF) values associated with enzymes primarily involved in buprenorphine metabolism

Enzyme

Value Source/reference

CYP2C8
Vmax (pmol min~' per pmol of isoform)
Km (uM)

fuml(

ISEF

UGT1A3
Cline (pl min™" per pmol of isoform)

fumk

ISEF

1.4 Picard et al. [29]
12.4 Picard et al. [29]
0.1 Cubitt et al. [30]
8.33 Calculated from Equation (3)

Oechsler et al. [31]

Cubitt et al. [30]

Calculated from Equation (3)

CLint, sum of Viax/Km of metabolic pathways; CYP, cytochrome P450; f,mic, Fraction of unbound drug in the in vitro microsomal incubation; K,
Michaelis-Menten constant; UGT, UDP-glucuronosyltransferase; Vi,.x, maximum rate of metabolism

being swallowed orally [32]. In order to simulate this, we built a
customized administration route that involved the inhalation
route to mimic the SL absorption, oral absorption to mimic
the portion of the drug that is swallowed, and a depot release
component to mimic the slow release of drug from the buccal
tissue into the systemic circulation (Figure 1). Following model
building for the SL route, we performed inter- and intrastudy
validations similar to those for the IV model by comparing
the mean AUC and C,,,,x values of the predicted model and ob-
served data. Model performance was assessed by inter- and
intrastudy validations. For the intrastudy validations, we used
the clinical PK data from different dosing ranges from the same
study that was used to build the PBPK profiles. For interstudy
validations, we used data from several model-naive clinical PK
studies that were not used in model building. For the
validations, we performed visual plots of fitted and data pre-
dicted against the observed mean concentration-time profiles.
The 5th to 95th percentile intervals (PIs) were calculated to
show the overall interpatient variability. The goal was to use
IV and SL BUP PBPK models to predict AUC, which represents
the systemic exposure over time following a dose, and compare

it with the observed data. The criterion for model validation
was that the difference between the mean predicted and
observed AUC in 100 virtual subjects should fall £25% for the
IV model and +£50% for the SL model. A wider criterion was cho-
sen for the SL model to mimic extent of the inherent
interpatient variability in dose administration and absorption.

AUC,, is the drug exposure between time zero and t
hours (the last blood collection time point) and this was
estimated using the trapezoidal method. AUC,_, is the
drug exposure between zero hours and infinity, and this
was estimated by the summation of AUC,_; and extrapo-
lated exposure from Ci,s to infinity (AUC a5 00 = Cast/K),
where AUC 5t i the area under the curve from the time
of dosing to the last measurable concentration, Cj,s is the
concentration corresponding to the last measurable con-
centration, and k is the terminal disposition rate constant.
CLiotar was calculated using the following equation:
CL = dose/AUC_,.. We were also interested in predicting
other BUP PK parameters, such as total clearance (CLiotar)
and Cpax, as well as their corresponding population vari-
ability limits.

Br | Clin Pharmacol (2017) 83 2458-2473 2461


http://aac.asm.org/content/60/6/3558.full

H. V. Kalluri et al.
BJCP

Table 4

Values used in Equation (2) to scale recombinantly expressed human
cytochrome P450 (CYP) data to the entire human body (adapted
from a healthy population in SimCyp®)

Abundance
Drug metabolizing enzyme (pmol/mg protein) CV%
CYP3A4

UGT2B7

1.65056

Mean population
liver volume (I)

Mean population 39.79066

MPPGL (mg g ')

With the exception of UGT1AT, only EMs were included for
CYP2C8, CYP3A4, UGT1A3 and UGT2B7 in a SimCyp healthy
population. CV, coefficient of variation; EM, extensive metabolizer;
IM, intermediate metabolizer; PM, poor metabolizer; UM, ultra-
rapid metabolizer; UGT, UDP-glucuronosyltransferase

IV buprenorphine — PBPK model development

Distribution profile. The volume of distribution at steady
state (Vs), 2.77 1 kg‘l, reported by Bullingham et al. [33],
was used as a reference to build the PBPK distribution
component. A predicted Vg of 2.48 1 kg’1 was estimated
using reported BUP physicochemical properties as well as
estimated tissue-to-plasma partition coefficients (K, for all

Table 5

Intravenous buprenorphine clinical pharmacokinetic studies

major tissue-specific physiological compartments (Table 2).
Vg (Equation (1)) is estimated by serial addition of plasma
volume (Vp), erythrocyte volume (V.) and volumes
associated with each major tissue (Vy) [34].

