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Abstract

:

Physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) models can serve as a powerful framework for predicting the influence as well as the interaction of formulation, genetic polymorphism and co-medication on the pharmacokinetics and pharmacodynamics of drug substances. In this study, flurbiprofen, a potent non-steroid anti-inflammatory drug, was chosen as a model drug. Flurbiprofen has absolute bioavailability of ~95% and linear pharmacokinetics in the dose range of 50–300 mg. Its absorption is considered variable and complex, often associated with double peak phenomena, and its pharmacokinetics are characterized by high inter-subject variability, mainly due to its metabolism by the polymorphic CYP2C9 (fmCYP2C9 ≥ 0.71). In this study, by leveraging in vitro, in silico and in vivo data, an integrated PBPK/PD model with mechanistic absorption was developed and evaluated against clinical data from PK, PD, drug-drug and gene-drug interaction studies. The PBPK model successfully predicted (within 2-fold) 36 out of 38 observed concentration-time profiles of flurbiprofen as well as the CYP2C9 genetic effects after administration of different intravenous and oral dosage forms over a dose range of 40–300 mg in both Caucasian and Chinese healthy volunteers. All model predictions for Cmax, AUCinf and CL/F were within two-fold of their respective mean or geometric mean values, while 90% of the predictions of Cmax, 81% of the predictions of AUCinf and 74% of the predictions of Cl/F were within 1.25 fold. In addition, the drug-drug and drug-gene interactions were predicted within 1.5-fold of the observed interaction ratios (AUC, Cmax ratios). The validated PBPK model was further expanded by linking it to an inhibitory Emax model describing the analgesic efficacy of flurbiprofen and applying it to explore the effect of formulation and genetic polymorphisms on the onset and duration of pain relief. This comprehensive PBPK/PD analysis, along with a detailed translational biopharmaceutic framework including appropriately designed biorelevant in vitro experiments and in vitro-in vivo extrapolation, provided mechanistic insight on the impact of formulation and genetic variations, two major determinants of the population variability, on the PK/PD of flurbiprofen. Clinically relevant specifications and potential dose adjustments were also proposed. Overall, the present work highlights the value of a translational PBPK/PD approach, tailored to target populations and genotypes, as an approach towards achieving personalized medicine.
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1. Introduction


Intrinsic and extrinsic patient factors (IEFs) such as dosage form, co-medication, and genetic polymorphism may significantly impact drug exposure and subsequently lead to changes in the efficacy or safety of a drug. The ability to quantify such factors on the exposure and pharmacologic action of a drug would represent a milestone in determining required dose adjustments and implementation of risk management strategies. Under the prism of model-informed drug discovery and development (MID3), dynamic mechanistic models such as whole body physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) models may be useful for forecasting the influence as well as the interaction of multiple factors on pharmacokinetics (PK) and pharmacodynamics (PD), and as a result could be used to guide formulation selection and clinical dosing recommendations.



Flurbiprofen (FLU) is a potent non-steroid anti-inflammatory drug (NSAID) that has been used as the racemate for the symptomatic treatment of rheumatoid arthritis and osteoarthritis. FLU is a typical acidic representative of class II of the Biopharmaceutics Classification System (BCS), exhibiting very poor solubility in gastric conditions, but high solubility and permeability in the small intestine. FLU is entirely absorbed from the small intestine with a fraction absorbed (fa) typically greater than 95%, while its absolute bioavailability ranges between 92% and 96% [1]. Even though it is almost completely absorbed, the intestinal absorption of FLU is considered complex and variable, since it is often associated with double peak phenomena and high inter-individual variability in plasma concentrations (up to 80–100%) [1,2,3]. The clinical PK of FLU is stereo-selective, with only the S-enantiomer being pharmacological active, and is linear in the dose range of 50–300 mg. Similar to most NSAIDs, it is highly bound (>99%) to plasma proteins, with a steady-state volume of distribution (Vss) of around 0.1 L/kg [1,4,5]. FLU is mainly eliminated by oxidative metabolism in the liver by the cytochrome P450 (CYP) 2C9 to its major metabolite, 4-hydroxy flurbiprofen (4-OH FLU). CYP2C9 metabolic contribution is at least 71% and FLU has been identified as a probe drug for CYP2C9 activity. Further type II biotransformation reactions, such as glucuronidation, are mediated through UGT2B7 and UGT1A9.



CYP2C9 is a polymorphic enzyme, with more than 50 single nucleotide polymorphisms (SNPs) described in the regulatory and coding regions of the CYP2C9 gene. However, of those, only two coding SNPs, namely, CYP2C9*2 and CYP2C9*3, have shown to result in clinically relevant reductions in enzyme activity, while the CYP2C9*1 is the wild type variant [6]. The two afore-mentioned SNPs result in six different genotypes that confer three functionally different phenotypes: (a) extensive metabolizers (EM; CYP2C9*1/*1), (b) intermediate metabolizers (IM; CYP2C9*1/*2, CYP2C9*1/*3, and CYP2C9*2/*2), and poor metabolizers (PM; CYP2C9*2/*3 and CYP2C9*3/*3) [6,7,8]. Although the wild type variant is the most common allele of the CYP2C9 polymorphic family, the frequency of CYP2C9 genetic polymorphisms varies significantly among different ethnic populations [9,10,11]. Thus, increased FLU plasma exposure might be observed in subjects with different genotypes as well as after co-administration of CYP2C9 inhibitors.



PBPK modeling has been increasingly used in recent years for predictions of formulation effects, drug–drug interactions, and pharmacogenetics in drug development and to support regulatory decision-making [12,13,14,15,16,17,18,19,20,21,22]. A translational absorption PBPK/PD modeling approach is required in order to gain mechanistic insight into the effect of multiple intrinsic and extrinsic patient factors on the exposure and therapeutic response of a drug. For that purpose, we generated biorelevant in vitro data from multiple FLU formulations, and the biopharmaceutical parameters were then translated to in vivo dissolution and absorption scenarios. Leveraging in vitro, in silico, and in vivo data, we developed a comprehensive integrated PBPK/PD model and evaluated it against clinical PK/PD, pharmacogenetic (PG), and drug–drug interaction studies. In summary, the aim of the present study was to evaluate the impact of formulation, genetic polymorphism, and co-medication on the pharmacokinetics and pharmacodynamics of FLU.




2. Materials and Methods


2.1. Chemicals and Reagents


FLU (lot #LRAA9230) pure active pharmaceutical ingredient (API) was purchased commercially from Sigma-Aldrich Co., LLC. (St. Louis, MO, USA). Three immediate release (IR) tablet formulations of FLU with qualitatively different compositions were selected for study: (a) 100 mg FLU United States Pharmacopoeia (USP film-coated tablets, lot 3077637; Mylan Pharmaceuticals Inc., Morgantown, WV, USA), (b) 100 mg Antadys (film-coated tablets, lot 8M824; Teva Sante, Paris, France), and (c) 100 mg Froben (sugar-coated tablets, lot 31257J4; BGP Products GmbH, Baar, Switzerland), purchased from the American, French, and Swiss markets, respectively. Fasted state-simulated gastric fluid (FaSSGF), fasted state-simulated intestinal fluid (FaSSIF V1), fed state-simulated intestinal fluid (FeSSIF V1) powder (lot 01-1512-05NP), and FaSSIF V3 powder (lot PHA S 1306023) were kindly donated from Biorelevant.com Ltd. (Surrey, United Kingdom). Acetonitrile (lot 18D181599) and water (lot 17B174006) of HPLC-grade were purchased from VWR Chemicals (Leuven, Belgium). Sodium hydroxide pellets (lot 14A100027), sodium chloride (lot 17I074122), sodium acetate (lot 14B240013), hydrochloric acid 37% (lot 10L060526), orthophosphoric acid 85% (lot 12K210017), and glacial acetic acid 100% (lot 12B220508) were obtained commercially from VWR Chemicals (Leuven, Belgium). Sodium dihydrogen phosphate dehydrate (lot K93701642712) and citric acid (lot K91221207425) were purchased from Merck KGaA (Darmstadt, Germany). Pepsin from porcine gastric mucosa 19.6% was obtained from Sigma-Aldrich Co., LLC.




2.2. In Vitro Solubility Experiments


The solubility of FLU was investigated in various aqueous and biorelevant dissolution media using the Uniprep system (Whatman, Piscataway, NJ, USA). All aqueous buffers were prepared according to the European Pharmacopoeia, while the biorelevant media were prepared according to Markopoulos et al. and Fuchs et al. [23,24]. An excess amount of API was added to 3 mL of dissolution medium and the samples were incubated for 24 h at 37 °C on an orbital mixer. The samples were then filtered through the 0.45 μm polytetrafluoroethylene (PTFE) filter integrated in the Uniprep system. The filtrate was immediately diluted with mobile phase and analyzed by high-performance liquid chromatography (HPLC) (see Section 2.5). All measurements were performed at least in triplicate (n ≥ 3) and the final pH was recorded.




2.3. In Vitro Dissolution Tests


All dissolution tests were performed using a calibrated USP II (paddle) apparatus (Erweka DT 80, Heusenstamm, Germany) at 37 ± 0.4 °C. Each vessel contained 500 mL of fresh, pre-warmed medium and the rotational speed was set at 75 rpm. Samples were withdrawn at 2.5, 5, 10, 15, 20, 30, 45, 60, 90, and 120 min via a 5 mL glass syringe connected to a stainless-steel cannula containing a 10 μm polyethylene cannula filter. Immediately thereafter, the sample was filtered through a 0.45 μm PTFE filter (ReZist 30, GE Healthcare UK Ltd., Buckinghamshire, United Kingdom), discarding the first 2 mL. The filtrate was immediately diluted with mobile phase and analyzed by HPLC-UV (see Section 2.5). The removal of 5 mL at each sampling time was considered in the calculation of the percentage dissolved. All experiments were performed at least in triplicate (n ≥ 3) and the final pH in the vessel was recorded.




2.4. Two-Stage Dissolution Test


Since the conventional one-stage USP II dissolution test does not include a gastric compartment to account for disintegration of the dosage form in the stomach, differences in the disintegration time between simple film-coated (i.e., 100 mg FLU USP and 100 mg Antadys) and sugar-coated formulations (i.e., 100 mg Froben) might bias the interpretation of the biorelevant in vitro dissolution behavior with respect to the in vivo performance. Hence, to investigate the disintegration effect on the in vitro performance of FLU formulations, we performed a two-stage dissolution test with FaSSIF V3 as the intestinal medium according to Loisios-Konstantinidis et al. [25]



The tested dosage forms were initially exposed to 250 mL of gastric medium (i.e., FaSSGF Levels I and III) and samples were removed at 5, 10, 15, 20, and 30 min and treated as described in Section 2.3. After the withdrawal of the last sample, we added 6.8 mL of sodium hydroxide 1M and immediately thereafter 250 mL of FaSSIF V3 concentrate pH = 6.7 (double concentration of all the constituents, apart from sodium hydroxide) to the vessel. Sodium hydroxide was added first, but almost simultaneously with FaSSIF V3. This was done to avoid using a very high pH in the FaSSIF V3 concentrate. After the pH shift, further samples were removed at 32.5, 35, 40, 45, 50, 60, and 90 min. The two-stage dissolution tests were performed using calibrated USP II (paddle) apparatus (Erweka DT 80, Heusenstamm, Germany) at 37 ± 0.4 °C and the samples were analyzed by HPLC-UV (see Section 2.5). All experiments were performed at least in triplicate (n ≥ 3) and the final pH in the vessel was recorded.




2.5. Quantitative Analysis of Samples


Samples obtained from solubility and dissolution experiments were first filtered through a 0.45 μm PTFE filter (ReZist 30 syringe filter or Uniprep; Whatman, Piscataway, NJ, USA) and subsequently, after appropriate dilution with mobile phase, analyzed by HPLC-UV (Hitachi Chromaster; Hitachi Ltd., Tokyo, Japan or Spectra System HPLC, ThermoQuest Inc., San Jose, CA, USA). A BDS Hypersil C18, 5 μm, 150 × 4.6 mm (Thermo Scientific, Waltham, MA, United States) analytical column combined with a pre-column (BDS Hypersil C-18, 3μm, 10 × 4mm) was used. The mobile phase consisted of water adjusted to pH = 3.0 with trifluoroacetic acid (TFA) and acetonitrile (49.5:0.5:50% v/v). The detection wavelength was set at 247 nm, the flow rate at 1.0 mL/min, and the injection volume at 20 μL. Using this method, the retention time was approximately 6.8 min. The limit of detection (LOD) and quantification (LOQ) were 0.03 and 0.05 μg/mL, respectively.




2.6. Model-Based Analysis of In Vitro Solubility Data


An experimental estimate of FLU pKa was obtained by fitting the Henderson–Hasselbalch equation (Equation (1)) to the mean aqueous equilibrium solubility   (  S i  )    values using the SIVA Toolkit version 3.0 (SIVA 3; Certara, Simcyp Division; Sheffield, UK). The lowest reported value in buffers was assumed to represent the intrinsic solubility   (  S 0  )  . The pKa was then compared with values available in the literature to confirm the validity of the aqueous solubility parameter estimates.


