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ARTICLE INFO ABSTRACT
Keywords: The characterization of the time course of ibuprofen enantiomers can be useful in the selection of the most
Ibuprofen sensitive analyte in bioequivalence studies. Physiologically based pharmacokinetic (PBPK) modelling and
P?PK . simulation represents the most efficient methodology to virtually assess bioequivalence outcomes. In this work,
Bioequivalence . . . . . . . .
. we aim to develop and verify a PBPK model for ibuprofen enantiomers administered as a racemic mixture with
Stereoselectivity . . . . . . . . . .
Racemase different immediate release dosage forms to anticipate bioequivalence outcomes based on different particle size

distributions. A PBPK model incorporating stereoselectivity and non-linearity in plasma protein binding and
metabolism as well as R-to-S unidirectional inversion has been developed in Simcyp®. A dataset composed of 11
Phase I clinical trials with 54 scenarios (27 per enantiomer) and 14,452 observations (7129 for R-ibuprofen and
7323 for S-ibuprofen) was used. Prediction errors for AUCy.t and Cpax for both enantiomers fell within the
0.8-1.25 range in 50/54 (93 %) and 42/54 (78 %) of scenarios, respectively. Outstanding model performance,
with 10/10 (100 %) of Cpax and 9/10 (90 %) of AUCy.; within the 0.9-1.1 range, was demonstrated for oral
suspensions, which strongly supported its use for bioequivalence risk assessment. The deterministic bioequiva-
lence risk assessment has revealed R-ibuprofen as the most sensitive analyte to detect differences in particle size
distribution for oral suspensions containing 400 mg of racemic ibuprofen, suggesting that achiral bioanalytical
methods would increase type II error and declare non-bioequivalence for formulations that are bioequivalent for
the eutomer.

Abbreviations: ADAM, advanced dissolution, absorption and metabolism model; ADME, absorption, distribution, metabolism and excretion; AFE, average fold
error; AAFE, absolute average fold error; ARS, absorption rate scalar; AUC., area under the concentration-time profile from zero to last observation; AUCrpay, area
under the concentration-time profile from zero to median time to peak plasma concentration of the reference formulation; BE, bioequivalence; CLjy,, intrinsic
clearance; Cpay, peak plasma concentration; DLM, diffusion layer model; M&S, modelling and simulation; PBPK, physiologically-based pharmacokinetics; PK,
pharmacokinetics; PE, prediction error; PPB, particle population balance; PPE, percent prediction error; PSD, particle size distribution; Tpayx, time to peak plasma
concentration.

* Corresponding author at: Department of Pharmacy and Pharmaceutical Technology and Parasitology, University of Valencia, Av Vicent Andrés Estellés, s/n.
46100, Burjassot, Valencia, Spain.
E-mail address: victor.mangas@uv.es (V. Mangas-Sanjuan).
1 Both authors contributed equally to this work.

https://doi.org/10.1016/j.ejpb.2024.114293

Received 20 February 2024; Received in revised form 26 March 2024; Accepted 15 April 2024

Available online 17 April 2024

0939-6411/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:victor.mangas@uv.es
www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2024.114293
https://doi.org/10.1016/j.ejpb.2024.114293
https://doi.org/10.1016/j.ejpb.2024.114293
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2024.114293&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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1. Introduction

The granularity in the characterization of pharmacokinetic (PK)
processes with the aim of understanding and predicting with a greater
degree of certainty what-if scenarios in both drug development and
clinical practice represents an inherent consequence of the consolidation
of model-informed drug discovery and development (MID3) [1-4].
Physiologically-based pharmacokinetic (PBPK) modelling and simula-
tion (M&S) represents a significant strategy within the MID3 umbrella,
because of its efficiency in the management and integration of drug-,
system-, and trial-related parameters into a model structure built up
with anatomically differentiated compartments, physiologically repre-
senting organs and tissues [5-10]. This approach leads to complex and
reliable mathematical frameworks with recognition by the main regu-
latory agencies [11-13]. One of the applications that has been emerging
in recent years is focused on using PBPK models to predict the impact on
bioavailability because of formulation changes in an already authorized
medicine. However, this type of in silico strategies must demonstrate a
high predictive performance, as regulatory decisions will be based on
the assessment of its behavior in non-tested scenarios. For this reason,
the development of highly predictive PBPK models based on extensive
experimental evidence contributes to clarifying the role that this strat-
egy can play in the field of bioequivalence (BE).

Ibuprofen is a chiral nonsteroidal anti-inflammatory drug (NSAID),
which is typically administered as a racemic mixture of R- and S-
ibuprofen free acid or arginine, lysine and sodium salts, but other op-
tions like guaiacol and pyridoxine esters, as well as isobutanol-
ammonium and meglumine derivatives, are also available commer-
cially [14]. According to the Biopharmaceutics Classification System,
ibuprofen is a class Ila drug due to its low solubility in acidic media and
high intestinal permeability [14,15]. Several model-informed strategies
have been published in recent years to assess the impact of ibuprofen
dissolution and/or absorption on the pharmacokinetic performance of
different oral formulations [16,17]. PBPK models coupled with phar-
macodynamic models have been developed for ibuprofen to confirm that
the different rate of absorption translates into a different onset of action,
which is clinically relevant for analgesic drugs [18]. In addition, an in
vitro-in vivo extrapolation of dissolution integrated into a PBPK
approach, considering a product-specific particle size distribution (PSD)
and the self-buffering effect of the drug, has also been developed to
support drug product development and manufacturing changes, setting
clinically relevant specifications for immediate release (IR) formulations
containing ibuprofen [19]. Dissolution methods have been developed to
increase the discriminatory power of in vitro dissolution tests [16,20],
since compendial media have shown the inability to detect differences in
the peak and time to peak exposure between formulations of ibuprofen
[21]. These dissolution methodologies were used to confirm and
establish a level A in vitro-in vivo correlation with two ibuprofen IR
products that had failed to show bioequivalence [22].

Ibuprofen is a chiral drug for which the two enantiomers have
different pharmacodynamic activity since S-ibuprofen (eutomer) has
been reported to be about 160 times more potent than R-ibuprofen
(distomer) in inhibiting prostaglandin synthesis in vitro [23-25]. The
potency of racemic ibuprofen is 0.5-fold the potency of S-ibuprofen in
inhibiting platelet aggregation and thromboxane formation, while R-
ibuprofen was about 100-fold less active [26]. Furthermore, R-ibuprofen
is unidirectionally inverted to S-ibuprofen in vivo [27-29], and the rate
of absorption and the route of administration seem to affect the extent of
chiral inversion [30,31]. Despite the different model-informed strategies
already published, no PBPK model has considered the chirality of
ibuprofen or the kinetics of R-to-S inversion. Furthermore, the experi-
mental data used in the above modelling strategies leads to a narrow
design space, addressing only specific issues within the complex PK
properties of ibuprofen oral formulations, thus negatively impacting
their predictive performance. In this sense, a rational and sequential
PBPK model development with sufficient experimental evidence would
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generate a workflow that facilitates credible risk assessment exercises.