Vs = Vp 4 Vex (E : P) + Y VixK, 1)

where E:P represents erythrocyte-to-plasma partitioning.
The E:P is estimated using the SimCyp® parameter
estimation modules based on the blood-to-plasma ratio
and haematocrit.

Tissue-specific K, values for BUP for the full PBPK model
were estimated using the corrected Poulin and Theil method
[35-37]. Furthermore, sequential sensitivity analysis was
performed to identify and optimize tissue K, values further,
utilizing nonlinear mixed-effects modelling methods. In the
final model, K, estimates for just the bone/additional
compartment had to be optimized and K, values for all other
organ and tissues remained as the predicted values. Table 2
summarizes distribution parameters used in the BUP
simulations. A hypothetical additional compartment was
incorporated along with the bone, and the K, value for this
combined compartment was predicted and optimized using
nonlinear mixed effects modelling methods, using the
parameter estimator module of Simcyp®.

Clearance profile. BUP is extensively metabolized to nor-BUP
by N-dealkylation, and both BUP and nor-BUP are then
further conjugated to BUP glucuronide and nor-BUP
glucuronide, respectively [38]. The N-dealkylation is
mediated primarily by cytochrome P450 3A4 (CYP3A4)
and CYP2C8, and the glucuronidation is mainly mediated
by UDP-glucuronosyltransferase (UGT) 1A1, 1A3 and 2B7
[29, 38-40]. Together, these enzymes are responsible for the
majority of BUP metabolism, with a minor contribution
from other CYP450 and UGT enzymes. Established in vitro—
in vivo extrapolation (IVIVE) methods using enzyme-specific
microsomal BUP metabolism parameters and intersystem

n Age range
No. (Male /female) Subject (years

2 6 (6/0) Healthy male non-opioid- 32-39
dependent users
4 6(5/1) Healthy female and male 21-38

non-opioid-dependent users

Dosage
(mg)

2
4
8
12
16

1

AUC,._..
(ngeh mI")

c'-total
an™

ti/2

(h)

cmax

(ng ml") Reference

21.6 41.4 21.8 498 Huestis et al. [42]
56.3 75.9 27.5 532

110.8 153.3 28 52.4

164.5 245.1 223 547

174.8 269.1 25.6 60

14.3 18.4 16.2 62.5 Mendelson et al. [45]

AUC,_.., area under the plasma concentration—time curve from time 0 to infinity after a dose; Cp,ax: maximum plasma concentration; Cliqt,, total

clearance; t;,,, half-life
“The AUC from Harris et al. [44] was reported as 0-24 h
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Figure 1

Compartmental structure of the full buprenorphine intravenous (1V) and sublingual (SL) physiologically based pharmacokinetic models. The sche-
matic shows how IV and SL administrations were modelled. EHC, enterohepatic circulation

extrapolation factor (ISEF)-based estimates were used to
extrapolate recombinant in vitro enzyme activities to in vivo
intrinsic clearances (Equation (2)) [41].

ISEFjix Vmax;(rhCYP;) x CYP; abundance
CLint = | X714 | X1y ! ! !
= = Km; (ThCYP,')

xMPPGLxliver weight (2)

where CL;, is the sum of V,,,«/Ky, of metabolic pathways (i)
for each of involved enzyme (j), Vimax is the maximum rate
of metabolism, K, is the BUP Michaelis-Menten constant
for each individual enzyme, thCYPs are the recombinantly
expressed human cytochrome P450s, MPPGL is the amount
of microsomal protein per g of human liver, CYD;
abundance is the amount of jth enzyme in pmol for every
mg of microsomal protein in the human liver. The CYP;
abundance, MPPGL and liver weight are assigned by
SimCyp® V.15 for each individual virtual population, which
are parts of the predicted population variability (Table 4).