   S i  =  S 0  ·   10     p H − p K a      



(1)







The impact of bile salt concentration       B S        and subsequent formation of micelles on the solubility of FLU was investigated. This was achieved by mechanistically modelling the mean solubility values in fasted state biorelevant media (n = 3), accounting also for the relative proportions of FLU solubilized in the aqueous versus the micellar phases, using the total solubility      S    B S   T o t       equation (Equation (2)) in SIVA 3.0. Estimates of the logarithm of the micelle-water partition coefficient for the neutral      K  m : w , u n i o n i z e d       and ionized drug      K  m : w , i o n i z e d       were obtained to quantify the micelle-mediated solubility.


   S    B S   T o t   =       B S   ·    S 0     C  H 2 O     ·  K  m : w , u n i o n i z e d   +    S 0    +       B S   ·    S i     C  H 2 O     ·  K  m : w , i o n i z e d   +    S i       



(2)







Estimation of the relevant parameters was performed using the Nelder–Mead algorithm with weighting by the reciprocal of the predicted values. All estimates based on the in vitro solubility data were used as in silico input parameters for the development of the physiologically based pharmacokinetic (PBPK) model.




2.7. Model-Based Analysis of In Vitro Dissolution Data


Once confidence in the estimation of solubility-related parameters was established, we performed further model-based analysis of the in vitro dissolution data obtained from both one and two-stage tests within the serial dilution module of the SIVA Toolkit (SIVA 3.0). The dissolution rate of spherical particles under sink and non-sink conditions within SIVA is described by an extension of the diffusion layer model (DLM) developed by Wang and Flanagan (Equation (3)) [26,27].


  D R  t  = − N ·  S  D L M   ·    D  e f f      h  e f f    t    · 4 π · α  t  ·   α  t  +  h  e f f    t    ·    S  s u r f a c e    t  −  C  b u l k    t     



(3)




where   D R  t    is the dissolution rate at time t, N is the number of particles in a given particle size bin, and    S  D L M      is a lumped correction scalar without regard to the mechanistic origin of the correction to the DLM. The SDLM estimates obtained with SIVA can be applied to the Simcyp PBPK simulator to reflect differences between media or formulations by simulating the respective in vivo dissolution;    D  e f f     is the effective diffusion coefficient;    h  e f f    t    and   α  t    represent the thickness of the hydrodynamic boundary layer and the particle radius at time t, respectively;     S  s u r f a c e    t    corresponds to the saturation solubility at the particle surface (which may be different to the bulk fluid solubility, as discussed below); and    C  b u l k    t    is the concentration of dissolved drug in bulk solution at time t.



The    h  e f f    t    was calculated by the fluid dynamics sub-model, which enables the hydrodynamic conditions to be described according to local conditions and stirring rate. Fluid dynamics-based    h  e f f    t    is the recommended option for describing the hydrodynamics, as it permits a more rational translation of estimated parameters such as the    S  D L M      to in vivo conditions, in which the hydrodynamics are usually quite different to in vitro experiments.



The local pH at the particle surface of ionizable drugs can significantly affect the    S  s u r f a c e     and consequently the dissolution rate [28,29,30,31,32,33]. Since the in vitro dissolution media have a somewhat higher buffer capacity than the intestinal fluids, the self-buffering effect at the solid surface can be underestimated. For this reason, the surface pH was calculated and directly input into SIVA. The calculation of the surface pH is based on the model first proposed by Mooney et al. [29], which assumes that dissolution is the result of both chemical reaction between the conjugate base of the buffer species and the hydrogen cations released from the dissolving drug (in this case FLU) at the liquid–solid interface and the diffusion of the dissolved particles to the bulk. This model is very similar to the quasi-equilibrium model published by Ozturk et al. [31], a derivative of which is implemented in SIVA as the default option for surface pH calculations.



By fitting the DLM model to the observed dissolution data, we obtained    S  D L M      estimates for each dissolution and two-stage test. In the case of two-stage testing, different    S  D L M     values were obtained for the gastric and intestinal compartments, accounting for the changes in the respective in vitro conditions. Under fasted state intestinal conditions, FLU is freely soluble and therefore dissolution is not expected to be solubility limited. In that case, disintegration of the solid dosage form in the intestinal dissolution medium might be the rate-limiting step for the in vitro dissolution rate, especially in single dissolution experiments where the dosage form is directly exposed to the intestinal medium without any pre-treatment in a gastric medium. When disintegration was considerably slower than dissolution, and thus had an impact on the overall dissolution rate, the first-order disintegration option was activated in SIVA and used to obtain estimates of a first-order disintegration rate constant   (  k d  )   for those experiments. For the two-stage test experiments, the option was kept deactivated since disintegration in the stomach is already accounted for by the dissolution in the gastric medium. Both gastric and intestinal phases of the two-stage results were modelled simultaneously using the serial dilution model, which can account for more than one in vitro dissolution condition in the same experiment.



Estimation of the relevant parameters was performed using the Nelder–Mead algorithm and equal weighting was applied. The various estimated    S  D L M     and    k d    values were implemented in the Simcyp Simulator (V18.1; Certara, Sheffield, UK) to simulate various in vivo dissolution scenarios for the formulations under study and to generate in vitro–in vivo extrapolation relationships. These are necessary to predict the in vivo performance of the pure drug or formulation using PBPK modelling.




2.8. Clinical Studies


2.8.1. PBPK Development and Evaluation Studies


A total of 17 plasma concentration–time profiles from 10 clinical trials published in the open literature were used in support of the development and validation of the FLU physiologically based PBPK/PD model. Data after intravenous administration were obtained from Mei et al. [34]. In this crossover bioequivalence study, 24 healthy male Chinese subjects were administered a single dose (s.d.) of FLU axetil intravenously after an overnight fast.



Nine studies were performed after oral administration of a single dose of FLU at different dose levels and dosage forms in the fasted state.In the study by Gonzalez-Younes et al. [35], 12 Caucasian healthy, non-smoker males, aged between 25 and 31 years and weighing within 10% of their ideal body weight (BW) for height (BH), were administered 25 mL of oral solution containing 67.9 mg FLU in the fasted state. In a three-way three-treatment randomized crossover study, Szpunar et al. investigated the linearity of the pharmacokinetics of FLU [36]. In this study, 15 healthy subjects with mean (range) age of 29 (18–40) years old, and weight (range) and height (range) of 76.4 (62.3–109) and 177 (168–188) cm, respectively, were administered single oral doses of 100, 200, and 300 mg as immediate release (IR) tablets. Additionally, in a separate treatment, all participants received 40 mL of oral solution containing 100 mg FLU (2.5 mg/mL). In all treatments, all individuals received the medication at 7:00 a.m. with 180 mL water, after an overnight fast. In a pharmacokinetic study by Lee et al., 13 Korean male healthy volunteers, who had fasted overnight, received an oral solution of 40 mg from pre-dissolved Froben tablets [37]. The latter study also explored the effect CYP2C9-specific genotypes, CYP2C9 1*/1* (wild type) and 1*/3*, on the pharmacokinetics of FLU. Similarly, in the study by Lee et al., the differences in metabolism and pharmacokinetics among individuals with the CYP2C9 1*/1*, 1*/2*, and 1*/3* genotypes were investigated. A total of 15 (5 for each genotype), 8 female and 7 male, healthy Caucasian (one Hispanic) volunteers aged between 24 ± 5 years and weighing 79 ± 18 kg were administered a 50 mg FLU tablet after an overnight fast. As well as taking plasma samples, the researchers also collected pooled urine.



Several clinical studies after oral administration of FLU at its highest strength (100 mg) are available in the open literature [4,36,38,39]. In a relative bioavailability study with a crossover design by Jamali et al., 23 healthy Caucasian male subjects with a mean (range) age of 27.2 (18–35) years old received 100 mg Froben or 100 mg Ansaid with 100 mL water after an overnight fast. The mean (range) body weight was 71.8 (52.5–88.5) kg and all individuals were within 20% of their ideal body weight for their height [38]. In the study by Patel et al., 4 Caucasian (50% females) healthy volunteers with mean (SD) age and weight of 26.8 (2.2) years old and 67.8 (4.1) kg, respectively, took part [4]. All subjects had fasted overnight and on the next morning were administered a 100 mg Froben tablet with approximately 150 mL water. In a randomized, double blind, placebo-controlled, crossover study, Suri et al. investigated the pharmacokinetics (PK) and pharmacodynamics (PD) of FLU after oral administration. In this study, 6 healthy subjects were given 100 mg FLU orally as a single tablet with 200 mL water after an overnight fast, on 2 separate occasions [39]. No further demographic and background characteristics were described. The analgesic efficacy was evaluated by 2 independent pharmacodynamic endpoints, including a subjective pain intensity rating and tooth pulp-evoked potentials (TPEP) amplitude, which is more objective.



To investigate the bioequivalence between orally disintegrating and conventional FLU tablets in a randomized-sequence, open-label, 2-period crossover study, Liu et al. administered a single dose of 150 mg (as 3 tablets of 50 mg) FLU of either the orodispersible (test) or the conventional (reference) formulation to 20 healthy, non-smoking Chinese male volunteers [40]. After a 12 h fast, the subjects received the test product without any water intake, whereas 250 mL water were given with the reference product. The enrolled individuals had a mean (SD) age, weight, height, and body mass index (BMI) of 21.4 (2.5) years, 63.2 (5.1) kg, 174.4 (4.2) cm, and 20.8 (1.4) kg/m2, respectively.



In all studies, concomitant administration of any other drugs was not permitted for at least 1 week before the study and food was withheld until 2 h post-dose.



All available demographic data from the aforementioned clinical studies were used in simulations of the clinical trials and they are summarized in Table 1.




2.8.2. Drug–Drug Interaction (DDI) Studies


A total of 13 sets of plasma concentration–time profiles of FLU with or without perpetrator co-administration from a total of 6 clinical studies available in the open literature were used for CYP2C9 drug–drug–gene predictions. In an open randomized crossover study, Kumar et al. investigated the impact of CYP2C9 genotype- and dose-dependent inhibition interactions of FLU in vivo [43]. From a total of 189 genotyped subjects, 11 CYP2C9 1*/1*, 8 CYP2C9 1*/3*, and 2 CYP2C9 3*/3* healthy subjects received either 50 mg FLU (Mylan Pharmaceuticals Inc., Maharashtra, India) as a tablet alone or 200 mg or 400 mg fluconazole as tablet once daily (q.d.) for 7 days, followed by 50 mg FLU on the 7th day. Subjects were required to fast overnight prior to the study day and FLU was administered 2 h after administration of the last fluconazole dose. In a total of 3 clinical studies investigating the potential of in vivo CYP2C9 inhibition by pomegranate, blueberry, cranberry or grape juice, the researchers used FLU as the index substrate and fluconazole as the inhibitor [44,45,46]. Following the same design and administration protocol, the researchers administered fluconazole to healthy volunteers as a 200 mg tablet twice on the afternoon before the day of study and 30 min prior to the administration of a 100 mg FLU tablet on the study day. After FLU administration, venous blood samples were drawn over 12 h. In addition, Zgheib et al. evaluated the effect of study design, i.e., after administration of either a single or 7 once daily doses of 400 mg fluconazole, on the in vivo metabolism and pharmacokinetics of FLU [47]. A total of 12 healthy volunteers completed the study. After overnight fast, 50 mg of FLU was administered as a tablet (Ansaid) 2 hours after the last dose of fluconazole. Daali et al. assessed the usefulness of dried blood spots (DBS) to determine the FLU metabolic ratio by comparing plasma concentration with DBS profiles after 3 treatments: (a) administration of a 50 mg FLU tablet alone, (b) 50 mg of FLU together with a single 400 mg dose of fluconazole as the CYP2C9 inhibitor, and (c) 50 mg of FLU with 5 doses (once daily) of 600 mg rifampicin as the CYP2C9 inducer [48]. FLU administration to 10 healthy male subjects took place 2 hours after fluconazole and concomitantly with the last dose of rifampicin; between treatments there was at least a 2-week washout period.



In all studies, no concomitant administration of any other drugs was permitted for at least 1 week before the start of the study; food was withheld until 2 h post-dose and a washout period of at least 1 week was applied.



All available demographic and study design data of the DDI studies are presented in Table 2.





2.9. PBPK Model Development and Verification


2.9.1. Software


PBPK modeling and simulations were performed using the Simcyp Population-based Simulator (V18.2; Certara, Sheffield, United Kingdom). The FLU PBPK model was developed by implementing a “middle-out” stepwise sequential modeling strategy, in line with previously published literature and regulatory guidelines [16,49,50,51,52,53]. Briefly, the initial model was developed through integration of physicochemical parameters, in vitro data, and/or in silico predictors for the absorption, distribution, metabolism, and excretion (ADME) processes. In vitro data generated for the purpose of this study were also incorporated after using an in vitro–in vivo extrapolation (IVIVE) approach. All input parameters for the FLU PBPK/PD model are summarized in Table 3. Simulations were performed using the virtual North European Caucasian and Chinese healthy volunteer populations of the software.