Therefore, the objective of the present work was to develop a PBPK
model for ibuprofen enantiomers administered as a racemic mixture
intravenously (IV) and orally with different IR dosage forms (i.e., solu-
tions, suspensions, tablets and soft gelatine capsules) in healthy volun-
teers (HV) in order to characterize the impact of chirality on the ADME
processes and to anticipate BE outcomes based on the rate of absorption
as a consequence of different PSD of ibuprofen enantiomers.

2. Materials and methods
2.1. Experimental dataset

A total of 278 individuals enrolled in 11 independent Phase I clinical
trials providing 7,129 and 7,323 plasma observations for R- and S-
ibuprofen, respectively, were used to develop and verify the PBPK
models of ibuprofen enantiomers. This clinical dataset covered a wide
range of scenarios with different routes of administration, dose levels,
and formulations. HVs received racemic ibuprofen administration IV
and orally in fasted state conditions. Study design characteristics as well
as number of observations for each enantiomer are summarised in
Table 1.

2.2. Modelling strategy

The analysis was conducted in Simcyp® Simulator [32,33] v21R1
following the workflow suggested by Kuepfer et al. [8], which increases
model complexity step-by-step through an independent and sequential
characterization and inclusion of PK processes. Briefly, unidirectional
inversion of R-ibuprofen to S-ibuprofen was characterized after the IV
administration of 100 mg of the pure enantiomer (i.e., R-ibuprofen).
Disposition processes of ibuprofen enantiomers were finally verified
using experimental IV data after the infusion of 400 and/or 600 mg of
ibuprofen racemate. Then, the systemic exposure after the oral admin-
istration of solutions of ibuprofen racemate was assessed characterizing
its absorption properties and the pre-systemic inversion of R-ibuprofen
with the Advanced Dissolution, Absorption and Metabolism (ADAM)
model [34]. Finally, different models of immediate release oral formu-
lations were developed to best describe the exposure of ibuprofen en-
antiomers after the oral administration of suspension, soft gelatine
capsules and tablets. A schematic representation of the modelling
strategy is depicted in supplementary material Fig. 1 and fully described
as follows. Final PBPK model parameters are shown in Table 2.

2.2.1. IV formulation

Molecular weight (MW), lipophilicity (logP) and acidity (pK,) of
ibuprofen were incorporated as physicochemical properties and
assumed to be the same for both enantiomers. A different concentration-
dependent fraction unbound (f,) in plasma was introduced into Sim-
cyp® for each enantiomer to allow for a stereoselective and non-linear
plasma protein binding process, as reported by Paliwal et al. [35]. The
Rodgers and Rowland method to predict the volume of distribution at
steady state (Vg) was used [36,37]. A cytosolic racemase was considered
to cover the complex process of R-ibuprofen chiral inversion to S-
ibuprofen [38]. Setting S-ibuprofen as a primary metabolite of R-
ibuprofen and considering chiral inversion contributes to 60 % of R-
ibuprofen elimination [39], a value of 1.2 L/h (40 % of the systemic
clearance estimated by Cheng et al. [40] was fixed as additional clear-
ance for R-ibuprofen elimination. With this framework, a parameter
estimation (PE) using the PE module within Simcyp® v21R1 of the
intrinsic clearance (CLjy¢) through this racemase as well as the systemic
clearance of the formed S-ibuprofen was performed using literature data
after the administration of 100 mg of R-ibuprofen to HVs [40] (sup-
plementary material Table 1). To further characterize ibuprofen enan-
tiomers elimination, renal clearance (CLg) and enzymatic parameters
(Vmax and Kyy) for cytochrome P450 (CYP) 2C8 and 2C9 as well as for
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Table 1
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Study characteristics and number of observations for R-ibuprofen and S-ibuprofen.

Study RoA N Femaleproportion Dose Formulation R-Ibu S-Ibu Additional information
(%) (mg) Obs Obs
A v 24 50 600,600 Solution for 381 390 Infusion times: 15, 20 and 30 min; oral solution of ibuprofen
OR infusion 376 384 arginate
Solution
B v 24 50 600 Solution for 390 394 Infusion time: 30 min; oral solution of ibuprofen arginate
OR 600 infusion 400 404
Solution
C v 24 3333 400 Solution for 376 384 Infusion time: 30 min; oral solution of ibuprofen arginate
OR 400 infusion 374 384
Solution
D v 35  48.57 400 Solution for 672 698 Infusion time: 30 min; oral solution of ibuprofen arginate
OR 400 infusion 692 720
Solution
E OR 14 0 200 Suspension 481 516 2 % oral suspension
F OR 23 0 400 Suspension 1062 1079 2 % and 4 % oral suspensions
G OR 30 52 400 Soft gelatine 31 30 Lysine salt; mean profiles
capsule
H OR 26 54 400 Soft gelatine 984 1000
capsule
I OR 24 50 600 Tablet 33 36 Mean profiles
J OR 24 33 600 Tablet 877 904
K OR 30 0 600 Tablet - - Only PK exposure parameters available

RoA: route of administration; N: number of individuals; R-Ibu Obs: number of R-ibuprofen observations; S-Ibu Obs: number of S-ibuprofen observations.

UDP-glucuronosyltransferases (UGT) 1A3, 1A9, 2B4 and 2B7 were
incorporated into the model to account for the previously fixed R-
ibuprofen additional clearance and the estimated S-ibuprofen systemic
clearance. An additional human liver microsomes (HLM)-mediated CLi,¢
was finally incorporated to best describe the elimination of both enan-
tiomers. Due to the lack of dose proportionality [38], data from studies A
and C were used to confirm initial model parameterisation and refine-
ment. In this regard, a tissue-to-plasma partition coefficient (Kp) scalar
of 1.5 was used to capture the observed peak exposure (Cpqx) after the
administration of the highest dose (i.e., 600 mg). Notwithstanding, the
resulting Vg fell within the reported range of 0.1-0.2 L/kg [38], thus
supporting the optimisation of this model parameter. Studies B and D
were used to verify the predictive power of the PBPK models developed.