ISEF is used to scale the activity of a unit amount of each
enzyme in the recombinant microsomal system to human
liver microsomes, and scaling of thCYP data to the entire
human body is accomplished through Equation (2). ISEF
values for each drug-metabolizing enzyme can be calculated
with either Vi, and Ky, or CLiy, as given by the following
equations:

V naji(HLM)

ISEF (Vimax) =
(Vimax) Vmax;(rhCYP;) x CYP; abundance(HLM )

3)

CLiygii(HLM)
ISEF (CLint) = = 4
(Clian) CLint;(rhCYP;) x CYP; abundance(HLM) @

CYP; abundance (HLM) is the estimated abundance of the
jth CYP enzyme in a human liver. The intrinsic clearance of
BUP and ISEF values associated with enzymes primarily
involved in BUP metabolism are listed in Table 3.

1V BUP clinical PK studies: model validation. BUP clinical PK
studies in healthy opioid-dependent and non-opioid-
dependent subjects listed in Table 5 were considered for the
study. The 72-h PK profile from Huestis et al. [42] was used
for model development (8 mg) and intrastudy validation
(2, 4, 12 and 16 mg). One hundred virtual healthy subjects,
spread over 10 trials, were used for each PBPK simulation.
Data from Bai et al. [43], Harris et al. [44] and Mendelson
et al. [45] were used for interstudy validation. As mentioned
above, mean AUC was primarily compared between
observed datasets and predicted simulations. The population
variability from the virtual population is presented in the
concentration-time plots as 5th and 95th percentile plots.
Due to the lack of individual concentration-time profiles
reported for each observed study, and limitations involved in
digitizing the observed variability data, we were not able to
compare predicted population variability with observed
population variability. The basic demographic information
such as age and gender were matched when performing the
simulations.

SL BUP PBPK model development

Absorption  profile. Modelling and simulation of SL
administration is not available in the current version of
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Simcyp®. A customized depot and nondepot combination
approach was used to simulate SL administration. The
nondepot component included an inhalation route to mimic
the SL arterial absorption of BUP and an oral route to represent
the portion of the SL formulation that is swallowed and
subjected to absorption and metabolism in the gastrointestinal
tract. The depot route of drug absorption was used to mimic
the slow release of BUP from surrounding buccal tissue
following SL absorption. BUP is a multiphasic drug; the SL and
oral components explained two disposition phases, and the
depot component explained the disposition during the
terminal elimination phase. The percentage contribution of
each route is listed in Table 6. A first-order absorption model
was used to predict the oral absorption profile (Table 7).

SL BUP clinical PK studies: model validation. BUP clinical
PK studies in healthy opioid-dependent and non-
opioid-dependent patients listed in Table 8 were used for the
study. The 72-h PK data from Ciraulo et al. [46] were used for
model building (8 mg) and intrastudy validation (4, 8, 16
and 24 mg). Data from Harris ef al. [47] and McAlear et al.
[48] was used for inter-study validation. Data from Compton
et al. [49] and Greenwald et al. [50] were used for the

Table 6

Sublingual (SL) buprenorphine dosing allocation between depot and
nondepot components

Nondepot
Depot Nondepot breakdown
Total SL  (37.5% of total (62.5% of total
dose dose) dose) SL Oral
4mg 1.5mg 2.5mg 10% 90%
8 mg 3mg 5mg 10% 90%
12mg 4.5 mg 7.5mg 10% 90%
16 mg 6 mg 10 mg 7%  93%
24 mg 9 mg 15 mg 7%  93%
32mg 12mg 20 mg 7%  93%
Table 7
First-order absorption model parameter values
Parameter Value Reference/source
fa 0.80 Parameter estimation module
K. (1 h_l) 2.34 Parameter estimation module
Qg (107 8.12 Predicted
fucut 1 User input

f, fraction of absorption; f,cut, unbound fraction within
enterocyte; K, absorption rate constant; Qg,, nominal flow from
gut model

2464 Br ) Clin Pharmacol (2017) 83 2458-2473

validation of multiple-dose simulations. One hundred
virtual healthy subjects, spread over 10 trials, were used for
each of the PBPK simulations.

BUP exposure in the plasma and the corresponding mu-
opioid receptor availability were predicted, along with
predicted BUP brain concentrations, using the validated SL
BUP PBPK model (16 mg dose) and the relationship between
plasma concentration and mu-opioid receptor availability
reported by Greenwald et al. [SO]. The BUP brain K, value
(Table 2) estimated using the corrected Poulin and Theil
method [35-37] was used to simulate the BUP exposure
profile in the brain compartment.