2.9.2. PBPK/PD Model Development


Physicochemical Characteristics and Blood Binding



FLU has a molecular weight (MW) of 244.3 g/mol and is a poorly soluble (BCS II) monoprotic acid with a pKa of 4.05. The logarithm of the octanol–water partition coefficient is 3.99 [55,60], while the values for the blood/plasma concentration ratio (B:P) and the fraction unbound (fu) are 0.55 and 0.01, respectively [5,56,57,58,59].



Absorption


The Advanced Dissolution Absorption and Metabolism (ADAM) model was used to mechanistically describe the absorption of FLU. The ADAM model has previously been described in detail by Jamei et al. and Darwich et al. [63,64]. The human effective permeability (Peff) was calculated using in vitro apparent permeability (Papp) data in Caco-2 cells for both the compound and positive (Verapamil)/ negative (Atenolol) calibrators [60]. The Peff was predicted to be 4.83 × 10−4 cm/s through using a pH of 6.5 on the apical side of the Caco-2 cells and assuming only passive permeation. The diffusion layer model (DLM) with advanced fluid dynamics (AfD) and dynamic (time variant) pH were implemented to simulate the in vivo dissolution. Default settings of the software for luminal blood flow, fluid volume, bile salt content, segmental pH, metabolic activity, and small intestinal residence time were applied. The mean gastric emptying time (GET) in the fasted state was set to 0.25 h (matching the built-in “segregated transit time” model value rather than the default value of 0.4 h used in the “global” transit time model), as suggested by human clinical data and several authors [65,66,67,68]. The S0 was set to the minimum experimentally measured value, while estimates for the neutral and ionized species Km:w (Equation (2)) were incorporated after modelling of the in vitro biorelevant solubility data (Section 2.6). A dissolution-based IVIVE approach, using SDLM estimates from in vitro data, was followed to account for formulation or media-related differences when simulating the respective in vivo dissolution scenarios (Section 2.7). Further, to investigate the effect of in vivo dissolution of multiple formulations and under various conditions on the overall in vivo performance, we implemented selected SDLM estimates to simulate the aforementioned clinical studies at the 100 mg dose level. At other dose levels, the highest gastric (SDLM, stomach) and intestinal (SDLM, SI) estimates corresponding to the fastest gastric and intestinal dissolution rates, respectively, were used to minimize the impact of formulation.




Distribution


A full PBPK distribution model was used and distribution parameters including organ/tissue partition coefficients (Kp) and volume of distribution at the steady state (Vss) were predicted by the built-in Method 2 (the Rodgers–Rowland method) [69].




Metabolism and Excretion


The contributions of CYP2C9 (fmCYP2C9 = 0.71) on the overall metabolic clearance (CL) of FLU as well as the renal clearance (CLrenal = 0.66) were obtained from Patel et al. [4]. Using the retrograde model for healthy volunteers available within the PBPK software, we calculated additional liver CL to match the reported fmCYP2C9. Using human recombinant (rhP450) CYP2C9 expressed in microsomes from the insect cell line Sf21, we found the mean Vmax and Km values for the 1*/1* (wild type), 2*/2*, and 3*/3* to be 15.79 and 8.756, 10.04 and 10.39, and 8.901 and 23.25, respectively [61]. These allele-specific CYP2C9 in vitro kinetic parameters (Vmax, Km) were implemented to further inform the model. The metabolic clearance of heterozygotic subjects with CYP2C9 1*/2* and CYP2C9 1*/3* genotypes has been clinically observed to be 0.73 and 0.605 of the wild type (1*/1*) clearance, respectively [42]. For that reason, and in the absence of in vitro data, the Vmax of CYP2C9 1*/1* was scaled down accordingly to account for the decrease in clearance in those genotypes. The Km value was assumed to be the same as for CYP2C9 1*/1*. All presented Vmax and Km values were already normalized to account for microsomal incubation fraction unbound (fu,mic). Since an inter-system extrapolation factor (ISEF) was not available for this particular rhP450 system, we used a literature ISEF value (equal to 0.38) from baculovirus insect cell-expressed CYP2C9 for another NSAID, diclofenac, as an initial estimate [70]. After oral administration of racemic FLU, 8.4 and 7.3% of the dose was excreted into the urine as the acyl glucuronide of (R)- and (S)-FLU, respectively [4], indicating that glucuronidation made some contribution to the metabolic pathway of FLU. The major UGT isoform involved in FLU glucuronidation is UGT2B7, with minor contributions by UGT1A1, UGT1A3, UGT1A9, and UGT2B4 [71,72]. Even though genetic polymorphisms have been reported in UGT family members [73,74], the clinical and functional significance and genotype–phenotype correlation of UGT polymorphisms is an ongoing area of research. In absence of data showing clinical relevance of UGTB7 and UGT1A9 polymorphisms, these were not considered for the development and validation of the present model.




Pharmacodynamics


A published inhibitory Emax model linked to an effect-compartment was coupled to the PBPK model for FLU [39]. The analgesic efficacy was assessed using 2 endpoints: (a) subjective pain intensity ranking and (b) tooth pulp-evoked potentials (TPEP) amplitude. The percentage change of each endpoint after drug intake was considered as an indicator of pharmacodynamic activity, while the pre-dose value was defined as 100% (initial value).




Model Optimization


The volume of distribution and clearance were further optimized by estimating the Kp scalar and the ISEF value, respectively, with simultaneous fitting of the model to PK data after 50 mg intravenous and 67.9 mg oral solution administrations (internal datasets).





2.9.3. PBPK/PD Model Validation and Evaluation of Predictive Performance


The performance of the developed PBPK/PD model was evaluated by clinical trial simulations. In order to assess the distribution of population variability, we simulated at least 10 trials of 10 subjects (n ≥ 100) each for each clinical study. Specifically, a two-step validation process for the FLU PBPK/PD model was followed. The initial model was internally verified by comparing the predicted and observed plasma concentration profiles for the IV and the oral solution (67.9 mg) administrations. The model was then validated by comparing mean simulated and observed plasma concentration profiles, and exposure and response parameters of external datasets including PK data from subjects with different CYP2C9 genotypes in a 40–300 mg dose range. Virtual populations were selected to closely match the enrolled individuals in the respective in vivo clinical trials with regard to sample size, ethnicity, gender ratio, and age and weight range. Reported volumes of concomitant liquid intake, dosage form type, and sampling schedule were also included in the study design. A schematic of the modeling workflow is presented in Figure 1.



The predictive performance of the model was assessed by visual predictive checks (5th and 95th percentiles), as well as by comparing predicted and observed plasma concentration values and PK parameters: maximum plasma concentration (Cmax), area under the curve extrapolated to infinity (AUCinf) and apparent clearance (CL/F). For this purpose, the ratio (Rpred/obs) of model-predicted versus observed parameter values was determined (Rpred/obs = model-predicted/clinically observed). The predictive accuracy was evaluated on the basis of the “two-fold” rule (−0.301 < logRpred/obs < 0.301), as well as the more stringent deviation of 25% (−0.097 < logRpred/obs < 0.097).



As quantitative measures of model performance, mean relative deviations (MRDs) of the predicted plasma concentrations and geometric mean fold errors (GMFEs) of Cmax, AUCinf, and CL/F were also calculated, as follows:


  M R D =   10    1 N      ∑  i N      l o  g  10      C i    − l o  g  10        C i   ^       2       



(4)






  G M F E =   10    1 n    ∑  j n    l o  g  10          a j   ^     a j           



(5)




where    C i    and      C i   ^    are the    i  t h     observed and predicted concentrations, respectively;     a j    and      a j   ^    correspond the observed and the respective predicted Cmax, AUCinf, or CL/F values of the    j  t h     clinical study; and N and n are the number of observations and clinical studies, respectively. Overall MRD and GMFE values of ≤2 were considered as reasonable predictions [75,76,77].




2.9.4. PBPK DDI Modeling


In addition to the evaluation methods described in Section 2.9.3, we simulated CYP2C9 drug–drug–gene interactions to evaluate the DDI performance of the developed PBPK/PD model. A total of 12 plasma concentration–time profiles after co-administration of flurbiprofen with the strong CYP2C9 inhibitor fluconazole and 1 with the CYP2C9 inducer rifampicin were used to predict the drug–drug–gene interactions of flurbiprofen.



PBPK Models of Perpetrator Drugs


The compound files for fluconazole (inhibitor) and rifampicin MD (inducer) are available in the Simcyp (v18.2) drug library, and the verified built-in values for the inhibition and induction parameters were used for these perpetrator drugs. For the clinical trial simulation, the administration protocol and the virtual subjects closely matched the ones from the actual studies.




PBPK DDI Modeling Evaluation


The model performance in predicting the DDIs was evaluated by comparison of the predicted to observed victim drug plasma concentration–time trajectories, when administered alone and during co-administration. The ratios of AUC from time zero to the time of the last measured concentration (AUClast) and of Cmax, with and without administration of the perpetrator drug, were calculated as follows:


  D D I   r a t i o =   A U  C  l a s t     o r    C  m a x     v i c t i m   d r u g   d u r i n g   p e r p e t r a t o r   c o a d m i n i s t r a t i o n     A U  C  l a s t     o r    C  m a x     v i c t i m   d r u g     c o n t r o l      



(6)







To assess the DDI modeling, the GMFEs of the predicted DDI were calculated for AUClast and Cmax ratios according to Equation (5).





2.9.5. Virtual Populations


North European Caucasian (NEurCaucasian) and Chinese virtual populations of healthy volunteers were used for the population simulations of this study. The main differences in the inputs for the two populations related to CYP2C9 metabolism and genotype profile are summarized in Table S1. The intrinsic catalytic activity of CYP2C9 per unit amount of enzyme variant and tissue composition were assumed the same in both populations. The mean default intestinal and liver CYP2C9 abundances as well as the specific genotype frequencies of the Simcyp population libraries were used. As the Korean population is not available in the current Simcyp version (v19.1), we simulated studies including Korean subjects by using the Chinese virtual population, which is considered to be the population with the highest demographic and genetic proximity to the Korean population [78,79,80].





2.10. Data Analysis and Model Diagnostics


The solubility and dissolution data are presented as the arithmetic mean (standard deviation). Model-based analysis of the in vitro data in the SIVA Toolkit was performed with either Nelder–Mead or a hybrid algorithm with a 5th order Runge–Kutta solver. The appropriate weighting scheme was chosen on the basis of the observed data ranges and their homogeneity, and the goodness of fit was assessed by the coefficient of determination (R2) as well as visual predictive checks (e.g., residuals plots). All PK profiles obtained from the literature were digitalized with the WebPlotDigitizer (version 4.1; PLOTCON; Oakland, USA). The parameter estimation within the PE module of the Simcyp Simulator was performed with the maximum likelihood estimation method.



Data post-processing and visualization were performed with MATLAB 2019b (Mathworks Inc.; Natick, MA, USA) and R version 3.5.3 (R Core Team (2019). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/).





3. Results


3.1. In Vitro Solubility


Table 4 summarizes the equilibrium solubility values in multiple aqueous buffers and biorelevant media with different pH values. The final pHbulk differed significantly from the initial pH values in phosphate buffers of different pH values due to the self-buffering effect. In fact, the reduction is even more pronounced in the fasted state biorelevant media due to their lower buffer capacity (5.6 mmol/L/ΔpH in FaSSIF V3 versus 18.5 mmol/L/ΔpH in European Pharmacopoeia phosphate buffers) [24]. Such a behavior was not observed for the FaSSGF Level I and III, the acetate buffer, and the FeSSIF Level I, where the respective pH change was limited to 0.1 pH unit.



Micelle-mediated solubilization seemed not to have a substantial impact on the overall solubility of FLU, which is instead highly dependent on pH.




3.2. Model-Based Analysis of In Vitro Solubility Data


Table 5 summarizes the parameter estimates (95% CI) obtained by model-based analysis of the in vitro solubility data in compendial and biorelevant media, as described in Section 2.6. The pKa was determined to be 4.05, a value which agrees with values reported in the literature [54,57,60,81]. By estimating the micelle-water partition coefficients for both neutral and ionized species using the biorelevant solubilities, we were able to quantify the effect of physiologically relevant surfactants on the overall solubility of FLU. These values were used as inputs to the Simcyp Simulator (Table 3) to simulate luminal conditions and the in vivo dissolution behavior, accounting at the same time for inter-subject variability regarding bile salt-mediated solubilization in the virtual population. Therefore, implementation of logKm:w values for the nonionised (“neutral”) and ionised forms of FLU in the PBPK model enabled mechanistic prediction of the in vivo luminal dissolution population variability, which would not be possible if only mean solubility values had been used.