2.2.2. Oral solution

Using the already characterized ibuprofen disposition processes, pre-
systemic assessment of R-ibuprofen chiral inversion was performed with
data from literature after the administration of 200 mg of R-ibuprofen as
an oral solution [40]. Human jejunum effective permeability (Peff,man)
was predicted from apparent permeability (P,pp) in Caco-2 cells and the
ADAM model was selected to describe intestinal transit and absorption
in each segment of the gastrointestinal tract. Mean gastric emptying
time was optimised to a final value of 0.12 h to capture the observed
time to peak exposure (Tpax). Racemase intestinal activity scalar was set
to O to best describe the observed data and predict R-ibuprofen oral
bioavailability. Studies A and C were used to confirm model parame-
terisation and refinement. The ADAM model required an absorption rate
scalar (ARS) of 10 in duodenum and jejunum to capture the high ab-
sorption rate observed in these studies in terms of Cpax and Tpax, which
could be explained by the presence of arginine in the formulation [38].
Studies B and D were also simulated to check model parameterisation
and ARS and gastric emptying time optimisation and ultimately the
predictive power of the mechanistic absorption model developed.

2.2.3. Oral suspension

Increasing the complexity of the oral formulations, the dissolution
process was added to the absorption model through a diffusion layer
model (DLM) to better assess the characteristics of the oral suspension.
Ibuprofen solubility as a function of pH was described through its
intrinsic solubility (Sp) and a solubility factor of 79 as previously re-
ported [19]. The particle population balance (PPB) model was selected

as the DLM particle handing model, with a polydisperse PSD with a
mean radius of 20 + 5 pm [41], and the particle surface pH was
modelled mechanistically to allow changes in surface concentration and
dissolution rate as a direct consequence of ibuprofen dissolution (self-
buffering effect). Pre-dissolved ibuprofen in the oral suspension was
assumed to be negligible and thus a 0 % dissolved fraction was consid-
ered (local sensitivity analysis is provided in Table 2 and Fig. 2-5 of
supplementary material). In the case of ibuprofen acid, the ARS in the
segment jejunum I was set to 2 to best describe the absorption rate of
both enantiomers. Study E (200 mg of racemic ibuprofen administered
as a 2 % oral suspension) and study F (400 mg of racemic ibuprofen
administered as a 2 % and 4 % oral suspension) were used to develop
and verify the characteristics of the formulation, respectively.

2.2.4. Soft gelatine capsule

Due to the rapid absorption of soft capsule formulations (Ty,x of
0.6-0.7 h), the DLM model with the PSD previously developed for the
oral suspension was considered. In the case of the formulation con-
taining the lysine salt, the ARS in duodenum and jejunum previously
optimized for the oral solution with arginine were used, and the pH-
dependent solubility was directly described by its experimental solubi-
lity profile [16]. Soft capsules with ibuprofen acid were modelled with
the same parameterization as the oral suspensions. Studies G and H were
used to verify these assumptions.

2.2.5. Tablets

IR tablets were developed adjusting the PSD to the values previously
reported by Cristofoletti et al. [19]. Model development was performed
with data from Study I, and Studies J and K were used to verify the
predictive power of the systemic exposure to R- and S-ibuprofen by the
PBPK models developed.

2.3. Simulations

All simulations consisted of 25 trials and equal study design (number
of individuals and sampling times) and demographic characteristics of
the corresponding population enrolled in the clinical study. Supple-
mentary material Table 3 details all the information used for simulating
each study in order to allow reproducibility of the work here presented.
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Table 2
Final ibuprofen enantiomers PBPK model parameters.

Parameter (Units) R-ibuprofen S-ibuprofen
Value Source Value Source
Physicochemical Properties and Blood Binding
MW (g/mol) 206.29 Drug bank 206.29 Drug bank
logP 3.23 [18] 3.23 [18]
Compound type Monoprotic acid Monoprotic acid
pKa 4.5 [18] 4.5 [18]
So (mg/mL) 0.043 [19] 0.043 [19]
B/P 0.55 Assumed 0.55 Assumed
fu,plasma Concentration dependent profile [35] Concentration dependent profile [35]
Absorption
Model ADAM ADAM
Papp 6.5:7.4 (Caco-2) (10 cm/s) 52.5 [42] 52.5 [42]
Pett,man (10 cm/s) 6.81 Simcyp predicted 6.81 Simcyp
predicted
ka (h™) 2.975 Simcyp predicted 2.975 Simcyp
predicted
Fu,GUT 0.61117 Simcyp predicted 0.61117 Simcyp
predicted
ARS Duodenum 1 (10 for arginine and lysine) Optimized 1 (10 for arginine and lysine) Optimized
ARS Jejunum I 2 (10 for arginine and lysine; 4 for soft Optimized 2 (10 for arginine and lysine; 4 for soft ~ Optimized
capsules) capsules)
ARS Jejunum II 1 (10 for arginine and lysine) Optimized 1 (10 for arginine and lysine) Optimized
ARS Ileum I 1 Default 1 Default
ARS Ileum II 1 Default 1 Default
ARS Ileum III 1 Default 1 Default
ARS Ileum IV 1 Default 1 Default
ARS Colon 1 Default 1 Default
Distribution
Model Minimal PBPK Minimal PBPK
Vs (L/kg) 0.0912490.11519 (600 mg) Simcyp predicted 0.091897 0.11616 (600 mg) Simcyp
predicted
Prediction Method Rodgers and Rowland [36,37] Rodgers and Rowland [36,37]
K, scalar 1 (1.5 for 600 mg dose level) Optimized 1 (1.5 for 600 mg dose level) Optimized
Elimination
Racemase CLin; (pL/min/mg 87.25 Estimated — —
protein)
CYP2G8 (20H) Vpax (pmol/min/ 9.4 [43] 5.4 [43]
pmol)
CYP2C8 (20H) Ky (M) 282 [43] 292 [43]
CYP2C9 (20H) Vpax (pmol/min/ 17 [43] 16 [43]
pmol)
CYP2C9 (20H) Ky (pM) 45 [43] 29 [43]
CYP2C9 (30H) Vpax (pmol/min/ 29 [43] 29 [43]
pmol)
CYP2C9 (30H) Ky (pM) 45 [43] 40 [43]
UGT1A3 CLjy (pL/min/mg 0.4 [44] 0.4 [44]
protein)
UGT1A9 CLip (LL/min/mg 2.2 [44] 2.2 [44]
protein)
UGT2B4 CLiy (uL/min/mg 0.3 [44] 0.3 [44]
protein)
UGT2B7 CLip¢ (uL/min/mg 8.9 [44] 8.9 [44]
protein)
HLM additional CLiy¢ (pL/min/mg 70 Optimised 70 Optimised
protein)
CLg (L/h) 0.05 [38] 0.05 [38]
Formulation-related parameters
Oral suspension Soft gelatine capsule Tablet
Aqueous Phase Solubility
Salt limited solubility factor 79 [19] 79 [19] 79 [19]
pH-dependent solubility for lysine
salt [16]
Particle surface solubility Surface pH Surface pH Surface pH

(Mechanistic model)

(Mechanistic model)

(Mechanistic model)

(continued on next page)
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Table 2 (continued)
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Parameter (Units) R-ibuprofen