Similarly to the IV BUP model validation, mean AUC and
Cmax Were compared primarily between the observed datasets
and predicted simulations. The population variability from
the virtual population is presented in the concentration-time
plots as 5Sth and 95th percentile plots. Due to the lack of indi-
vidual concentration-time profiles reported for each ob-
served study and limitations involved in digitizing the
observed variability data in the literature, we were not able
to compare predicted population variability with observed
population variability. Basic demographic information such
as age and gender were matched in the simulations.

Virtual patient population. The Simcyp® virtual healthy
volunteer patient population was used to simulate single-
dose IV and SL BUP exposure. During model building and
validation steps for both models, demographic details of the
reported patient populations in the PK studies considered
(Tables 5, 8, 9) were matched with those from the virtual
healthy patient population, to avoid altered physiology-
based differences. No changes were made to the Simcyp®
healthy volunteer patient population file.

As the virtual patient population was used for all PBPK
simulations, and published clinical PK data were used to
build and validate our PBPK models, this work was not sub-
mitted for approval to an ethics committee.

SL BUP steady-state exposure simulations. As SimCyp® is unable
to perform virtual multiple dosing and drug-drug interaction
simulations for custom-defined models, we used it to predict
single-dose SL BUP concentration-time profiles for 100
virtual subjects; following this, Phoenix® WinNonlin® was
used to characterize single-dose PK parameters and simulate
SL BUP steady-state PK. A two-compartment, first-order
absorption, with a lag-time PK model (Model 12) within the
WNLS classic modelling module was used to predict the
concentration-time profile after a single dose. The Gauss -
Newton (Levenberg and Hartley) technique is the term that is
used by the software, WinNonlin. This means to use the
Gauss-Newton minimization method with the Levenbeg and
Harley modification. For the multiple dose simulation, the
generated micro-rate constants were used as the user supplied
initial parameter values that derived from single dose analysis
through the same PK model.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.guideto-
pharmacology.org, the common portal for data from the
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Table 8

Sublingual buprenorphine (BUP) clinical pharmacokinetic single-dose studies considered for modelling

Reference Subject

(Male/female)

Agerange BUP/NAL (..« AUCy_* ti,2 Tmax
(years) (mg)

(ngml™) (ngehml™) (h)  (h)

McAleer et al. [48]  Opioid-naive healthy 27 (27/0)

male subjects

19-42 2/0 1.6 NA NA 1.5
8/0 4.0 31.81 30.02 1.02
12/0 5.4 41.61 25.63 1.00
16/0 6.4 52.00 23.89 0.75
8/2 3.2 24.55 25.51 1.00
8/2 3.2 24.60 26.79 1.00

AUC,_;, area under the plasma concentration-time curve from time 0 to time t after a dose; C,.x, maximum plasma concentration; t; », half-life; NA,

not available; NAL, naloxone; T,,ax, time to maximum concentration

@AUCo_¢ is AUCq_75 1 in the Harris et al. [47] and Ciraulo et al. [46] study, and AUCq_1, 1, in the McAleer et al. [48] study

Table 9

Sublingual buprenorphine (BUP) clinical pharmacokinetic multiple-dose studies considered for modelling

Reference Subject

Age range BUP/NAL (G

n (Male/female)  (years) (mg)

AUCO—ZA t /2 Tmax

(ngml™) (ngehml™) (h) (h)

Healthy female and male 5(@3/2)
opioid-dependent users 16/0

32/0

Greenwald et al. [50]

34-45 2/0 0.85% 6.5 NA 0.9
6.3 48.6 NA 1.2
13.2 96.0 NA 1.2

AUC,_»4, area under the plasma concentration-time curve from time 0 to 24 h after a dose; C,ax, maximum plasma concentration; CLyota), total

clearance; NA, not available; NP, not provided; t;,,, half-life
“Values calculated from graph digitized data

IUPHAR/BPS Guide to PHARMACOLOGY [52], and are
permanently archived in the Concise Guide to PHARMA-
COLOGY 2015/16 [53, 54].