3.3. In Vitro Dissolution Tests


Figure 2 shows the mean percentage dissolved (± SD) of FLU in the tested formulations and as pure drug over time in fasted state simulated gastric fluids (FaSSGF) of different simulation levels (I and III). As expected, the in vitro release of this poorly soluble weak acid under gastric conditions was incomplete, reaching a plateau at around 8.3% of the dose in both FaSSGF Levels I and III. The USP as well as the Antadys tablets exhibited similar in vitro dissolution behavior in both media. However, the unformulated drug reached a maximum of only 5.5% in FaSSGF Level I. Since there was no difference in the solubility of FLU between the two media, this observation was attributed to the absence of surfactants and proteins (i.e., pepsin) in FaSSGF Level I, leading to poor wetting of the drug powder.



Mean percentage dissolved (± SD) over time in compendial and fasted state-simulated intestinal fluids (FaSSIF) for the unformulated API and the tested formulations are presented in Figure 3a–c. For the pure drug, the dissolution in FaSSIF V3 Level II and in Ph. Eur. phosphate buffer (pH 6.8) was very rapid (>85% within 2.5 and 15 min, respectively). On the other hand, dissolution in FaSSIF V3 Level I (i.e., without bile components) was much slower, with 85% dissolved reached only after 60 min. Such behavior can be assigned to differences in buffer capacity (FaSSIF V3 Level I and II vs. phosphate buffer), solubilization capacity (FaSSIF V3 Level II vs. Level I), and wettability of the tested media. The difference of 0.1 pH units between the initial pH of Ph. Eur. phosphate buffer (pH 6.8) and FaSSIF V3 is assumed to have had a negligible effect.



Especially since dissolution was performed under non-sink conditions in this series of experiments, the dissolution rate of the pure drug in FaSSIF V3 Level I was significantly slower, due to its low buffer capacity (5.6 mEq/L/ΔpH), than in the compendial 50 mM phosphate buffer (25 mEq/L/ΔpH) [82]. At the higher total phosphate buffer concentration of the compendial medium (50 mM), the bulk (pHbulk) rather than the surface pH (pH0) drove solubility and dissolution. By contrast, in the low buffer capacity FaSSIF V3 Level I medium, the surface pH seemed to control the dissolution rate. Indeed, the influence of the dissolving acid on the medium was so great that even the bulk pH was significantly altered (final pH was 6.31 vs. 6.82 in Ph. Eur. phosphate buffer). The self-buffering effect on the overall dissolution behavior was much less prominent when bile salts were added to the medium, as shown in Figure 3b. Furthermore, it was evident that the addition of the bile salt components in FaSSIF V3 Level II markedly enhanced the dissolution rate of the unformulated FLU. Although the main effect was likely through solubilization, improvements in wetting seemed to have also contributed to the higher dissolution rate in the Level II medium, given that a similar behavior was observed in the gastric media.



For the USP tablets and Antadys, these trends were not observed, and dissolution was very fast (85% dissolved within 10 min) in all tested “intestinal” media. Interestingly, Froben, the sugarcoated formulation, consistently showed long disintegration times, with no dissolution for up to 20 min. irrespective of the pH, buffer capacity, or the inclusion of bile salt components in the medium. These findings suggest that Froben would be classified as slowly dissolving if the formulation was solely exposed to the intestinal media without considering the disintegration of the sugar coating in the stomach. In order to account for disintegration in the stomach prior to exposure to the intestinal media, we performed two-stage dissolution tests (Section 2.4). The results from the two-stage tests (Figure 3d) revealed that as long as disintegration takes place in the gastric compartment, the dissolution from Froben tablets in the intestinal medium is very fast, reaching 85% dissolved within 5 min.




3.4. Modeling of In Vitro Dissolution


Table 6 and Table 7 summarize the estimated DLM scalar values (95% CIs) obtained by model-based analysis of the gastric and intestinal in vitro dissolution profiles using the SIVA Toolkit. The goodness of fit was visually inspected with residual plots and assessed with the coefficient of determination (R2). As shown in Table 6, the slowest dissolution rate of the API observed in FaSSIF V3 Levels I and the fastest of Antadys in FaSSIF V3 Level II resulted in the lowest (0.00185) and highest (0.0125) estimated DLM scalar values (SDLM), respectively. Differences in the SDLM estimates of the gastric dissolution were not expected to have a major impact on the in vivo performance of FLU since the release in the stomach is very poor.



Given the high solubility of FLU in intestinal media, we expected disintegration rather than API solubility to be the rate-limiting step for the dissolution rate of Froben. In this context, all intestinal single-stage dissolution profiles of Froben can be modelled by a universal first-order disintegration rate constant and a lag time in dissolution. Alternatively, modeling of the profiles obtained from the two-stage tests as serial dilutions of different media should be a more physiological approximation of the gastrointestinal (GI) luminal conditions. The estimates from both approaches are presented in Table 7.



In a dissolution-based in vitro–in vivo extrapolation (IVIVE) approach, the gastric and intestinal DLM scalar (SDLM) estimates were transferred to the Simcyp simulator to generate medium-customized and formulation-specific in vivo dissolution scenarios and to simulate FLU in vivo performance.



All fitted dissolution profiles were in excellent agreement with the experimental ones with R2 > 0.94.




3.5. PBPK/PD Model Development and Evaluation


The whole-body PBPK model of FLU accurately described and predicted plasma concentration–time profiles following intravenous and oral administration over a wide dose range (Figure 4, Figure 5, Figure 6 and Figure 7). For the development and validation of the PBPK model, we used 17 plasma concentration–time profiles, including 5 for subjects with specific CYP2C9 genotypes. In vitro dissolution data available for the 100 mg immediate release solid oral products were modelled and incorporated into the PBPK model to simulate various in vivo dissolution scenarios. At any other dose level, including the CYP2C9 polymorphism studies, we used the fastest dissolution rate (SDLM = 0.125) as input. When the administered form was an oral solution, we considered the entire dose to be pre-dissolved.



The predictive performance of the PBPK model is demonstrated via visual comparisons of predicted versus observed plasma concentration–time profiles as well as quantitative measures such as MRDs and GMFEs. The predictions of plasma concentration–time trajectories for all routes of administration, doses, and drug products are in close agreement with the observed data. Applying a twofold deviation as the upper limit for an adequate prediction, the PBPK models achieved 100% ability to predict AUCinf, Cmax, and CL/F adequately. When a more stringent acceptance criterion (i.e., 25% deviation) was applied, the predictions of AUCinf, Cmax, and CL/F were adequate in 90%, 81%, and 74% of the cases, respectively. Moreover, the MRD values were within twofold in 94% of the studies, with only about 20% less than 1.25-fold. The overall MRD values for the FLU PBPK model and GMFE values for AUCinf, Cmax, and CL/F were 1.59 (1.04–2.43), 1.14 (1.00–1.39), 1.15 (1.01–1.41) and 1.18 (1.06–1.39), respectively. Detailed results along with calculated MRD and GMFE values for all studies are presented in Table 8 and Table 9.



The final PBPK model was further coupled with a PD FLU analgesic efficacy model. The integrated PBPK/PD model was able to capture the pain-relieving response of S-FLU after oral administration of 100 mg racemic FLU. The predictive performance was assessed by comparing the predicted with the observed response time profiles for two PD endpoints, the TPEP amplitude and pain rating (see Figure 8). Regardless of the in vivo dissolution rate or the genotype of the virtual individuals, the predictive accuracy for the prediction of the PD metrics, maximum response (Rmax), time to maximum response (TRmax), and area under the effect-time curve (AUCE), was in all in cases within 1.25-fold (see Table S2).




3.6. Effect of Dissolution Rate


Several in vitro dissolution profiles from various marketed FLU immediate release oral products at the highest dose strength of 100 mg and under different in vitro conditions were generated. In a dissolution-based IVIVE approach, and after modeling of the in vitro data using the diffusion layer model, the obtained SDLM values (for stomach and small intestine) were integrated into the PBPK/PD model to investigate the impact of different in vivo dissolution rates on the PK/PD of FLU. Population simulations (n = 100) were performed with the NEurCaucasian virtual population and the enzymatic status of each virtual subject was tracked. The overall mean predicted plasma concentration–time profiles of each dissolution scenario were compared with observed PK profiles from five external datasets and among the datasets (Figure 5). Between the results of the fastest (SDLM = 0.125) and slowest (SDLM = 0.0018) dissolution rates (corresponding to 85% dissolved under intestinal conditions in 2.5 and 60 min, respectively) a decrease of only about 20% in both Cmax and AUCinf was observed (Table 9). On the other hand, tmax was prolonged by 30 min (data not shown). Despite these differences, in all cases, the predictive accuracy was acceptable with MRD between 1.04 and 2.43 and GMFE values ranging from 0.78 to 1.01 for Cmax and 0.76 to 1.20 for AUCinf.



The PD metrics, Rmax, and AUCE of any of the two endpoints were not noticeably affected by the in vivo dissolution rates. Any previous discrepancies in the PK parameters (Cmax and AUCinf) did not translate to differences in Rmax and AUCE, rather, they were mitigated to less than 5.5% and 7%, respectively. However, the TRmax was prolonged by up to 1h when the slowest dissolution rate was applied, indicating a potential clinical relevance of slow dissolution on the onset and the time to maximum analgesic action. Simulations of the response time profiles and comparison with the actual clinical data for each dissolution rate and for both endpoints are depicted in Figure 8c,d. Detailed results for the PD together with the calculated Rpred/obs are shown in Table S2.




3.7. Effect of CYP2C9 Genetic Polymorphism


PBPK simulations accurately captured the observed effect of three different CYP2C9 genotypes on FLU PK in Caucasian and Chinese populations. Population simulations (n = 300) were performed using the NEurCaucasian and Chinese virtual populations to reproduce the clinical studies published by Lee et al. (2003) and Lee et al. (2015), respectively [37,42]. The sample size in these population simulations was increased to 300 (30 trials of 10 subjects each) to ensure adequate representation of each genotype. The enzymatic status of each virtual subject was tracked, and the individual plasma concentration–time profiles were stratified on the basis of the CYP2C9 genotype. The range of GMFE values for Cmax, AUCinf, and CL/F was 0.90–1.39, 0.91–1.12, and 0.76–1.03, respectively. An overall reduction of 42% and 38% in the clearance of CYP2C9 1*/3* individuals of both populations, which in turn led to a 1.52- and a 1.62-fold increase in AUC, respectively, was predicted. These findings are in close agreement with the observed data from Lee et al. (2003) and Lee et al. (2015), who reported a decrease in CYP2C9 1*/3* clearance of about 37% and 44%, resulting in a 1.62- and 1.74-fold increase in AUC, respectively. The genotypes and study specific MRDs and GMFEs are summarized in Table 8 and Table 9.



The model was used to simulate the response time curves of subjects with specific CYP2C9 genotypes (1*/1*, 1*/2*, and 1*/3*) in order to explore potential PD differences. Population simulations showed no effect on Rmax and TRmax, whereas a 1.35-fold increase in the AUCE for the CYP2C9 1*/3* subjects was predicted using the TPEP amplitude as the endpoint (Figure 8a,b). However, when the subjective pain rating score scale was used, no consistent increase in the AUCE was observed. Interestingly, in comparison to the wild type (CYP2C9 1*/1*), the time post-administration to return to 80% of the initial value (T80% initial) in 1*/3* subjects was delayed by about 7 and 4.5 h for both TPEP and pain rating, respectively. A similar but less pronounced effect was also predicted for the 1*/2* subjects. Details of the simulation results together with the Rmax, TRmax, AUCE, and T80% initial exact values are summarized in Table S2.




3.8. Drug–Drug–Gene Interactions


A total of 13 sets of plasma concentration–time profiles were available in the literature for evaluation of model-predicted interactions. Accurate prediction of the impact of a perpetrator on the pharmacokinetics of a victim drug ratifies the capacity of the victim drug PBPK model to correctly predict the amount of drug eliminated via the affected pathway and indicates that the perpetrator model properly describes the concentration of the inhibitor/induced at the site(s) of interaction. Furthermore, accurately capturing not only drug–drug but also drug–gene interactions reinforces the model confidence in describing the effect of genotype on the pharmacokinetics of the substrate drug.



In subjects with three CYP2C9 genotypes, the wild type and both hetero- and homozygotes for the CYP2C9*3 allele, the PBPK model successfully predicted the gene dose-dependent interactions with the prototype moderate inhibitor (fluconazole). The AUC ratio was slightly underpredicted in 1*/1* and 1*/3* subjects at the 400 mg fluconazole dose level (Rpred/obs = 0.74–0.78). Nevertheless, the concentration time course of the victim drug with and without coadministration at both inhibitor dose levels and for all genotypes was accurately captured (Figure 9).



PBPK model simulations successfully predicted the FLU–fluconazole interaction under different dose levels and regimens in six clinical studies, in which no prior genotyping had been performed (Figure 10a–e). All DDI AUC, Cmax, and CL/F ratios were within 1.25-fold. The rifampicin inductive effect on the exposure of FLU was also accurately predicted from one study, with DDI ratios within 1.25-fold (Figure 10f).



The DDI predictive accuracy was further evaluated by calculation of the GMFE values for the DDI AUC, Cmax, and CL/F ratios, which ranged from 1.15 to 1.17. The corresponding Rpred/obs values for DDI AUC, Cmax, and CL/F ratios of all modeled DDI studies together with the GMFEs are listed in Table 10.