S-ibuprofen

Value Source Value Source
Diffusion Layer Model parameters
Particle handling model PPB PPB PPB
Particle hegs model Fluid dynamics Fluid dynamics Fluid dynamics
PSD Polydispersed Polydispersed Polydispersed
Particles density (g/mL) 1.2 (default) 1.2 (default) 1.2 (default)
Mean particle radius (pm) 20 [41] 20 [41] 123 [19]
Particle radius range (pm) 0.5-50 [41] 0.5-50 [41] 31-311 [19]

MW: molecular weight; So: intrinsic solubility; B/P: blood-to-plasma ratio; f lasma: fraction unbound in plasma; ADAM: advanced dissolution, absorption and
metabolism; P, apparent permeability; Peg,man: human jejunum effective permeability; ka: absorption rate constant; f, ur: fraction unbound in enterocytes; ARS:
absorption rate scalar; Vg volume of distribution at steady state; Kp: tissue-to-plasma partition coefficient; CL;,: intrinsic clearance; Vp,x: maximum enzymatic
reaction rate; Ky substrate concentration at half Vy,y; CYP: cytochrome P450; UGT: UDP-glucuronosyl transferase; HLM: human liver microsomes; CLg: renal

clearance; PPB: particle population balance; PSD: particle size distribution.

2.4. Model evaluation

Initial graphical assessment of simulated vs observed concen-
tration-time profiles was performed to verify the predictive perfor-
mance of the PBPK framework. Additionally, following metrics
(Equations 1-4) assessing accuracy and precision of the outputs were
computed to numerically assess the predictive power of the PBPK
models developed:

e Prediction Error (PE):

_ Pred,

PE = 1
ObSi ( )
e Average Fold Error (AFE):
Pred;
AFE = 10" 22"%a @
e Absolute Average Fold Error (AAFE):
13
AAFE = 10 3
e Percent Prediction Error (PPE%):
Pred; — Obs;
PPE(%) = Mean( MTS,-S x 100) 4

Where Pred; and Obs; are the predicted and observed PK parameter been
evaluated, respectively. In general, model predictions were considered
excellent if 0.9 < AFE/PE < 1.1, satisfactory if 0.8 < AFE/PE < 1.25,
acceptable if 0.5 < AFE/PE < 0.8 or 1.25 < AFE/PE < 2 and poor if AFE/
PE < 0.5 or AFE/PE > 2. Following the same rationale, AAFE < 1.1,
AAFE < 1.25,1.25 < AAFE < 2 and AAFE > 2 were considered excellent,
satisfactory, acceptable and poor, respectively. For PPE%, the lower the
value, the better the prediction.

2.5. Model application

The developed PBPK models for oral suspensions were used to assess
the impact of different PSD in systemic exposure of each enantiomer
after the administration of two formulations (test and reference) con-
taining a racemic mixture of ibuprofen. Reference formulation PSD was
kept as that corresponding to the developed DLM. Mean radius of sus-
pended particles of the test formulations was increased by a factor of 10
and 45 to simulate different scenarios with lower dissolution rate. Three

representative scenarios were generated varying the PSD: (i) test
formulation with a 20 % lower Cpax compared to the Cpax of the
reference formulation; (ii) test formulation with a Tp,,x equal to 50 min
(~20 % decrease on Tpaxrer); and (iii) test formulation with a Tpax
equal to 70 min (~20 % increase on Tpaxrer). Deterministic simulations
using a population representative of the HV population of Simcyp® were
performed. Ratios test/reference (T/R) were calculated using different
PK parameters: area under the concentration-time profile from zero to
last observation (AUCy.1), area under the concentration-time profile
from zero to median Ty Of the reference (AUCTtmax), Cmax and Tiax.

3. Results

Fig. 1 depicts the observed vs predicted AUCy.c and Cpax for each
ibuprofen enantiomer of the 54 scenarios (27 for each enantiomer) from
11 Phase I clinical trials. Numerical assessment of the predictive per-
formance (accuracy through AFE and precision through AAFE) for both
exposure PK parameters (i.e., AUCy.+ and Cpax) of the PBPK models is
shown in Table 3. For R-ibuprofen, 48 % (13/27) and 96 % (26/27) of PE
in AUCq. fell within the 0.9-1.1 and 0.8-1.25 range, respectively,
whereas for Cyax 44 % (12/27) and 67 % (18/27) of PE fell in the
0.9-1.1 and 0.8-1.25 range, respectively. For S-ibuprofen, 67 % (18/27)
and 96 % (26/27) of PE in AUCy_ fell within the 0.9-1.1 and 0.8-1.25
range, respectively, whereas for Cpax 67 % (18/27) and 100 % (27/27)
of PE fell in the 0.9-1.1 and 0.8-1.25 range, respectively. Graphical
assessment of longitudinal PK profiles of ibuprofen enantiomers during
model development (supplementary material Figures 6-11) and model
verification (Fig. 2) after the IV infusion and oral administration of
liquid and solid formulations were performed.

3.1. 1V formulation

As depicted in Fig. 2A, disposition processes of both enantiomers
were well described by the PBPK model, with most of the observations
(81 % for R-ibuprofen and 85 % for S-ibuprofen) falling between the 5th
and 95th percentiles of the simulated profiles regardless of the dose level
(400 and 600 mg) and the infusion time (15, 20 and 30 min). Both, the
estimated racemase CLiy; (87.25 pL/min/mg protein) (see Table 3 of
supplementary material) and the optimised HLM additional CL;,: (70
pL/min/mg protein) were confirmed in all 4 studies (A-D) and the
optimisation of the Kp scalar to 1.5 with data from study A was also
confirmed in study B. Predicted versus observed R- and S-ibuprofen
concentration-time profiles after the IV administration of 100 mg of R-
ibuprofen can be found in Figure 12 of supplementary material. More-
over, the verified PBPK model also confirmed the non-linear and ster-
eoselective plasma protein binding of ibuprofen enantiomers. The PBPK
model showed high accuracy and precision predicting the exposure PK
parameters AUC.; and Cppax of R- and S-ibuprofen after the IV infusion of
400 and/or 600 mg of racemic ibuprofen, with most of the PE (3/6 in
AUCy.¢ and 5/6 in Cpay) falling in the 0.9-1.10 range and all within the
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Fig. 1. Observed versus predicted exposure PK parameters AUCq.; and Cpay for
R- (blue) and S-ibuprofen (golden). Circles: solution for infusion; plus symbols:
oral solution; crossed squares: oral suspension; triangles: soft gelatine capsules;
filled squares: soft gelatine capsule with lysine; asterisks: tablets. Green, yellow,
and red lines represent the 0.9-1.10, 0.8-1.25 and 0.5-2 prediction error
ranges, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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0.8-1.25 range. The model also showed excellent accuracy (AFE) and
precision (AAFE), with PPE well below 15 % for AUCy.; and of 7 % for
Cmax (see Table 3). Additionally, the PBPK model was able to predict the
lack of dose proportionality observed, with PE for the ratios of dose-
normalized AUCy; and Cy,x of 400 mg over 600 mg of 0.90 and 0.99
for R-ibuprofen, respectively, and 0.91 and 1.04 for S-ibuprofen,
respectively.