Results

BUP exposure prediction following a single IV
BUP dose in healthy subjects

The predicted concentration-time profile of the final BUP
PBPK model following an 8 mg IV BUP dose was within the

range of the observed data published by Huestis et al. [42].
The predicted means of the concentration-time profiles and
90% PI overlaid with the observed data for the first 24 h of
the 72-h dataset are shown in Figure 2. As shown in Figure 2
A, the observed data were within the 90% PI of the variability
observed around the predicted mean exposure. The predicted
and observed mean concentration-time profiles were visually
similar. This was true for the inter- and intrastudy validation
plots, as shown in Figures 2B-F. The accuracies of the pre-
dicted means of AUCq_,, and CL;oa Were within 85-115% of
the observed means (Table 10). These limits held true for all
doses (2, 4, 12 and 16 mg) tested for intrastudy validation.
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Figure 2

Predicted and observed concentration-time profiles following a single intravenous (V) push doses of buprenorphine (BUP). (A) Plot of the final
model built with a single dose of 8 mg IV BUP, in comparison with the observed data from Huestis et al. [43]. (B) Interstudy validation plot with
a single dose of 0.3 mg IV BUP, as observed by Bai et al. [43]. (C, D, E and F) Intrastudy validation plots with single doses of 2, 4, 12 and 16 mg IV
BUP, respectively, as observed by Huestis et al. [42] 0-24 h pharmacokinetic simulations are shown here

The model was further validated by two model-naive
clinical PK datasets (Bai et al. [43], Harris et al. [44], and
Mendelson et al. [45]) for interstudy validations, and the
comparisons are listed in Table 10. The accuracies of the
predicted means of AUC and CL were within 85-115% of
the observed means. These limits held true for all doses (0.3,
1, 4 mg) tested for interstudy validation.

Modelling prediction following a SL of BUP in
healthy volunteers

The predicted means of concentration-time profiles and 90%
PI overlaid with the observed data are showed in Figure 3. As
shown in Figure 3A, the observed data were within the 90% PI
of the variability observed around the predicted mean
exposure. Moreover, the predicted and observed mean
concentration-time profiles were visually similar. This was
true for the inter- and intrastudy validation plots, as shown

2466 Br ) Clin Pharmacol (2017) 83 2458-2473

in Figures 3B-D. The accuracies of the predicted means of
AUC were within 75-125% of the observed means for all
inter- and intrastudy validations, with the exception of a
24 mg single-dose study, in which the accuracy was +137%.
The accuracies of the predicted means of Cp,,x were within
80-125% for all the studies (Table 11).

The model was further validated by two model-naive clin-
ical PK datasets published by Harris et al. [47] and McAleer
et al. [48] (Table 11) as a measure of interstudy validation.
The accuracies of the predicted means of AUC were within
85-115% of the observed means, and the accuracy of the
predicted means of C,,,x were within 80-125% of the
observed means. Doses of 16, 24 and 32 mg SL BUP at steady
state were also validated against studies published by
Compton et al. [49] (Figure 4) and Greenwald et al. [50]. The
accuracies of AUC and C,,,x are tabulated in Table 12. The
accuracy limits for these comparisons were between 85%
and 115%.
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Table 10

Goodness of fit for intravenous buprenorphine model in healthy subjects

AUCo_,o Cl-total
Predicted Predicted

Dose 0bservet1i (90% Cl)‘I Diff. Obs?rved (90°4o (d)} Diff.
Process Data source (mg) (mgehl) (mgehl) (%) (1h7) (Ih) (%)
Intrastudy validation 2 0.0414 0.0379 (0.0209-0.0665) —-8.5 49.8 52.8 (30.1-95.7) 6.0

4 0.0759 0.0756 (0.0419-0.1314) 0.4 53.2 52.9 (30.4-95.5) 0.6

12 0.245 0.226 (0.123-0.402) 7.7 54.7 53.1 (29.8-97.6) 2.9

16 0.2886 (0.1561-0.5125) 55.4 (31.2-102.5)

AUC,_.., area under the plasma concentration-time curve from time 0 to infinity after a dose; Cl, confidence interval; CL,, total body clearance;
Diff., difference; NP, not provided

“Bai et al. [43] did not report CL, so the observed CL was calculated by using dose/the reported AUCq_..