4. Discussion


In the present study, we developed a comprehensive PBPK/PD model of FLU, which allows for consistent and accurate representation of the dose–exposure relationship after intravenous and oral administration of different dosage forms in Caucasian and Chinese healthy populations over a wide dose range (40–300 mg). The model mechanistically describes the absorption and precisely predicts the impact of formulation and dissolution rate on the PK of FLU. By integrating in vitro metabolism with demographic and in vivo data, the model is able to quantify the contribution of the CYP2C9 polymorphic alleles on the elimination pathways, providing gainful insight into the magnitude of genetic polymorphism on the pharmacokinetic behavior of FLU. By linking the verified PBPK model with an inhibitory Emax model describing the analgesic efficacy of the drug, we used the final PBPK/PD model to explore the effect of system or extrinsic factors on the onset and duration of pain-relieving action as well as to suggest dose adjustments for specific genetic sub-populations. Furthermore, the PBPK model successfully predicted gene dose-dependent DDIs, allowing for dose optimization recommendations, increasing confidence in the predictive accuracy and robustness of the model.



High inter-individual variability in PK studies of FLU has been associated with complex and variable oral absorption, including double peak phenomena [2]. This variability, often reaching up to 100%, is consistent among studies with respect to both Cmax and AUC. As a typical BCS class II weak acid, flurbiprofen absorption from the small intestine is expected to be dissolution-limited and therefore the formulation and its dissolution rate will be critical to the in vivo performance. At the same time, FLU is mainly eliminated (>71% of the dose) through metabolic oxidation to its primary metabolite, 4-hydroxy FLU, exclusively by the P450 CYP29. As a result, FLU exhibits polymorph-dependent PK, which is affected by concomitant administration of CYP2C9 inhibitors such as fluconazole. Although FLU has been extensively studied and has been recommended as probe drug for CYP2C9 substrates, relatively few studies have been published regarding its PK/pharmacogenomic and clinical interactions [43,44,45,46,47].



The present PBPK/PD model leveraged data from multiple in vitro sources and in vivo human studies. Prior to model development, we performed a careful biopharmaceutic analysis, including formulation selection, biorelevant in vitro solubility, and dissolution experiments. Data analysis of the in vitro results enabled translation and extrapolation of the biopharmaceutic parameters to the in vivo luminal conditions, providing mechanistic insight into the oral absorption of the drug. The initial PBPK model was informed with allele-specific in vitro metabolism data to account for differences in the elimination, due to CYP2C9 genetic polymorphism, and successfully predicted (36 out of 38) observed concentration–time profiles and CYP2C9 genetic effects within a predefined twofold deviation boundary (Table 8). In both cases where MRD fell outside the twofold limit, the slowest dissolution rate, corresponding to 85% release only after 60 min, was used as the input profile and resulted in sub-optimal absorption and underprediction of Cmax and AUC.



For further evaluation and enhanced prediction accuracy, we implemented a more stringent success measure consisting of a 25% deviation boundary. This predefined criterion is not meant to be equated to the bioequivalence acceptance limits (i.e., 80–125%), but rather is selected to be sufficiently conservative to prevent poor decision-making due to misclassified predictions. All individual model predictions for the pharmacokinetic parameters Cmax, AUCinf, and CL/F were within twofold, and 90%, 81%, and 74% of them, respectively, satisfied the 25% deviation criterion. The slight underprediction (Rpred/obs = 0.76–0.78) of Cmax and AUC in the Jamali et al. study after oral administration of 100 mg was associated with the input of the slowest intestinal dissolution rate (SDLM = 0.0018) [38]. By contrast, the Cmax was overpredicted (Rpred/obs = 1.36–1.39) in CYP2C9 1*/3* individuals at 50 and 150 mg. Deviations from the 1.25-fold boundary in AUC (Rpred/obs = 0.71–0.78) and clearance (Rpred/obs = 1.31–1.39) were consistently predicted under all dissolution scenarios, except the slowest (SDLM = 0.0018), when simulating the study by Patel et al. [4]. Nevertheless, it has to be noted that in most studies, the participants were not subjected to prior genotype screening, and only the mean plasma concentration–time profiles were reported.



Population simulations, after translation of in vitro release into in vivo dissolution rates, provided insight into the impact of absorption variables on FLU PK/PD. Interestingly, it was shown that differences between the fastest (85% dissolved in 2.5 min) and the slowest (85% dissolved in 60 min) in vivo dissolution rates (SDLM = 0.0018 vs. SDLM = 0.125) translated into a decrease in Cmax of only approximately 20%, while tmax was prolonged by 30 min. These simulations indicate that in vitro dissolution rate might not be the most critical attribute for the in vivo performance. Instead, they suggest that the interplay between absorption and metabolism plays a key role, given also that flurbiprofen’s half-life is rather short (3–7 h). Regardless of the shift in the regional absorption peak from mid-jejunum at the fastest dissolution rate to the ileum at the slowest dissolution rate, we predicted the absorption to be complete (fa > 0.93). These (minor) differences in Cmax and AUCinf did not result in a similar degree of change in Rmax and AUCE. In fact, they were mitigated to less than 7%, showing that in vivo dissolution rate has no or little effect on the degree and duration of analgesic effect. However, at the slowest dissolution rate, the TRmax was prolonged to 1h. These findings suggest that tmax might be not only a more sensitive metric in single-dose bioequivalence studies of FLU, but also more relevant for the onset of pain relief.



As a probe substrate of CYP2C9, FLU exhibits gene-dependent pharmacokinetics [47,83]. The PBPK model accurately predicted the impact of the three main CYP2C9 polymorphisms on the exposure of the drug in both Caucasian and Chinese healthy volunteers. Model predictions were within 1.25-fold for both AUC (0.91–1.12) and oral clearance (0.76–1.03), while Cmax was only slightly overpredicted (up to 1.39-fold). These results further increased confidence in the validity of the allele-specific in vitro data and added to the overall model robustness. The observed decrease of about 27% and 40% in the clearance of CYP2C9 1*/2* and 1*/3* individuals, respectively, might need to be considered in terms of adjustments to the recommended dose of flurbiprofen. These findings are in agreement with a large genotype–phenotype correlation clinical study, in which the CYP2C9 genotype of 283 healthy subjects was correlated with the metabolic ratio of FLU, calculated from urine data, as the phenotypic metric [84]. In this study, the recommended dose for CYP2C9 1*/2* and 1*/3* subjects was found to be 84% and 60% of the dose administered to the wild type subjects, respectively. Nevertheless, in terms of pain relief, simulations did not show any differences in Rmax and TRmax among polymorphic subjects. However, the return to 80% of the initial pain value was delayed by up to 7 h in CYP2C9*3 heterozygotes, implying a longer duration of action in those subjects. A similar behavior, but to a lesser extent (delay of up to 4.5 h), was also predicted for the CYP2C9 1*/2* subjects. In any case, potential flurbiprofen dose optimization in CYP2C9 polymorphic subjects should be carefully evaluated under consideration of the exposure–response and exposure–safety relationships.



The present PBPK analysis was extended to simultaneously investigate the effect of genetic polymorphism and perpetrator co-administration on FLU PK by predicting drug–drug and drug–gene interactions. The Rpred/obs of DDI AUC, Cmax, and CL/F ratios from 11 clinical studies with 200 and 400 mg fluconazole (inhibitor) and one with 600 mg rifampicin (inducer) co-administration ranged from 0.74 to 1.43 with GMFE values within 1.25-fold in 8, 9, and 10 out of 12 in total studies, respectively. Only one drug–drug–gene interaction study was available in the literature, in which flurbiprofen alone or together with 200 and 400 mg fluconazole was administered to CYP2C9 1*/1*, 1*/3*, and 3*/3* healthy volunteers [43]. Our model accurately described the plasma concentration–time profiles with and without the inhibitor in all polymorphic groups. On the basis of the in silico DDI studies, at a 400 mg dose of fluconazole, we would classify the interaction in 1*/1* (or assuming 1*/1*) subjects as weak/moderate with AUC ratio between 1.53 and 2.87. Interactions at a 200 mg dose of fluconazole and a 600 mg dose of rifampicin would be considered as weak, with AUC ratios of 1.51–1.94 and 0.63, respectively. The interaction for 1*/3* and 3*/3* subjects at 200 mg with AUC ratios 1.58 and 1.09, respectively, and at 400 mg fluconazole, with AUC ratios of 1.84 and 1.16, respectively, was predicted to be weak as well. All these simulated trials are in line with the results from the in vivo DDI studies. Interestingly, the flurbiprofen–fluconazole interaction was gene dose-dependent. Virtually no change in the apparent oral clearance occurring in 3*/3* subjects due to the already reduced CYP2C9 activity was observed, and despite the very limited number of subjects (n = 2), this was also correctly predicted, indicating excellent model performance. From population simulations, a dose reduction of 34–38% in 1*/3* and 60–70% in 3*/3* subjects would be recommended. However, in the case of fluconazole administration, dose adjustments were required for 1*/1* and 1*/3*, but not for 3*/3* individuals.



In drug development and prior to phase II clinical studies, accumulated knowledge regarding the absorption, distribution, metabolism, and excretion attributes of an investigational compound is used for preliminary evaluation of its drug–drug interaction potential. Traditionally, significant exposure changes expected to result from co-medication or genetic polymorphism trigger implementation of dedicated clinical pharmacology studies. Unlike flurbiprofen, most drugs in industry’s contemporary pipelines undergo multiple clearance pathways, and thus exposure variations are expected with co-medication or genetic polymorphism in metabolizing enzymes and/or transporters. In such cases, the clinical trial strategy may not be time- and/or cost-effective and an alternative PBPK/PD modelling approach may be not only more practical, but in some cases indispensable if a wide array of complex drug–drug–gene interactions need to be assessed. The extent and appropriate design of the simulations highly depends on the intended use of the substrate in specific populations, the anticipated co-medications and genetic polymorphisms, the effect of pharmacokinetic changes in safety and efficacy of the drug (e.g., exposure-response relationships), and the design (cohorts, populations, inclusion/exclusion criteria) of prospective DDI or pharmacogenetic studies. In addition, if a drug is known to be subject to a major genetic polymorphism, the European Medicines Agency (EMA) recommends genotyping screening of subjects in exploratory bioavailability studies and all studies using parallel group design, even in crossover bioequivalence studies in case of safety or other pharmacokinetic concerns [85]. In this context, if a translational absorption-modeling framework is established, virtual bioequivalence might be a promising tool as part of the modeling and simulation strategy in both drug and generic drug development. Of course, concerns regarding the impact of genetic polymorphism on the PK/PD can be directly related to the frequency of polymorphic alleles in the population of interest. For example, the frequency of CYP2C9 wild type in Chinese populations is around 97–98%, whereas in Caucasians, approximately 35% of the overall population will have at least one of the CYPC9*2 and/or CYP2C9*3, with an occurrence of 1*/2* and 1*/3* of up to 20% and 10%, respectively [11,86,87]. Thus, genotyping prior to a clinical study of a CYP2C9 substrate in Caucasians might be required, whereas it may be optional in Chinese populations.




5. Conclusions


This study highlights the usefulness of translational PBPK/PD modeling and simulation to mechanistically describe the absorption and predict the effect of formulation and CYP2C9 genetic polymorphism on the PK/PD of flurbiprofen. A detailed biopharmaceutic analysis, including appropriately designed biorelevant in vitro experiments of various flurbiprofen formulations, was performed initially, followed by in vitro data analysis and extrapolation to in vivo using a translational framework. Our comprehensive PBPK/PD analyses provided mechanistic insight into the impact of dissolution rate and genotype on the PK/PD. On the basis of these findings, we proposed clinically relevant exposure metric and potential dose adjustments. Furthermore, our PBPK model successfully predicted gene dose-dependent drug–drug interactions, highlighting the robustness of its performance. The present PBPK/PD model could be utilized in future biopharmaceutic applications, dose optimization justifications in healthy population with genetic variations, and PK extrapolations to patient or special populations such as rheumatoid arthritis patients and pediatrics.