3.2. Oral solution

A similar trend was observed after the simulation of the oral
administration of solutions containing racemic ibuprofen-arginine
(Fig. 2B), with all the PE in AUCy.; for both enantiomers falling within
the 0.8-1.25 range. Numerical predictive check showed 79 % and 83 %
of R- and S-ibuprofen observations, respectively, falling between the 5th
and 95th percentiles of the simulated profiles. Moreover, 3/6 AUCy.; PE
and 1/6 Cpax PE for R-ibuprofen were within 0.9-1.1 range. In the case
of the eutomer (i.e., S-ibuprofen) the PBPK model predicted 5/6 AUCy.
PE and 3/6 Cpax PE matching the 0.9-1.1 range. High accuracy (AFE)
and precision (AAFE) to predict the systemic exposure of ibuprofen
enantiomers was obtained, with PPE well below 15 % in all cases, apart
from R-ibuprofen Cy,x (PPE of 17 %). PK profiles of both enantiomers
after the administration of 200 mg of R-ibuprofen as oral solution are
shown in supplementary material Figure 13.

3.3. Oral suspension

Successful model performance (76 % of R- and 78 % of S-ibuprofen
observations within the 5th and 95th percentiles of the simulated pro-
files) was observed when simulating the administration of oral suspen-
sions with different ibuprofen concentrations (i.e., 2 and 4 %) (Fig. 2C),
as almost all (19/20) of the PE computed for both enantiomers and PK
exposure parameters fell within the 0.9-1.1 range (Table 3). The DLM
within the ADAM model developed showed excellent accuracy (AFE)
and precision (AAFE) in the prediction of R- and S-ibuprofen exposure,
with PPE well below 10 % (Table 3).

3.4. Soft gelatine capsules

Fig. 2D shows the graphic evaluation of the predictive power of the
developed PBPK model for ibuprofen enantiomers after the oral
administration of soft gelatine capsules. Keeping the parameterisation of
the DLM model developed for the oral suspension as well as the opti-
mised ARS as a function of the ibuprofen salt, the simulations corre-
sponding to the administration of a soft capsule with and without lysine
in their composition covered most of the observed data within the 5th
and 95th percentiles of the simulated profiles (72 % of observations for
both enantiomers). Notwithstanding, a small bias was observed in the
prediction of R-ibuprofen exposure after the administration of soft
capsules of racemic ibuprofen containing lysine salt, as observed mean
profiles were between the 50th and 95th of the simulated profiles. This
was confirmed through the numerical assessment of the predictive
power of the PBPK models for ibuprofen enantiomers (Table 3), as the
PBPK model for S-ibuprofen showed better performance, with all the PE
in AUCy.t and Cp,ax between 0.8-1.25 and PPE well below 20 %, while R-
ibuprofen exposure prediction was slightly biased as revealed by the PPE
in AUCy.¢ (21 %) and in Cpax (35 %). Lower accuracy and precision in the
prediction of R-ibuprofen exposure was confirmed with AFE and AAFE
of 0.79 and 1.26, respectively, for AUCy.; and 0.65 and 1.53, respec-
tively, for Cpax. For soft gelatine capsules without lysine in their
composition, R-ibuprofen exposure was better predicted by the model,
with AFE and AAFE of 0.85 and 1.18, respectively, for AUCy.; and 0.80
and 1.26, respectively, for Cpax. Globally, the PBPK model better pre-
dicted the exposure to the eutomer (S-ibuprofen) than to the distomer
(R-ibuprofen) for these rapid oral absorption IR solid formulations.
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Table 3
Numerical assessment of the PBPK model for R-ibuprofen and S-ibuprofen.
Ibuprofen enantiomer PK endpoint Formulation N Dose (mg) N 0.9-1.10(%) N 0.8-1.25(%) AFE AAFE PPE (%)
Solution for infusion 6 400, 600 3 (50 %) 6 (100 %) 1.09 1.12 13
Oral Sol. ARG 6 400, 600 3 (50 %) 6 (100 %) 1.03 1.12 12
AUCo.. Oral Susp. 5 200, 400 5 (100 %) 5 (100 %) 1.01 1.02 2
3 Soft Caps. LYS 2 400 0 (0 %) 1 (50 %) 0.79 1.26 21
Soft Caps. 2 400 0 (0 %) 2 (100 %) 0.85 1.18 15
R-ibuprofen Tablet 6 600 2 (33 %) 6 (100 %) 0.97 1.13 12
Solution for infusion 6 400, 600 5 (83 %) 6 (100 %) 0.98 1.07 7
Oral Sol. ARG 6 400, 600 1 (16.6 %) 4 (66,6%) 0.82 1.21 17
C Oral Susp. 5 200, 400 5 (100 %) 5 (100 %) 0.98 1.05 4
max Soft Caps. LYS 2 400 0 (0 %) 0 (0 %) 0.65 1.53 35
Soft Caps. 2 400 0 (0 %) 2 (100 %) 0.80 1.26 20
Tablet 6 600 1(16 %) 3 (50 %) 0.77 1.30 22
Solution for infusion 6 400, 600 3 (50 %) 5 (83 %) 1.11 1.11 11
Oral Sol. ARG 6 400, 600 5 (83 %) 6 (100 %) 0.96 1.09 8
AUGo., Oral Susp. 5 200, 400 4 (80 %) 5 (100 %) 0.94 1.07 7
g Soft Caps. LYS 2 400 0 (0 %) 2 (100 %) 0.87 1.15 13
Soft Caps. 2 400 2 (100 %) 2 (100 %) 0.95 1.05 5
S-ibuprofen Tablet 6 600 4 (67 %) 6 (100 %) 0.95 1.06 6
Solution for infusion. 6 400, 600 5 (83 %) 6 (100 %) 1.06 1.07 7
Oral Sol. ARG 6 400, 600 3 (50 %) 6 (100 %) 0.89 1.13 11
C Oral Susp. 5 200, 400 5(100 %) 5 (100 %) 0.98 1.03 3
max Soft Caps. LYS 2 400 0 (0 %) 2 (100 %) 0.82 1.23 18
Soft Caps. 2 400 1(50 %) 2 (100 %) 0.90 1.11 10
Tablet 6 600 4 (67 %) 6 (100 %) 0.92 1.09 8

AUC,.: area under the concentration-time profile from zero to last observation; Oral Sol. ARG: oral solution of the arginine salt of racemic ibuprofen; Oral Susp.: oral
suspension or racemic ibuprofen acid; Soft Caps. LYS: soft gelatine capsules of the lysine salt of racemic ibuprofen; Soft Caps.: soft gelatine capsules of racemic
ibuprofen acid; N: number of scenarios; N 0.9-1.10: number of prediction errors between 0.9-1.10; N 0.8-1.25: number of prediction errors between 0.8-1.25; N 0.5-2:
number of prediction errors between 0.5-2; AFE: average fold error; AAFE: absolute average fold error; PPE: percent prediction error.