PHarris et al. [44] only reported AUCq_,4, and CL was not available. Difference (%) = [(predicted — observed mean value)/observed mean value]*100
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Figure 3

Predicted and observed concentration-time profiles following single sublingual (SL) doses of buprenorphine (BUP) in 100 virtual healthy subjects.
(A) Plot of the final model built with an 8 mg SL single dose of BUP, in comparison with the observed data from Ciraulo et al. [46]. (B) Intrastudy
validation plot with a single dose of 4 mg SL BUP, as observed by Ciraulo et al. [46]. (C and D) Interstudy validation plots with a single dose of 8 mg
and 16 mg SL BUP, respectively, as observed by Harris et al. [47]. The 0-24 h period in 48 h and 72 h simulations are shown here
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Table 11

Goodness of fit for sublingual buprenorphine model in healthy subjects

AUCo_” c'-total

Observecll Predicte:l (90% CI) Diff. Obstirved Pred]lcted (90% CI) Diff.
Process Data source Dose (mg) (mgehl) (mgehI) (%) (h7) (Ih™) (%)
Intrastudy 4 0.0094 0.0110 (0.0050-0.0211) 18.1 0.002 0.00164 (0.0008-0.02518) 18
validation 16 0.0349 0.0395(0.0175-0.0764)  13.2  0.00442  0.00547 (0.0025-0.0095)  23.8

0.00738 (0.00372-0.0139)  36.4

0.00541

24.1

0.0606 (0.0258-0.114)

0.04881

24

AUC,_.., area under the plasma concentration-time curve from time 0 to infinity after a dose; C,,x, maximum plasma concentration; Cl, confidence

interval; Diff., difference
@AUC,_; was 0-72 h for the Ciraulo et al. [46] and McAleer et al. [48] study, and 0-48 h for the Harris et al. [47] study. Difference (%) = [(predicted —

observed mean value)/observed mean value] *100
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Figure 4
Steady-state predicted and observed concentration-time profiles following daily sublingual (SL) doses of buprenorphine (BUP) in healthy sub-
jects. (A, B, and C) Interstudy validation plots with 16 mg, 24 mg and 32 mg SL BUP, respectively, as observed by Compton et al. [49]
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Table 12

Goodness of fit for sublingual buprenorphine models in healthy volunteers at steady state

Aucss/ 0-24

Cmax,ss

Dose Observed Predicted (90% CI)

Diff. Observed Predicted (90% CI) Diff.

Process Data source (mg) (mgehT™) (mgehI™) (%) (mgl") (mgl™) (%)

24 0.08112

Greenwald et al. [50] 16 0.0486

0.08252 (0.0379-0.1767) 1.7 0.0091

0.05508 (0.00255-0.139) 13.3 0.0063

0.0099 (0.0487-0.0191) 8.8

0.0065 (0.0032-0.0142) 3.2

AUC;,, o4, area under the plasma concentration-time curve from time 0 to infinity after a dose at steady state; Cnax,ss, maximum plasma concen-

tration at steady state; Cl, confidence interval; Diff., difference

Difference (%) = [(predicted — observed mean value)/observed mean value]*100
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Figure 5

Predicted plasma and brain concentration-time profiles following a 16 mg sublingual (SL) dose of buprenorphine (BUP) in healthy subjects; mu-

opioid receptor availability is simulated on the secondary axis. Conc., concentration

We were able to predict the brain concentrations of BUP
using the model developed. BUP brain exposure was pre-
dicted to be about four times higher than that of the plasma
(brain AUCqo_y, n: 0.195 mgeh I''; plasma AUCo 75 pn:
0.0536 mgeh 1™'). We were able to use the mu-opioid receptor
availability data from Greenwald et al. [55] to illustrate the re-
lationship between the brain/plasma concentration of BUP
and mu-opioid receptor occupancy (Figure 5).