Genetic variations and formulation in vivo performance appear to be major determinants of individual variability in drug efficacy and safety, representing a challenge in drug development. The translational PBPK/PD approach exemplified in this study attempts to bridge the gap between in vitro–in silico–in vivo and allows for accurate and robust clinical predictions tailored to target populations and genotypes, thus paving the way towards personalized medicine.
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Figure 1. Stepwise modeling workflow for the development and verification of flurbiprofen PBPK/PD model. Training for the internal and test datasets for the external verification, obtained from clinical studies published in the open literature, are outlined with orange and green, respectively. 
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Figure 2. In vitro dissolution (mean ± SD) of flurbiprofen active pharmaceutical ingredient (API) 100 mg (circles), FLU USP tablets 100 mg (triangles), Antadys 100 mg (squares), and Froben 100 mg (diamonds) in fasted state-simulated gastric fluid (FaSSGF) Levels I (a) and III (b), respectively. USP paddle apparatus at 75 rpm and 250 mL of dissolution medium at 37°C were used in all experiments. All experiments were performed at least in triplicate (n ≥ 3). Most standard deviation bars lie within the symbols. 
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Figure 3. In vitro dissolution (mean ± SD) of flurbiprofen API 100 mg (circles), FLU USP tablets 100 mg (triangles), Antadys 100 mg (squares), and Froben 100 mg (diamonds) in (a) FaSSIF V3 Level I (solid lines), (b) FaSSIF V3 Level II (dashed lines), and (c) Ph. Eur. phosphate buffer (pH = 6.8) (dashed dotted lines). (d) Two-stage test of Froben 100 mg (diamonds) in FaSSGF Levels I (solid line) and III (dashed line) at the gastric and FaSSIF V3 Level I (solid line) and FaSSIF V3 Level II (dashed lines) at the intestinal compartments, respectively. USP paddle apparatus at 75 rpm at 37 ± 0.4 °C was used in all experiments. The volume of dissolution medium in the gastric compartment was 250 mL, to which 250 mL of appropriately concentrated intestinal medium was added after 30 min. Horizontal dashed red lines represent the 85% dissolved. All experiments were performed at least in triplicate (n ≥ 3). Most standard deviation bars lie within the symbols. 
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Figure 4. Mean flurbiprofen plasma concentration–time profiles after oral administration of 100 mg tablet in healthy Caucasians. Population simulations (n = 100) under four in vivo dissolution scenarios are shown as green and grey lines for the mean and the 5th and 95th percentiles, respectively. Each dissolution scenario is represented by the corresponding SDLM value and is shown with different line style: SDLM = 0.125 (solid line), SDLM = 0.071 (dotted line), SDLM = 0.0054 (dashed-dotted line), and SDLM = 0.0018 (dashed line). Observed data with SD, if available, are depicted as (a) circles (Jamali et al., Ansaid) and squares (Jamali et al., Froben); (b) triangles (Patel et al.); (c) diamonds (Suri et al.); (d) asterisks (Szpunar et al.). References link to a specific observed dataset described in Table 1. 
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Figure 5. Mean flurbiprofen plasma concentration–time profiles after intravenous and oral administration in healthy Chinese (a,d) and Caucasian (b,c,e,f) individuals. Population simulations (n = 100) are shown as green and grey solid lines for the mean and the 5th and 95th percentiles, respectively. Observed data with SD, if available, are depicted as circles and squares. References link to a specific observed dataset described in Table 1. Administration protocol: (a) 50 mg intravenously; (b) 67.9 mg oral solution; (c) 100 mg oral solution; (d) 150 mg oral tablet; (e) 200 mg oral tablet; (f) 300 mg oral tablet. 
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Figure 6. (a,b) Mean flurbiprofen plasma concentration–time profiles after administration of 40 mg oral solution in CYP2C9 1*/1* and 1*/3* healthy Korean volunteers, respectively. Population simulations (n = 100) are shown as green and grey lines for the mean and the 5th and 95th percentiles, respectively. Observed data, with SD, are depicted as circles. References link to a specific observed dataset described in Table 1. 
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Figure 7. (a–c) Mean flurbiprofen plasma concentration–time profiles after administration of 50 mg oral tablet in CYP2C9 1*/1*, 1*/2*, and 1*/3* healthy Caucasian volunteers, respectively. Population simulations (n = 100) are shown as green and grey lines for the mean and the 5th and 95th percentiles, respectively. Observed mean data are depicted as circles. References link to a specific observed dataset described in Table 1. 
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Figure 8. Mean flurbiprofen response time profiles after administration of 100 mg oral tablet in healthy Caucasians. (a,b) Genetic polymorphism: population simulations (n = 100) in CYP2C9 1*/1*. 1*/2* and 1*/3* are shown for the mean as green (solid), yellow (dash dotted), and orange (dashed) lines, respectively. Grey lines with the corresponding style represent the 5th and 95th percentiles. (c,d) Dissolution rate: Population simulations (n = 100) under four in vivo dissolution scenarios are shown as green and grey lines for the mean and the 5th and 95th percentiles, respectively. Each dissolution scenario is represented by the corresponding SDLM value and is shown with different line style: SDLM = 0.125 (solid line), SDLM = 0.071 (dotted line), SDLM = 0.0054 (dashed line), and SDLM = 0.0018 (dashed-dotted line). Observed data with SD, if available, are depicted as circles. References link to a specific observed dataset described in Table 1. 
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Figure 9. (a–c) Mean plasma concentration–time profiles after administration of 50 mg flurbiprofen as oral tablet alone and with 200 mg or 400 mg fluconazole (FCN) in CYP2C9 1*/1*, 1*/3*, and 3*/3* healthy Caucasian volunteers, respectively. Population simulations (n = 100) are shown for the mean as blue (FLU + 0 mg FCN), red (FLU + 200 mg FCN), and light green (FLU + 400 mg FCN) solid lines, and observed data with SD, if available, are depicted as circles, diamonds, and squares, respectively. Shaded areas represent the 5th and 95th percentiles. References link to a specific observed dataset described in Table 2. 
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Figure 10. Mean plasma concentration–time profiles after administration of flurbiprofen alone and with the perpetrator drug in healthy volunteers. (a–e) Population simulations (n = 100) without or with the CYP2C9 inhibitor fluconazole (FCN) are shown for the mean as blue (FLU + 0 mg FCN), red (FLU + 200 mg FCN), light green (FLU + 400 mg FCN s.d.), and dark green (FLU + 400 mg FCN q.d.) solid lines, and observed data with SD, if available, are depicted as circles, diamonds, squares, and triangles, respectively. (f) Population simulations (n = 100) without or with the CYP2C9 inducer rifampicin (RIF) are shown for the mean as blue (FLU + 0 mg RIF) and orange (FLU + 600 mg RIF) solid lines, and observed data with SD, if available, are depicted as circles and asterisks, respectively. Shaded areas represent the 5th and 95th percentiles. References link to a specific observed dataset described in Table 2. 
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Table 1. Mean (SD) demographic clinical study data used for the development and validation of the physiologically based pharmacokinetic/pharmacodynamic (PBPK/PD) model.
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	Drug Administration

and Formulation
	CYP2C9 Genotype
	No. of Subjects
	Female Ratio
	Ethnicity
	Age (years)
	BW/BW Range (kg)
	BH/BH Range (cm)
	Reference





	Intravenous
	
	
	
	
	
	
	
	



	50 mg as 10 mg/mL solution (injection within 2 min)
	n.a.
	24
	0
	Chinese
	-
	-
	-
	Mei et al. [34]



	Oral
	
	
	
	
	
	
	
	



	25 mL of oral solution containing 67.9 mg FLU with 175 mL water;
	n.a.
	12
	0
	Caucasian
	25–31
	-
	-
	Gonzalez-Younes et al. [35]



	40 mL oral solution containing 100 mg FLU with 180 mL water;
	n.a.
	15
	0
	Caucasian
	29 (18–40)
	76.4

(62.3–109.1)
	177

(168–188)
	Szpunar et al. [36]



	Froben solution 40 mg;
	1*/1*
	12
	0
	Korean
	23.1 (2.4)
	65.1 (7.1)
	174.8 (5.0)
	Lee et al. [41]



	Froben solution 40 mg;
	1*/3*
	8
	0
	Korean
	22 (2.7)
	64.6 (7.1)
	172.8 (6.4)
	Lee et al. [41]



	USP tablets (Mylan Pharmaceuticals) 50 mg;
	1*/1*
	5
	0.533
	Caucasian
	24 (5)
	79 (18)
	-
	Lee et al. [42]



	USP tablets (Mylan Pharmaceuticals) 50 mg;
	1*/2*
	5
	0.533
	Caucasian
	24 (5)
	79 (18)
	-
	Lee et al. [42]



	USP tablets (Mylan Pharmaceuticals) 50 mg;
	1*/3*
	5
	0.533
	Caucasian
	24 (5)
	79 (18)
	-
	Lee et al. [42]



	Froben 100 mg with 100 mL water;
	n.a.
	23
	0
	Caucasian
	27.2 (18–35)
	71.8 (52.5)
	-
	Jamali et al. [38]



	Ansaid 100 mg with 100 mL water;
	n.a.
	23
	0
	Caucasian
	27.2 (18–35)
	71.8 (52.5)
	-
	Jamali et al. [38]



	Froben 100 mg with 150 mL water;
	n.a.
	4
	0.5
	Caucasian
	26.8 (2.2)
	67.8 (4.1)
	-
	Patel et al. [4]



	100 mg tablet with 200 mL water;
	n.a.
	6
	-
	Caucasian
	-
	-
	-
	Suri et al. [39]



	Ansaid 100 mg with 180 mL water;
	n.a.
	15
	0
	Caucasian
	29 (18–40)
	76.4

(62.3–109.1)
	177

(168–188)
	Szpunar et al. [36]



	3 × 50 mg conventional tablets (reference);
	n.a.
	20
	0
	Chinese
	21.4 (2.5)
	63.2 (5.1)
	174.4 (4.2)
	Liu et al. [40]



	3 × 50 mg orally disintegrated tablets (test);
	n.a.
	20
	0
	Chinese
	21.4 (2.5)
	63.2 (5.1)
	174.4 (4.2)
	Liu et al. [40]



	2 × Ansaid 100 mg with 180 mL water;
	n.a.
	15
	0
	Caucasian
	29 (18–40)
	76.4

(62.3–109.1)
	177

(168–188)
	Szpunar et al. [36]



	3 × Ansaid 100 mg with 180 mL water;
	n.a.
	15
	0
	Caucasian
	29 (18–40)
	76.4

(62.3–109.1)
	177

(168–188)
	Szpunaret al. [36]







n.a.: not available.
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Table 2. Mean (SD) demographic clinical study data used for the gene–drug–drug interaction (GDDI) modeling.
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	Victim Drug Administration
	Perpetrator Drug Administration
	Perpetrator in vitro Ki (μΜ)
	No. of Doses
	Interval (h)
	CYP2C9 genotype
	No. of Subjects
	Female Ratio
	Ethnicity
	Age (years)
	BW/BW Range (kg)
	BH/BH Range (cm)
	References



	Flurbiprofen
	Fluconazole
	
	
	
	
	
	
	
	
	
	
	



	po 50 mg s.d.
	po 200 mg q.d.
	11
	7
	2
	1*/1*
	11
	0.64
	-
	25

(19–36)
	73.7

(51–108)
	166

(154–193)
	Kumar et al. [43]



	po 50 mg s.d.
	po 400 mg q.d.
	11
	7
	2
	1*/1*
	11
	0.64
	-
	25

(19–36)
	73.7

(51–108)
	166

(154–193)
	Kumar et al. [43]



	po 50 mg s.d.
	po 200 mg q.d.
	17
	7
	2
	1*/3*
	8
	0.63
	-
	23

(19–28)
	66.9

(49–84)
	167

(160–189)
	Kumar et al. [43]



	po 50 mg s.d.
	po 400 mg q.d.
	17
	7
	2
	1*/3*
	8
	0.63
	-
	23 (19–28)
	66.9 (49–84)
	167 (160–189)
	Kumar et al. [43]



	po 50 mg s.d.
	po 200 mg q.d.
	23
	7
	2
	3*/3*
	2
	0.0
	-
	(25, 29)
	(77, 85)
	(177, 179)
	Kumar et al. [43]



	po 50 mg s.d.
	po 400 mg q.d.
	23
	7
	2
	3*/3*
	2
	0.0
	-
	(25, 29)
	(77, 85)
	(177, 179)
	Kumar et al. [43]



	po 100 mg s.d.
	po 200 mg b.i.d.
	14.3/20.3
	2
	0.5
	-
	12
	0.25
	Caucasian (n = 8), other

(n = 4) a
	19–54
	-
	-
	Hanley et al. [45]



	po 100 mg s.d.
	po 200 mg b.i.d.
	29.9
	2
	0.5
	-
	14
	0.21
	-
	29 ± 8
	81 ± 14
	-
	Greenblatt et al. [46]



	po 100 mg s.d.
	po 200 mg b.i.d.
	14.3/20.3
	2
	0.5
	-
	12
	0.17
	-
	24–55
	-
	-
	Hanley et al. [44]



	Victim Drug Administration
	Perpetrator Drug Administration
	Perpetrator in vitro Ki (μΜ)
	No. of Doses
	Interval (h)
	CYP2C9 genotype
	No. of Subjects
	Female Ratio
	Ethnicity
	Age (years)
	BW/BW Range (kg)
	BH/BH Range (cm)
	References



	Flurbiprofen
	Fluconazole
	
	
	
	
	
	
	
	
	