3.5. Tablets

The administration of tablets containing 600 mg of racemic
ibuprofen was also adequately described by the model, with 56 % of R-
and 70 % of S-ibuprofen observations falling within the 5th and 95th
percentiles of the simulated profiles (Fig. 2E). The simulated dose
administered for S-ibuprofen was 350 mg, 16.67 % higher than the value
corresponding to 50 % of the total dose. This increase in the dose of the
eutomer was a direct consequence of the hepatic first pass effect on R-
ibuprofen (chiral inversion). Notwithstanding, PE in AUC.t and Cpx for
R-ibuprofen were within the 0.8-1.25 range in 100 % (6/6) and 50 %
(3/6), respectively, of the scenarios. For S-ibuprofen both, AUCy.; and
Cmax, Were within the 0.9-1.1 range in 66 % (4/6) and within the
0.8-1.25 PE range in all cases. The PBPK frameworks developed showed
excellent accuracy and precision in the prediction of S-ibuprofen expo-
sure and R-ibuprofen AUC.; as revealed by AFE and AAFE (Table 3),
with PPE in S-ibuprofen AUCy.¢, Cpax and R-ibuprofen AUC_; of 6 %, 8 %
and 12 %, respectively. However, a small bias was observed in the
prediction of R-ibuprofen Cp,ay, with AFE, AAFE and PPE of 0.77, 1.30
and 22 %, respectively.

3.6. Model application

Based on the results from Table 4, R-ibuprofen is the most sensitive
analyte to detect differences in PSD for oral suspensions containing a
racemic mixture of ibuprofen. The T/R ratio (%) of Cpax for R- and S-
ibuprofen were 77.27 and 80.00, respectively, suggesting the absorption
rate of the distomer is more sensitive to changes in absorption rate due
to changes in dissolution rate. However, for test formulations with 10
min change in Tp,ax, both enantiomers provided similar ratios across the
PK parameters AUCy.; and Cpax-

When assessing the sensitivity of the conventional PK parameters
(AUCq., Cnax and Tpay) to detect differences in PSD, Tpax has been
identified as the most sensitive PK parameter. When a PSD generating a
20 % decrease in Cpax Was assumed, 84.15 % change on T,y for both
enantiomers was observed. On the other hand, when Tp,,x was changed
by 10 min (increasing or decreasing), 1-3 % variation on Cpax was

predicted, respectively. This illustrates that Ty is more discriminative
than Cpax. AUCo.¢ ratios (100 %) are not relevant for anticipating BE as
ibuprofen is completely absorbed regardless of dissolution rate of im-
mediate release products. When comparing Tmax With AUCTmax, Trmax iS
more discriminative when the absorption rate is increased to obtain Tpax
10 min earlier (point estimates of 84 % for Tp,ax and 110 % for AUCtmax),
whereas AUCrpax is more discriminative when the absorption rate is
reduced to obtain Tpax 10 min later (point estimates of 117 % for Tpax
and 76 % for AUCrpax). Both changes in Ty and AUCry,x are irre-
spective of the enantiomer of ibuprofen.

4. Discussion

A genuine and innovative PBPK model of ibuprofen enantiomers
including mechanistic dissolution and absorption, as well as stereo-
selectivity in disposition processes, has been successfully developed and
verified using a hierarchical workflow with different intravenous and
oral formulations containing a racemic mixture of ibuprofen. The
disposition processes of ibuprofen enantiomers were adequately char-
acterized using a minimal PBPK structure, which has been successfully
applied for the characterization of other NSAIDs and their use is sup-
ported for BE assessment from a regulatory perspective [45]. Besides the
inclusion of CYP- and UGT-mediated metabolism of ibuprofen [18], the
model not only implements different metabolic rates for each enan-
tiomer (i.e., stereoselectivity), but also, and more importantly, it con-
siders the unidirectional inversion of R-ibuprofen to S-ibuprofen. This
latter process is determinant when accounting for the elimination of the
distomer. The performance of our PBPK model to predict ibuprofen
enantiomers PK outcomes in the 0.8-1.25 PE range is very high for oral
suspensions (100 %) and oral solutions (92 %), high for tablets (88 %),
and moderate for soft gelatine capsules (69 %). The PBPK model pre-
dicted complete absorption (f;, = 1) and high bioavailability (84 %),
indicating the extent of absorption is not relevant for evaluating disso-
lution changes. Thus, the use of these highly predictive PBPK models for
anticipating BE outcomes is sufficiently endorsed.

Stereoselectivity has been incorporated in terms of different fraction
unbound in plasma and enzymatic kinetic parameters and metabolic
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Fig. 2. Observed versus predicted plasma concentration-time profiles of R- (blue) and S-ibuprofen (golden) after the A) IV infusion and oral administration of B)
solutions with arginine, C) 2 % and 4 % suspensions (400 mg), D) soft gelatine capsules with (left) and without (right) lysine (400 mg) and E) tablets (600 mg) of
racemic ibuprofen. Black profiles indicate the 5th, 50th and 95th percentiles of the simulated profiles in the model verification step. Horizontal dotted red lines
indicate lower limit of quantification of the analytical method used to quantify ibuprofen enantiomers. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 4
Deterministic assessment of bioequivalence outcomes as a consequence of
changes in particle size distribution.