Discussion

In the present study, we built and validated full PBPK
models of IV and SL BUP in healthy opioid-dependent and
non-opioid-dependent patient populations across a wide

range of BUP doses. The full PBPK models incorporate
enzymatic metabolism of BUP, its disposition into 13 major
tissues in the body and three modes of absorption following
the SL dosage forms. The models are robust in representing
the multicompartment first-order disposition of BUP. The
predicted concentration—time profiles in the study-matched
virtual patient population were consistent with observed
data across 14 independent studies (five IV single dose, five
SL single dose and four SL multiple dose) among healthy
opioid-dependent and non-opioid-dependent patient popu-
lations. The predicted IV BUP PK parameters fell within the
85-115% range of the corresponding PK parameters
calculated from the IV BUP observed studies. The predicted
SL BUP PK parameters fell within the 75-137% range of
the corresponding PK parameters calculated from single-
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dose SL BUP observed studies. This range was 100-115%
when comparing steady-state SL BUP PK parameters. Both
models were robust in predicting BUP exposure after IV
and SL administration in a healthy population in the dose
range 4-32 mg.

BUP is a lipophilic drug with a large volume of distribu-
tion (200-400 1) [56]. The semi-log concentration-time
profile after IV administration shows a rapid drop in systemic
concentration followed by a slower terminal phase,
indicating that BUP is a multicompartment drug with three
distinct phases of disposition. It undergoes metabolism by
various hepatic and gut CYP450 and UGT enzymes, making
it susceptible to extensive first-pass metabolism [27, 38, 57].
A mass balance study following radiolabelled IV BUP
administration reported 30% of the dose recovered in the
urine, and 69% in the faeces. The breakdown of BUP free
drug, parent drug and its metabolites, with sources of me-
tabolism, from this mass balance study is shown in
Table 13 [S8]. The relative contribution of CYP450 enzymes
(71.8%) appears to be much higher than that of UGT en-
zymes (28.2%) when comparing the known major metabo-
lites of BUP (N-BUP, BUP-Glu and N-BUP-Glu). We would
speculate that the relative contribution of CYP450 enzymes
following SL administration would be much higher than
71.8% as there is a higher abundance of CYP3A4 and
CYP2CS8 enzymes in the gut compared with UGT1A1, 1A3,
and 2B7 enzymes. In the proposed SL BUP PBPK model,
the modelled relative contributions of CYP450 and UGT en-
zymes are 95.46% and 4.54%, respectively. These relative
contributions were estimated from recombinant CYP and
UGT activities reported in the referenced in vitro study and
ISEF-based extrapolations [29-31]. Currently, we cannot val-
idate the exact relative contribution of these enzymes as
there is no published SL BUP mass balance study, and we ac-
knowledge this as a limitation of the PBPK models. The lack
of a SL BUP mass balance study and the overestimation of
the contribution of CYP450 enzymes is a limitation of the

Table 13

Results from mass balance study following administration of
radiolabelled intravenous buprenorphine (BUP) [58]

Drug/metabolite Enzyme Urine (%) Faeces (%)

Free BUP - 1.0 33
BUP-Glu UGTs 9.4 5
N-BUP CYP450s 2.7 21
N-BUP-Glu CYP450s > UGTs 11 2
Other CYP450s or 5.9 8
UGTs
Total 30.0 69.0
Relative contribution of CYP450 and UGT enzymes (%)
When considering  CYP450s 71.82
N-BUP, BUP-Glu UGTs 28.18

and N-BUP-Glu

TBUP-Glu, buprenorphine glucuronide; CYP, cytochrome; N-BUP,
norbuprenorphine; N-BUP-Glu, norbuprenorphine glucuronide;
UGT, UDP-glucuronosyltransferase
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proposed model. Currently, SimCyp® does not allow us to
perform multiple dose/steady-state simulations for Custom-
ized models that involve multiple routes of absorption (SL
BUP model). We could not perform steady-state
simulations of SL BUP for the purposes of checking the ef-
fect of drug-drug interactions with known CYP3A4 inhibi-
tors, such as ketoconazole, to verify the magnitude of
CYP3A4 involvement.

Based on various in vitro transporter studies, there is no
conclusive evidence for the involvement of ATP binding
cassette and solute carrier drug transporters in BUP disposi-
tion [59]. Due to its poor oral bioavailability (F = 10-15%)
[51, 60], the SL route of administration is the preferred route
and is currently approved by the FDA. The half-life of BUP
after SL administration is longer than with IV administra-
tion, suggesting a slow release of the drug from a depot to
the systemic circulation after SL administration, in addition
to the rapid initial absorption [56].