	
	



	po 50 mg s.d.
	po 400 mg s.d
	10
	1
	2
	-
	12
	0.58
	Caucasian (n = 10), other

(n = 2) b
	37 ± 3.1
	-
	-
	Zgheib et al. [47]



	po 50 mg s.d.
	po 400 mg q.d
	10
	7
	2
	-
	12
	0.58
	Caucasian (n = 10), other

(n = 2) b
	37 ± 3.1
	-
	-
	Zgheib et al. [47]



	po 50 mg s.d.
	po 400 mg s.d
	10
	1
	2
	-
	10
	0.0
	Caucasian (n = 9), African

(n = 1)
	27

(23–39)
	-
	-
	Daali et al. [48]



	
	Rifampicin
	
	
	
	
	
	
	
	
	
	
	



	po 50 mg s.d.
	po 600 mg q.d.
	n.a.c
	5
	0
	-
	10
	0.0
	Caucasian (n = 9), African

(n = 1)
	27

(23–39)
	-
	-
	Daali et al. [48]







n.a. = not available; a Hispanic (n = 2), Asian (n = 1), Afro-American (n = 1); b Afro-American (n = 2); c default value of Simcyp library compound.
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Table 3. Input parameters of flurbiprofen PBPK/PD model.
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	Parameters
	Value
	Reference/Comments





	Physicochemical and Blood Binding
	 [image: Pharmaceutics 12 01049 i001]
	



	Chemical Structure
	
	



	MW (g/mol)
	244.3
	



	logPo:w
	3.99
	[54,55]



	pKa
	4.05
	Updated from in vitro solubility data (see Table 4 and Section 3.2)



	Blood/plasma ratio
	0.55
	[56]



	Fraction unbound in plasma
	0.01
	[5,56,57,58,59]



	Absorption
	
	



	Model
	ADAM
	



	Papp, Caco-2 (×10−6 cm/s)
	20.1
	Measured value [60]



	Papp, Caco-2, ref (×10−6 cm/s)
	1.57
	Negative calibrator (Atenolol) value [60]



	Papp, Caco-2, ref (×10−6 cm/s)
	15.8
	Positive calibrator (Verapamil) value [60]



	Peff, human (×10−4 cm/s)
	4.83
	Predicted by Simcyp Permeability Calibrator-custom correlation



	Formulation type
	Immediate Release
	



	S0 (mg/mL)
	0.018
	In vitro data (see Table 4 and Section 3.1)



	logKm:w neutral
	5.37
	Estimated from in vitro data (see Table 5 and Section 2.6 and Section 3.2)



	logKm:w ion
	2.46
	Estimated from in vitro data (see Table 5 and Section 2.6 and Section 3.2)



	In vivo dissolution
	see Table 6 and Table 7
	Estimated DLM scalars from in vitro data (see Section 2.7)



	Distribution
	
	



	Model
	Full PBPK
	



	Vss (L/kg)
	0.074
	Predicted by Method 2



	Kp scalar
	0.7
	Optimized on the basis of IV data–PE module



	Elimination
	
	



	Fox
	0.71
	[4]



	Model
	Allelic-specific enzyme kinetics
	



	CYP2C9 1*/1*-Vmax (pmol/min/pmol CYP)
	15.79
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 1*/1*-Km (μM)
	8.756
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 1*/2*-Vmax (pmol/min/pmol CYP)
	11.53
	Scaled for CLCYP2C9 1*/1*/CLCYP2C9 1*/3* = 0.73 [42]



	CYP2C9 1*/2*-Km (μM)
	8.756
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 1*/3*-Vmax (pmol/min/pmol CYP)
	9.55
	Scaled for CLCYP2C9 1*/1*/CLCYP2C9 1*/3* = 0.605 [42]



	CYP2C9 1*/3*-Km (μM)
	8.756
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 2*/2*-Vmax (pmol/min/pmol CYP)
	10.04
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 2*/2*-Km (μM)
	10.39
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 3*/3*-Vmax (pmol/min/pmol CYP)
	8.901
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9 3*/3*-Km (μM)
	23.25
	Recombinant CYP (fu,mic = 1) [61]



	CYP2C9-ISEF
	0.3
	Optimized on the basis of IV data–PE module



	UGT2B7-Vmax (pmol/min/mg protein)
	119.7
	Recombinant UGT [62]



	UGT2B7-Km (μM)
	50.21
	Recombinant UGT [62]



	UGT1A9-Vmax (pmol/min/mg protein)
	3.286
	Recombinant UGT [62]



	UGT1A9-Km (μM)
	182.2
	Recombinant UGT [62]



	Additional HLM liver CLint (μL/min/mg proein)
	7.88
	Retrograde model for a target fmCYP2C9 = 0.71



	Clrenal (L/h)
	0.066
	[4]



	Pharmacodynamics
	
	



	Model
	Effect compartment linked to inhibitory Emax model
	[39]



	keo (h−1) (%CV)
	0.56 (43)
	PD endpoint: Evoked Potentials



	IC50 (mg/L)
	25.8 (21)
	



	keo (h−1) (%CV)
	0.89 (24)
	PD endpoint: Pain rating score



	IC50 (mg/L)
	27.6 (10)
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Table 4. Mean (± SD) equilibrium solubility in aqueous buffers and fasted state biorelevant media at 37 °C for 24 h (Uniprep method).
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Medium

	
Flurbiprofen






	

	
pHfinal

	
Solubility (μg/mL)




	
Aqueous buffers

	

	




	
FaSSGF Level I (pH = 1.6)

	
1.6

	
18.1 (0.17)




	
Acetate buffer (pH = 4.5)

	
4.7

	
101.1 (7.06)




	
FeSSIF V1 Level I (pH = 5.0)

	
5.1

	
225.4 (5.6)




	
Phosphate buffer (pH = 6.5)

	
6.1

	
2024.4 (128.2)




	
Phosphate buffer (pH = 6.8)

	
6.3

	
3127.1 (194.9)




	
Fasted state biorelevant media

	

	




	
Level III FaSSGF (pH = 1.6)

	
1.6

	
18.5 (1.6)




	
Level II FaSSIF V1 (pH = 6.5)

	
6.0

	
1954.9 (3.9)




	
Level II FaSSIF V3 (pH = 6.7)

	
5.9

	
1585.4 (172.1)
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Table 5. Parameter estimates (95% CI) resulting from the model-based analysis of in vitro solubility data in aqueous as well as biorelevant media. The pKa was estimated from the aqueous buffer solubility values, whereas for the micelle-water partition coefficients (logKm:w neutral, ion) estimation, we used biorelevant solubilities. The accuracy of the prediction was evaluated with the R2.
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pKa

	
logKm:w Neutral

	
logKm:w Ion






	
Estimate (95% CI)

	
4.05 (4.42–4.44)

	
5.36 (4.61–6.11)

	
2.56 (1.38–5.02)




	
R2

	
0.9990

	
0.9999
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Table 6. Mean (95% CI) diffusion layer model (DLM) scalar (SDLM) estimates obtained from model-based analysis of in vitro dissolution data in various media for flurbiprofen pure drug, 100 mg USP tablets, and 100 mg Antadys formulations. The goodness of fit between predicted and observed dissolution profiles was evaluated with the R2.






Table 6. Mean (95% CI) diffusion layer model (DLM) scalar (SDLM) estimates obtained from model-based analysis of in vitro dissolution data in various media for flurbiprofen pure drug, 100 mg USP tablets, and 100 mg Antadys formulations. The goodness of fit between predicted and observed dissolution profiles was evaluated with the R2.





	
Dissolution Medium

	
Formulation




	

	
API Powder

	
USP Tablets

	
Antadys






	
FaSSGF Level III

	

	

	




	
SDLM (95% CI)

	
0.0218 (0.0161–0.0274)

	
0.0929 (0.0731–0.113)

	
0.107 (0.087–0.127)




	
R2

	
0.944

	
0.973

	
0.982




	
FaSSIF V3 Level I

	

	

	




	
SDLM (95% CI)

	
0.00185 (0.001–0.00312)

	
0.0791 (0.0589–0.993)

	
0.120 (0.0979–0.142)




	
R2

	
0.974

	
0.986

	
0.995




	
FaSSIF V3 Level II

	

	

	




	
SDLM (95% CI)

	
0.0965 (0.0544–0.139)

	
0.0622 (0.0398–0.0847)

	
0.125 (0.106–0.143)




	
R2

	
0.971

	
0.976

	
0.996




	
Ph. Eur. Phosphate Buffer

	

	

	




	
SDLM (95% CI)

	
0.00542 (0.00468–0.00617)

	
0.0150 (0.0110–0.0189)

	
0.0449 (0.0448–0.0450)




	
R2

	
0.986

	
0.983

	
0.999
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Table 7. Mean (95% CI) DLM scalar (SDLM) estimates obtained from model-based analysis of Froben in vitro dissolution data. The in vitro data from single dissolution experiments were modelled under the assumption that disintegration is the rate-limiting step to flurbiprofen dissolution in intestinal media, whereas for the two-stage dissolution, the serial dilution model was used. The goodness of fit between predicted and observed dissolution profiles was evaluated with the R2.






Table 7. Mean (95% CI) DLM scalar (SDLM) estimates obtained from model-based analysis of Froben in vitro dissolution data. The in vitro data from single dissolution experiments were modelled under the assumption that disintegration is the rate-limiting step to flurbiprofen dissolution in intestinal media, whereas for the two-stage dissolution, the serial dilution model was used. The goodness of fit between predicted and observed dissolution profiles was evaluated with the R2.





	
Dissolution Model/Media

	
Formulation




	

	
Froben






	
First order disintegration/all intestinal media

	




	
kd (h−1) (95% CI)

	
0.127 (0.00844–0.0253)




	
Tlag (min) (95% CI)

	
14.6 (8.91–20.1)




	
R2

	
0.941




	
Serial Dilution/Two-stage (FaSSGF Level III + FaSSIF V3 Level II)

	




	
SDLM, Gastric (95% CI)

	
0.001 (0.001–0.0244)




	
SDLM, Intestinal (95% CI)

	
0.0712 (0.0576–0.0849)




	
R2

	
0.991
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Table 8. Mean relative deviation (MRD) values of flurbiprofen plasma concentration predictions.
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	Route of Administration
	Dose (mg)
	Flurbiprofen MRD
	Reference





	iv (s.d.)
	50
	1.41
	[34]



	po (sol, s.d.)
	67.9
	1.85
	[35]



	po (sol, s.d.)
	100
	1.60
	[36]



	po (sol, s.d., CYP2C9 1*/1*)
	40
	1.52
	[37]



	po (sol, s.d., CYP2C9 1*/3*)
	40
	1.30
	[37]



	po (tab, s.d., CYP2C9 1*/1*)
	50
	1.24
	[42]



	po (tab, s.d., CYP2C9 1*/2*)
	50
	1.30
	[42]



	po (tab, s.d., CYP2C9 1*/3*)
	50
	1.62
	[42]



	po (tab, s.d., CYP2C9 1*/1*)
	50
	1.26
	[43]



	po (tab, s.d., CYP2C9 1*/1*)
	50
	1.25
	[43]



	po (tab, s.d., CYP2C9 1*/3*)
	50
	1.28
	[43]



	po (tab, s.d., CYP2C9 1*/3*)
	50
	1.25
	[43]



	po (tab, s.d., CYP2C9 3*/3*)
	50
	1.25
	[43]



	po (tab, s.d., CYP2C9 3*/3*)
	50
	1.20
	[43]



	po (tab (Ansaid), s.d.)
	100
	1.31–2.38
	[38]



	SDLM_SI = 0.125
	
	1.31
	



	SDLM_SI = 0.0054
	
	1.72
	



	kd = 0.127 h−1 and Tlag = 14.6 min
	
	1.64
	



	SDLM_SI = 0.0712
	
	1.65
	



	SDLM_SI = 0.0018
	
	2.38
	



	po (tab (Froben), s.d.)
	100
	1.70–2.43
	[38]



	SDLM_SI = 0.125
	
	1.70
	



	SDLM_SI = 0.0054
	
	1.88
	



	kd = 0.127 h−1 and Tlag = 14.6 min
	
	1.80
	



	SDLM_SI = 0.0712
	
	1.83
	



	SDLM_SI = 0.0018
	
	2.43
	



	po (tab (Froben), s.d.)
	100
	1.69–1.92
	[4]



	SDLM_SI = 0.125
	
	1.69
	



	SDLM_SI = 0.0054
	
	1.78
	



	kd = 0.127 h−1 and Tlag = 14.6 min
	
	1.92
	



	SDLM_SI = 0.0712
	
	1.90
	



	SDLM_SI = 0.0018
	
	1.79
	



	po (tab, s.d.)
	100
	1.04–1.74
	[39]



	SDLM_SI = 0.125
	
	1.11
	



	SDLM_SI = 0.0054
	
	1.20
	



	kd = 0.127 h−1 and Tlag = 14.6 min
	
	1.12
	



	SDLM_SI = 0.0712
	
	1.04
	



	SDLM_SI = 0.0018
	
	1.74
	



	po (tab, s.d)
	150
	1.51
	[40]



	po (orod, s.d.)
	150
	1.42
	[40]



	po (tab (Ansaid), s.d.)
	200
	1.20
	[36]



	po (tab (Ansaid), s.d.)
	300
	1.34
	[36]



	MRD (range)
	
	1.54 (1.04–2.43)
	



	MRD≤ 1.25
	
	9/38
	



	MRD≤ 2
	
	36/38
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Table 9. Comparison of mean predicted and observed AUC, Cmax, and apparent clearance (CL/F) values of flurbiprofen. Calculation of predicted to observed ratio (Rpred/obs) and geometric fold error (GMFE) values.
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AUCinf (mg/L·h)

	
Cmax (mg/L)

	
CL/F (L/h)

	




	
Route of Administration

	
Dose (mg)

	
obs

	
pred

	
Rpred/obs

	
obs

	
pred

	
Rpred/obs

	
obs

	
pred

	
Rpred/obs

	
Reference






	
iv (s.d.)