Cmax Tmax AUCO-t AUCTmax
(ng/mL  (h) (ngh/mL)  (pgh/mL)
Test Cpax  S- Ref 16.40 1.01 52.87 10.03
80 % ibu Test 13.12 1.86 55.05 3.63
T/R 80.00 184.15 104.12 36.19
(%)
R- Ref 16.28 1.01 48.73 9.92
ibu Test 12.58 1.86 48.88 3.63
T/R 77.27 184.15 100.30 36.59
(%)
Test Tmax  S- Ref 16.40 1.01 52.87 10.03
50 min ibu Test 16.63 0.85 52.71 11.10
T/R 101.40 84.16 99.70 110.67
(%)
R- Ref 16.28 1.01 48.73 9.92
ibu Test 16.51 0.85 48.74 11.00
T/R 101.41 84.16 100.00 110.89
(%)
Test Trmax S- Ref 16.40 1.01 52.87 10.03
70 min  ibu Test 15.94 1.18 53.28 7.67
T/R 97.19 116.83 100.78 76.47
(%)
R- Ref 16.28 1.01 48.73 9.92
ibu Test 15.75 1.18 48.85 7.66
T/R 96.74 116.83 100.25 77.22

(%)

S-Ibu: S-ibuprofen; R-Ibu: R-ibuprofen; T/R: test over reference formulation
ratio as percentage; Test Cpax 80 %: test formulation with a 20 % lower Cpax
compared to the Cy.y of the reference formulation; Test Ty, 50 min: test
formulation with a Tp,ax equal to 50 min (~20 % decrease on Tpaxrer); T€St Tmax
70 min: test formulation with a Tp.x equal to 70 min (~20 % increase on
Tmaxrer); AUCo.: area under the concentration-time profile from zero to last
observation; AUCray: area under the concentration-time profile from zero to
median T,y of the reference formulation.

pathways for CYP2C8 and CYP2C9 for each enantiomer. Chiral inversion
of 2-arylpropionic NSAIDs represents a relevant pathway for the elimi-
nation of the inactive R-enantiomer [46]. Accordingly, the unidirec-
tional chiral inversion of R-ibuprofen to S-ibuprofen has been
characterized estimating an intrinsic clearance through a cytosolic
racemase that would simplify the complexity of this process (stereo-
selective enzymatic activation of R-ibuprofen to R-ibuprofenyl-adeny-
late followed by an acyl coenzyme A thioester formation and final
epimerization yielding both, R- and S-ibuprofen) [38]. To account for
the variability in R-to-S unidirectional inversion through the cytosolic
racemase in HVs, 81.033 mg/g + 21.467 % were considered as the mean
value of cytosolic protein per gram of liver and the default %CV avail-
able in Simcyp®, respectively. Then, the liver weight considered for
each virtual HV was used to ultimately calculate the R-to-S unidirec-
tional inversion in the whole liver. The predicted mass balance derived
from our simulations showed 52 % of the dose administered as R-
ibuprofen is inverted to S-ibuprofen and elimination through this race-
mase accounts for 55 % of the systemic clearance of this enantiomer (see
Figure 14 and Table 5 of supplementary material). These results are
strongly supported by the literature, as population PK analyses have
estimated R-ibuprofen clearance by inversion reaction in 60 % [39] and
it has been reported an average of 53-65 % of R-ibuprofen inversion in
humans [38]. The higher metabolic rate of R-ibuprofen is consistent
with already published reports [47], resulting in a 13 % longer half-life
for S-ibuprofen (1.83 h vs 2.11 h). Additionally, the lack of dose pro-
portionality has also been modelled through a non-linear f; in plasma
and with a higher Kp scalar for 600 mg), resulting in a 26 % higher Vg
for this dose level when compared to 400 mg. The plasma protein
binding saturation and the lack of dose proportionality can be found
elsewhere [38]. The high accuracy (AFE) in the prediction of both AUCy.
¢ and Cpax for R-ibuprofen (1.09 and 0.98, respectively) and for S-
ibuprofen (1.11 and 1.06, respectively), as well as the precision (AAFE)
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of this model structure in the prediction of AUCy.¢ (1.12 for R-ibuprofen
and 1.11 for S-ibuprofen) and Cpax (1.07 for both enantiomers) after the
IV infusion of a racemic mixture of ibuprofen strongly supports the
modeling of the disposition processes mentioned above and the stereo-
selectivity incorporated in plasma protein binding and metabolic
reactions.

The ADAM model [34] has been used to mechanistically characterize
the absorption process. Peff man Was predicted from Caco-2 Ppp (52.5-10°
6 ¢m/s) and assumed to be the same for both enantiomers. The segre-
gated transit time model has been selected to split the transit times along
the gastrointestinal tract as a function of particle size for all the oral
formulations considered. In this regard, fluid and dissolved drug, as well
as fine particles mean residence time in the stomach were reduced from
an initial value of 0.27 h to 0.12 h to better describe the observed Tpax
among the formulations assessed. This was a direct consequence of the
extremely short Tpax observed for the oral solution (0.25-0.5 h). The
impact of amino acids (lysine and arginine) in the solubility and ab-
sorption of ibuprofen has been previously reported [38] and prompted
the increase of the ARS in duodenum and jejunum to 10 to better
characterize the enhanced absorption of ibuprofen in the proximal
segments of the gastrointestinal tract, where the ADAM model showed
maximum absorption. Assuming no chiral inversion of R-ibuprofen in
the gut and the unbound fraction in the enterocyte predicted by Sim-
cyp®, the PBPK model accurately predicted R- (83 %) and S-ibuprofen
(84 %) bioavailability [38,47]. The ADAM model parameterization
together with the previous verified disposition processes allowed an
accurate (all AFE in the range 0.8-1.25) and precise (all AAFE below
1.25) description of the exposure of both enantiomers after the admin-
istration of the racemic ibuprofen-arginate in solution.