Physiologically, drug absorption following SL adminis-
tration involves a combination of rapid passive absorption
across the SL mucosal membrane, a slow depot release from
the buccal tissue depot space, as well as gut absorption
from the portion of the formulation that is swallowed. To
mimic the three distinct phases, our SL PBPK model
incorporates SL, oral and buccal depot release of the drug.
Based on the drug absorption and disposition profiles
reported in studies considered for building the model, we
divided the dose into the following routes: 62.5%
nondepot, which comprises 7-10% SL passive absorption
into the circulation and 90-93% absorption in the gastroin-
testinal tract; the remaining 37.5% of the dose was
attributed to the depot release from the buccal tissue. The
percentage distribution of the dose among these routes
was optimized and validated with model-naive clinical PK
datasets of SL BUP. Due to the multicompartment disposi-
tion profile of BUP, the half-life reported for BUP in the
literature after SL BUP administration is likely to differ,
based on the length of the PK study period; prospective
single-dose PK studies of 12 h, 48 h and 72 h in duration
would yield sequentially increasing calculated half-lives for
BUP after SL administration [42-44].

BUP exposure (Cyax and AUC) increases in a linear
dose-proportional manner after IV administration. The
BUP exposure vs. dose relationship after SL administration
is linear only between the dose range 4-12 mg; beyond
16 mg, the exposure increase is not dose proportional
(Subutex® Drug Monograph); this is consistent with pub-
lished data [47]. This behaviour does not suggest the satu-
ration of hepatic metabolism or gut metabolism. We
believe that this nonlinearity is due to differences in the
absorption profile, and that the adjustment of the percent-
age dose contribution to the oral component for doses be-
yond 16 mg (Table 6) corrected for this.

BUP PK profiles after SL administration exhibited a large
interstudy variability, especially for the Cy,,x and time to max-
imum concentration (Tp,x), in single-dose administration
studies. The large interstudy variability is probably due to var-
iability in the SL administration technique - i.e. there could
be a difference in the proportion of the formulation that is
swallowed vs. absorbed after SL administration; some patients
may not follow directions and may chew the formulation;
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some patients may retain the SL formulation for varying resi-
dence times in the mouth; and some may take whole tablets,
while others may cut or crush the product before use.

In order to treat opioid substance dependence, BUP has to
cross the brain-blood barrier and bind to mu-opioid
receptors. However, currently there are no studies reporting
BUP concentrations in the cerebrospinal fluid. Greenwald
et al. [55] studied the mu-opioid receptor occupancy in the
brains of heroin-dependent patients and reported a logarith-
mic relationship between BUP plasma concentrations and
mu-opioid receptor binding potential or availability in the
brain (Biyax/Kq). They also found that a plasma concentration
of at least 1 ng ml™" is needed for 50% mu-opioid receptor
occupancy, suppressing drug withdrawal symptoms and
showing efficacy [55].

We were able to illustrate the applicability of the devel-
oped model and brain concentration-time profiles to the
mu-opioid receptor occupancy data published by Greenwald
et al. [55]. Given the lipophilic properties of BUP, its brain
exposure was about four times higher than that of the plasma
(brain AUCqo_y, n: 0.195 mgeh 1'%; plasma AUCo 75 pn:
0.0536 mgeh 1™). The mean plasma BUP concentration in
healthy subjects falls below the 1 ng ml™" threshold about
9 h following a 16 mg dose, suggesting a loss of efficacy
beyond this time range (Figure 5).

Although BUP metabolites such as BUP-3-glucuronide,
nor-BUP and nor-BUP-3-glucuronide may be biologically ac-
tive, their concentrations in the brain are very low [61, 62]
and their contribution towards the antinociceptive effect is
limited. For these reasons, we did not incorporate the metab-
olite profiles of BUP in the present study.

Using the PBPK model developed, we will be able to
predict the plasma and brain concentrations of BUP in
patients of varying age, gender and body weight, to optimize
BUP pharmacotherapy individually. These PBPK models
could also be potentially extrapolated to special patient
populations such as pregnant women, paediatric patients,
patients with compromised liver function and others. We
have not presented any data on the predictability of the
impact of covariates here but plan to publish these in future
manuscripts.
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