	
50

	
35.2

	
43.7

	
1.24

	
-

	
-

	
-

	
1.50

	
1.36

	
0.91

	
[34]




	
po (sol, s.d.)

	
67.9

	
55.1

	
56.1

	
1.01

	
10.8

	
9.99

	
0.92

	
-

	
-

	
-

	
[35]




	
po (sol, s.d.)

	
100

	
82.7

	
78.0

	
0.94

	
14.2

	
12.9

	
0.91

	
1.28

	
1.50

	
1.17

	
[36]




	
po (sol, s.d., CYP2C9 1*/1*)

	
40

	
29.3

	
29.1

	
0.99

	
5.54

	
5.86

	
1.06

	
1.39

	
1.16

	
0.83

	
[37]




	
po (sol, s.d., CYP2C9 1*/3*)

	
40

	
47.6

	
44.2

	
0.93

	
6.93

	
6.22

	
0.90

	
0.88

	
0.67

	
0.76

	
[37]




	
po (tab, s.d., CYP2C9 1*/1*)

	
50

	
29.4

	
28.6

	
0.97

	
5.38

	
5.84

	
1.09

	
1.77

	
1.67

	
0.83

	
[42]




	
po (tab, s.d., CYP2C9 1*/2*)

	
50

	
40.7

	
45.6

	
1.12

	
4.55

	
6.34

	
1.39

	
1.30

	
1.20

	
0.92

	
[42]




	
po (tab, s.d., CYP2C9 1*/3*)

	
50

	
51.1

	
46.4

	
0.91

	
5.42

	
6.68

	
1.23

	
1.00

	
1.03

	
1.03

	
[42]




	
po (tab, s.d., CYP2C9 1*/1*)

	
50

	
30.8a

	
35.8 a

	
1.16

	
6.1 a

	
6.91 a

	
1.13

	
1.6 a

	
1.4 a

	
0.88

	
[43]




	
po (tab, s.d., CYP2C9 1*/1*)

	
50

	
30.8 a

	
36 a

	
1.17

	
6.1 a

	
6.8 a

	
1.11

	
1.6 a

	
1.43 a

	
0.89

	
[43]




	
po (tab, s.d., CYP2C9 1*/3*)

	
50

	
53.7 a

	
54.6 a

	
1.02

	
8.9 a

	
7.7 a

	
0.87

	
0.9 a

	
0.98 a

	
1.09

	
[43]




	
po (tab, s.d., CYP2C9 1*/3*)

	
50

	
53.7 a

	
53.1 a

	
0.99

	
8.9 a

	
7.44 a

	
0.84

	
0.9 a

	
0.96 a

	
1.07

	
[43]




	
po (tab, s.d., CYP2C9 3*/3*)

	
50

	
(85.8, 119) b

	
76.1

	
(0.89, 0.64)

	
(8, 9.4) b

	
6.99

	
(0.87, 0.74)

	
(0.6, 0.4) b

	
0.64

	
(1.07, 1.6)

	
[43]




	
po (tab, s.d., CYP2C9 3*/3*)

	
50

	
(85.8, 119) b

	
77.7

	
(0.91, 0.65)

	
(8, 9.4) b

	
7.1

	
(0.89, 0.76)

	
(0.6, 0.4) b

	
0.68

	
(1.13, 1.7)

	
[43]




	
po (tab (Ansaid), s.d.)

	
100

	

	

	

	

	

	

	

	

	

	
[38]




	
SDLM_SI = 0.125

	

	
80.5

	
81.1

	
1.01

	
12.8

	
12.8

	
1.00

	
-

	
-

	
-

	




	
SDLM_SI = 0.0054

	

	
66.5

	
0.83

	
11.6

	
0.90

	




	
kd = 0.127 h−1 and Tlag = 14.6 min

	

	
68.8

	
0.85

	
11.8

	
0.92

	




	
SDLM_SI = 0.0712

	

	
67.2

	
0.83

	
12.3

	
0.96

	




	
SDLM_SI = 0.0018

	

	
62.7

	
0.78

	
10.4

	
0.81

	




	
po (tab (Froben), s.d.)

	
100

	

	

	

	

	

	

	

	

	

	
[38]




	
SDLM_SI = 0.125

	

	
82.3

	
81.1

	
0.99

	
13.3

	
12.8

	
0.96

	
-

	
-

	
-

	




	
SDLM_SI = 0.0054

	

	
66.5

	
0.81

	
11.6

	
0.87

	




	
kd = 0.127 h−1 and Tlag = 14.6 min

	

	
68.8

	
0.84

	
11.8

	
0.88

	




	
SDLM_SI = 0.0712

	

	
67.2

	
0.82

	
12.3

	
0.92

	




	
SDLM_SI = 0.0018

	

	
62.7

	
0.76

	
10.4

	
0.78

	




	
po (tab (Froben), s.d.)

	
100

	

	

	

	

	

	

	

	

	

	
[4]




	
SDLM_SI = 0.125

	

	
87.8

	
81.1

	
0.92

	
13.2

	
12.7

	
0.96

	
1.27

	
1.42

	
1.12

	




	
SDLM_SI = 0.0054

	

	
66.5

	
0.76

	
11.6

	
0.88

	
1.68

	
1.32

	




	
kd = 0.127 h−1 and Tlag = 14.6 min

	

	
68.8

	
0.78

	

	
11.8

	
0.89

	

	
1.66

	
1.31

	




	
SDLM_SI = 0.0712

	

	
67.2

	
0.77

	
12.2

	
0.92

	
1.66

	
1.31

	




	
SDLM_SI = 0.0018

	

	
62.7

	
0.71

	
11.0

	
0.84

	
1.77

	
1.39

	




	
po (tab, s.d.)

	
100

	

	

	

	

	

	

	

	

	

	
[39]




	
SDLM_SI = 0.125

	

	
67.7

	
81.1

	
1.20

	
12.9

	
12.7

	
0.98

	
1.52

	
1.42

	
0.93

	




	
SDLM_SI = 0.0054

	

	
66.5

	
0.98

	
11.6

	
0.90

	
1.68

	
1.11

	




	
kd = 0.127 h−1 and Tlag = 14.6 min

	

	
68.8

	
1.02

	
11.8

	
0.91

	
1.66

	
1.09

	




	
SDLM_SI = 0.0712

	

	
67.2

	
0.99

	
12.2

	
0.95

	
1.66

	
1.09

	




	
SDLM_SI = 0.0018

	

	
62.7

	
0.93

	
11.0

	
0.86

	
1.77

	
1.16

	




	
po (tab, s.d)

	
150

	
124.3

	
154.4

	
1.24

	
15.2

	
20.7

	
1.36

	
-

	
-

	
-

	
[40]




	
po (orod, s.d.)

	
150

	
129.8

	
154.4

	
1.19

	
16.8

	
20.7

	
1.23

	
-

	
-

	
-

	
[40]




	
po (tab (Ansaid), s.d.)

	
200

	
161.3

	
159.9

	
0.99

	
21.4

	
23.6

	
1.10

	
1.32

	
1.50

	
1.14

	
[36]




	
po (tab (Ansaid), s.d.)

	
300

	
233.9

	
228.9

	
0.98

	
29.5

	
33.7

	
1.14

	
1.36

	
1.55

	
1.14

	
[36]




	
GMFE (range)

	

	
1.15 (1.01–1,56)

	
1.14 (1.00–1.39)

	
1.18 (1.03–1.7)

	




	
GMFE≤ 1.25

	

	
30/38

	
31/37

	
18/25

	




	
GMFE≤ 2

	

	
38/38

	
37/37

	
25/25

	








a: median value; b: individual values (n = 2).
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Table 10. Comparison of mean predicted and observed drug–drug interaction (DDI) AUC, Cmax, and apparent clearance (CL/F) ratios of flurbiprofen–fluconazole/rifampicin interaction. Calculation of predicted to observed ratio (Rpred/obs) and geometric fold error (GMFE) values.
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DDI AUC Ratio

	
DDI Cmax Ratio

	
DDI CL/F Ratio

	
Reference




	
Victim Drug Administration

	
Perpetrator Drug Administration

	
No. of Doses

	
Interval (h)

	
CYP2C9 Genotype

	
obs

	
pred

	
Rpred/obs

	
obs

	
pred

	
Rpred/obs

	
obs

	
pred

	
Rpred/obs

	






	
Flurbiprofen

	
Fluconazole

	

	

	

	

	

	

	

	

	

	

	

	

	




	
po 50 mg s.d.

	
po 200 mg q.d.

	
7

	
2

	
1*/1*

	
2.02 a

	
1.94

	
0.96

	
1.03 a

	
1.18

	
1.15

	
0.5 a

	
0.51

	
1.02

	
[43]




	
po 50 mg s.d.

	
po 400 mg q.d.

	
7

	
2

	
1*/1*

	
3.03

	
2.36

	
0.78

	
0.99

	
1.23

	
1.24

	
0.31

	
0.42

	
1.35

	
[43]




	
po 50 mg s.d.

	
po 200 mg q.d.

	
7

	
2

	
1*/3*

	
1.8

	
1.58

	
0.88

	
0.87

	
1.11

	
1.28

	
0.56

	
0.63

	
1.13

	
[43]




	
po 50 mg s.d.

	
po 400 mg q.d.

	
7

	
2

	
1*/3*

	
2.48

	
1.84

	
0.74

	
0.94

	
1.14

	
1.21

	
0.44

	
0.54

	
1.23

	
[43]




	
po 50 mg s.d.

	
po 200 mg q.d.

	
7

	
2

	
3*/3*

	
(1.58, 1.28)#

	
1.09

	
0.76

	
(1.08, 0.91) #

	
1.02

	
1.02

	
(0.75, 0.66) #

	
0.92

	
1.30

	
[43]




	
po 50 mg s.d.

	
po 400 mg q.d.

	
7

	
2

	
3*/3*

	
(1.39, 1.12)#

	
1.16

	
0.92

	
(0.54, 0.90) #

	
1.03

	
1.43

	
(1.00, 0.66) #

	
0.86

	
1.04

	
[43]




	
po 100 mg s.d.

	
po 200 mg b.i.d.

	
2

	
0.5

	
n.a.

	
1.71 b

	
1.65

	
0.97

	
1.16 b

	
1.15

	
0.99

	
0.57

	
0.61

	
1.07

	
[45]




	
po 100 mg s.d.

	
po 200 mg b.i.d.

	
2

	
0.5

	
n.a.

	
1.81

	
1.51

	
0.83

	
1.23

	
1.13

	
0.92

	
0.55

	
0.68

	
1.24

	
[46]




	
po 100 mg s.d.

	
po 200 mg b.i.d.

	
2

	
0.5

	
n.a.

	
1.97 b

	
1.62

	
0.82

	
1.47 b

	
1.15

	
0.78

	
0.5

	
0.62

	
1.24

	
[44]




	
po 50 mg s.d.

	
po 400 mg s.d.

	
1

	
2

	
n.a.

	
2.16

	
2.23

	
1.03

	
1.24

	
1.2

	
0.97

	
0.46

	
0.48

	
1.04

	
[47]




	
po 50 mg s.d.

	
po 400 mg q.d.

	
7

	
2

	
n.a.

	
2.81

	
2.87

	
1.02

	
1.37

	
1.25

	
0.91

	
0.35

	
0.39

	
1.11

	
[47]




	
po 50 mg s.d.

	
po 400 mg s.d.

	
1

	
2

	
n.a.

	
1.21

	
1.53

	
1.26

	
1.14

	
1.14

	
1.00

	
0.67

	
0.67

	
1.00

	
[48]




	

	
Rifampicin

	

	

	

	

	

	

	

	

	

	

	

	

	




	
po 50 mg s.d.

	
po 600 mg q.d.

	
5

	
0

	
n.a.

	
0.56

	
0.63

	
1.13

	
0.71

	
0.83

	
1.17

	
1.85

	
1.73

	
0.94

	
Daali et al.




	
GMFE (range)

	

	

	

	
1.17 (1.02–1.35)

	
1.16 (1.00–1.43)

	
1.15 (1.00–1.35)

	




	
GMFE≤ 1.25

	

	

	

	
8/12

	
9/12

	
10/12

	




	
GMFE≤ 2

	

	

	

	
12/12

	
12/12

	
12/12

	








n.a.= not available; a median; b geometric mean. # individual values (n=2)
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