The DLM was used to mechanistically characterize the dissolution
process of different IR oral formulations. The pH-dependent solubility
was modelled with the intrinsic solubility and a solubility factor of 79 to
describe the two phases and the plateau observed in the solubility profile
in vitro [14]. Similar to Peffman and CLg, no differentiation was incor-
porated in terms of solubility for ibuprofen enantiomers, as this
parameter is unlikely affected when dissolving in a non-chiral solvent/
environment. The solubility at the particle surface accounted for the self-
buffering effect of ibuprofen dissolution, changing the pH in the particle
surface, thus generating a gradient of pH as a function of the radius and
conditioning dissolution rate. With this assumption, particle surface pH
and bulk pH were modelled independently, which has been identified as
crucial for properly describing ibuprofen dissolution and absorption
[48]. The PPB model was used to simulate a PSD with different mean
radius for oral suspension (20 pm) and tablets (123 um) (see Table 2).
Oral suspension formulations were best described with the PBPK model
in terms of accuracy and precision (see AFE and AAFE values in Table 3),
with PPE as high as 7 %. This strongly verifies model performance and
supports the use of this framework for performing BE outcome assess-
ments with confidence. The last rapid oral absorption formulation (i.e.,
soft gelatine capsules with and without lysine) was properly described
by the PBPK model for S-ibuprofen, with AFE and AAFE values for AUC.
¢ and Cpax between 0.8-1.25 and lower than 1.25, respectively (see
Table 3 for more details). In the case of R-ibuprofen, exposure PK pa-
rameters were slightly biased, with PPE higher than 20 % in all cases
(see Table 3). However, a common factor was found in the prediction of
PK outcomes: formulations containing lysine in their composition tend
to be biased, especially when predicting Cpax. This is in line with our
previous findings about the effect of arginine in absorption rate and it is
likely due to the lack of mechanistic insight in the absorption process
(further than a simple ARS). Tablets are the most complex formulations
among IR oral formulations as they must disintegrate and disaggregate
to release the drug and make it available to dissolve and, consequently,
to get absorbed. This, obviously, increases Tpax and slows absorption
rate. In this line, it has been reported that ibuprofen absorption rate
influences R-to-S unidirectional inversion [30,49,50], suggesting longer
residence time in the gastrointestinal tract would lead to higher S/R
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concentration ratios. Despite there is also evidence about the R-to-S
inversion in excised segments of human ileum and colon [31], we could
not clarify this process based on our data since the ADAM model pre-
dicted almost complete absorption (93 %) before reaching the ileum.
Notwithstanding, our PBPK model is able to predict the S/R ratio after
the IV and oral administration of R-ibuprofen (Figures 15 and 16 of
supplementary material). Taking all the above mentioned and our model
structure, we hypothesize R-to-S chiral inversion is a saturable process
that mainly takes place in the liver, as the cancellation of the racemase
activity in the intestine did not impact simulation outcomes and S-
ibuprofen formation from R-ibuprofen was accurately predicted in the
model development step (see supplementary material Figure 13).
Racemase kinetic behavior has been modelled through a CL;,¢ instead of
a Vnax and Ky to avoid identifiability issues. This is not a concern when
simulating the oral administration of IR formulations with high ab-
sorption rates such as solutions, suspensions, or soft capsules, as the
racemase would be saturated and the percentage of inversion of R-
ibuprofen because of hepatic first pass effect would be negligible, and no
virtual dose adjustment for S-ibuprofen when simulating the adminis-
tration of a racemic mixture is needed. For complex formulations with
slower absorption rates (i.e., tablets), racemase would work far from
saturation, inverting more R-ibuprofen to S-ibuprofen as it firstly passes
through the liver. Consequently, it was necessary to increase the dose of
S-ibuprofen administered by 16.67 % (50 mg) to mimic the amount of R-
ibuprofen inverted as a consequence of its hepatic first pass effect (pre-
systemic inversion) because of the low absorption rate of this formula-
tion. This hypothesis was confirmed with the accuracy and precision of
the PBPK model in predicting S-ibuprofen exposure, with AFE and AAFE
of 0.95 and 1.06, respectively, for AUCy.; and 0.92 and 1.09, respec-
tively, for Cpax.

Based on the satisfactory predictive performance of the current PBPK
model for oral suspensions of ibuprofen (100 % of the studies for Cpax
and 90 % of the studies for AUC within the 0.9-1.1 range), a BE risk
assessment using the typical predicted PK profile was conducted to
evaluate the impact of PSD on the PK outcomes of both enantiomers. R-
ibuprofen has emerged as the most sensitive analyte to detect differences
in PSD for suspensions containing 400 mg of ibuprofen (Table 4).
Currently, ibuprofen product-specific bioequivalence guidelines from
the FDA and EMA allow bioequivalence to be demonstrated using
achiral bioanalytical methods. When Ty, is considered as a primary PK
parameter (e.g., in the EU), the use of a chiral bioanalytical method is
not necessary, since the mixture of enantiomers is as sensitive as the
eutomer (S-Ibuprofen Tpax T/R and R-Ibuprofen Tpayx T/R ratios of
84.16 % for Tpax 10 min earlier or 116.83 % for Tpax 10 min later).
However, when Tp,ax is not considered as a primary PK parameter (e.g.,
in the USA) the achiral method is over-discriminative compared to the
eutomer (S-Ibuprofen Cpax T/R ratio of 80.00 % vs R-Ibuprofen Cp,ax T/R
ratio of 77.27 %), since the outcome of the mixture of enantiomers will
be located in between the outcome of both enantiomers. Therefore,
products that show equivalence for the eutomer may fail to show
equivalence with the mixture of both enantiomers as determined with
the achiral method. In summary, the use of an achiral bioanalytical
method does not represent an increased risk of bioinequivalence for the
patients, but an inflation of the risk of concluding non-equivalence when
the products are actually equivalent for the eutomer. However, this
small inflation of the type II error (i.e., the probability of getting false
negative results) is compensated by the use of a simpler and cheaper
bioanalytical method.

Where onset of action is considered clinically relevant (e.g., in the
EU), Tmax is generally the most sensitive PK parameter amongst those
used in the EU for BE assessment (i.e. AUCy., Chax and Tpay) to detect
differences in rate of absorption caused by differences in PSD of
ibuprofen suspensions. However, AUCrpax is more discriminative than
Tmax When the test product exhibits a slower rate of absorption.

Although some discrepancies exist regarding the presence of pre-
systemic chiral inversion of R-ibuprofen in humans [30,31,49,50], the
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lack of experimental information after the administration of R-ibuprofen
in formulations with different absorption rates did not allow to fully
mechanistically describe (with Vi, and Ky values) this process in the
proposed PBPK models. So, setting the intestinal racemase activity scalar
to 0 must be handled with caution as more data are needed to mecha-
nistically describe and place this process. Due to structural limitations of
Simcyp®, it was not possible to simulate the administration of the
racemic mixture (i.e., each enantiomer handled as a substrate) or adding
the formed S-ibuprofen from R-ibuprofen to the dose administered as S-
ibuprofen. Consequently, no displacement interaction on plasma protein
binding between enantiomers could be considered. The large dataset
used in this work comes from 11 independent clinical trials performed in
different countries, facilities and by different sponsors and personnel,
which increased the variability of the observed PK data. Despite the
large experimental evidence collected across the different Phase I
studies, the lack of multiple-dose regimen studies represents a limitation
of the PBPK model to predict steady-state concentrations of each enan-
tiomer in different oral formulations and evaluate their potential impact
on bioequivalence.

In conclusion, the developed and verified framework represents a
milestone in the field of PBPK M&S, since it is the first PBPK model
addressing stereospecific properties of ibuprofen in ADME processes and
based on experimental information obtained in a wide range of IR oral
formulations. Moreover, the proposed PBPK model satisfactorily ac-
counts for the interplay between complex PK processes (non-linear
plasma protein binding) and the unidirectional R-to-S inversion, antic-
ipating the relevance of R-ibuprofen as the most sensitive analyte for
bioequivalence evaluation of oral suspensions of ibuprofen, which
supports the use of achiral bioanalytical methods for demonstration of
bioequivalence of ibuprofen suspensions, and identifying Tpyax as the
most discriminative PK parameter when comparing the rate of absorp-
tion of ibuprofen suspensions. The bioequivalence risk assessment
guided by the proposed PBPK model would represent a useful strategy to
evaluate the impact of critical dissolution- and absorption-related pa-
rameters of oral formulations containing racemic ibuprofen for regula-
tory purposes, consolidating a predictive in silico framework that can
reduce and refine future bioequivalence studies.
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