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LIST OF ABBREVIATIONS: 

AUC, area under the concentration-time curve; AUC0-24, area under the concentration-time curve 

from time 0 to 24h postdose; AUC0-168, area under the concentration-time curve from time 0 to 

168h postdose; AUCss, area under the concentration-time curve at from time 0 to 24h postdose at 

steady-state; AUC0-inf, area under the concentration-time curve from time 0 to infinity; Cl, 

clearance; Clint, intrinsic clearance; Cmax, maximum concentration; tmax, time to maximum 

concentration; Css, mean plasma concentration level at steady state; Csol, solubility in 

gastrointestinal tract segment ; Csol_stomach, solubility in stomach compartment; Csol_IF, solubility 

in intestinal compartment; Cp, concentration in plasma; Cliv, concentration in liver; fu, fraction 

unbound; GIT, gastrointestinal tract; ke, elimination rate constant; ka, absorption rate constant; 

Kt, small intestinal transit rate constant; Kt.stom, gastric emptying rate constant; Kt.colon, 

colonic excretion rate constant; PBPK, physiologically based pharmacokinetic; PGF, permeation 

gradient factor; PK, pharmacokinetics; Qh, blood flow rate; SI, small intestinal segment; Vd, 

volume of distribution; V/F, apparent volume of distribution after oral dose; 
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ABSTRACT 

Predicting human pharmacokinetics (PK) during the drug discovery phase is valuable to assess 

doses required to reach therapeutic exposures. For orally administered compounds, however, this 

can be especially difficult since the absorption process is complex. Vismodegib is a compound 

with unique nonlinear oral PK characteristics in humans. Oral physiologically-based 

pharmacokinetic (PBPK) models were built using preclinical in vitro and in vivo data and 

successfully predicted the oral PK profiles in rats, dogs, and monkeys. Simulated drug exposures 

(AUC0-inf and Cmax), following oral administration were within 2-fold of observed values for the 

dog and monkey, and close to 2-fold for the rat, providing validation to the model structure. 

Adaptation of this oral PBPK model to humans, using human physiological parameters coupled 

with predicted human PK, resulted in underpredictions of vismodegib exposure following both 

single and multiple doses. When observed human PK was used to drive the oral PBPK model, 

oral PK profiles in humans were well predicted with fold errors in predicted vs observed drug 

exposures being close to 1. Importantly, the oral PBPK model captured the unique nonlinear, 

non-dose dependent PK of vismodegib at steady-state. The mechanism responsible for 

nonlinearity was consistent with oral absorption being influenced by nonsink permeation 

conditions. We introduce a new parameter, the permeation gradient factor, to characterize the 

effect of nonsink conditions on permeation.  Using vismodegib as an example, we demonstrate 

the value of using oral PBPK models in drug discovery to predict the oral PK of compounds with 

nonlinear absorption characteristics in human. 
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SIGNIFICANCE STATEMENT 

A physiologically-based pharmacokinetic model was built to demonstrate the value of these 

models early in the drug discovery stage for the prediction of human PK for compounds with 

unusual oral pharmacokinetics. In this study, our PBPK model could successfully capture the 

unique steady-state oral pharmacokinetics of our model compound, vismodegib. The mechanism 

for nonlinearity can be attributed to nonsink permeation conditions in vivo. We introduce the 

permeation gradient factor as a parameter to assess this effect.  
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INTRODUCTION 

 Predicting human pharmacokinetic (PK) behavior for investigational compounds in early 

discovery stages is critical to assessing doses required to achieve therapeutic drug exposures. For 

orally administrated compounds, this can be especially difficult, as the gastrointestinal 

environment is dynamic and complex. One powerful prediction tool that can capture this 

complexity is physiologically-based pharmacokinetic (PBPK) modelling. Unlike traditional 

empirical models, PBPK models are mechanistic in nature, as they integrate physiological 

processes with drug properties to incorporate biological interactions with drugs, such as 

dissolution and metabolic enzyme kinetics, and experimental conditions, such as dosing under a 

fasted or fed state. (Jones et al., 2012; Zhuang and Lu, 2016; Li et al., 2017; Lin and Wong, 

2017). In a typical PBPK model, organs are represented as anatomical compartments which are 

connected by systemic circulation carrying drug. A series of differential equations containing 

physiological parameters describe drug movement throughout the body. Combined with 

compound specific inputs, PBPK models can mathematically capture the interaction of drug and 

body to simulate the PK profile and study individual ADME (absorption, distribution, 

metabolism, excretion) processes or behaviors. 

 Applications of PBPK models guiding drug discovery and development have been 

reported in literature (Yamazaki et al., 2011; Chung et al., 2015; Jones et al., 2015; Zhuang and 

Lu, 2016). However, their use is more common in early clinical development when more 

information on compounds are available and are frequently used in applications such as 

prediction of drug-drug interactions (Sager et al., 2015; Grimstein et al., 2019). When data is 

limited, such as in earlier stages of drug discovery, PBPK models are less refined, as they may 
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not have been fully validated to capture the mechanisms and assumptions necessary to describe a 

compound’s PK (Jones et al., 2015; Lin and Wong, 2017). When used for prediction of human 

oral PK from preclinical data, prediction performance was poor as indicated by the results of two 

large scale blinded evaluation studies where only 23% (Poulin et al., 2011) or  37.2% 

(Margolskee et al., 2017) of predictions of oral PK were considered reasonably accurate based 

on criteria set within the manuscripts. 

 Approved for the treatment of basal cell carcinoma in 2012, vismodegib is a low 

clearance, poorly soluble drug with unique nonlinear oral PK properties (Dlugosz et al., 2012; 

Rudin, 2012).  Compared to compounds exhibiting linear PK, vismodegib exhibits a significantly 

decreased time to reach steady-state, lower than expected steady-state concentrations, and less 

than dose proportional oral PK in humans and dogs  (Wong et al., 2010; Graham et al., 2011). 

Specifically in humans, following a single oral dose, the half-life of vismodegib was reported to 

be approximately 12 days (Graham et al., 2011). Under typical linear PK, steady-state 

concentrations should be achieved by 5-7 half-lives (60-84 days).  However, in all PK studies 

reported, vismodegib reaches steady state by 7-14 days following once daily dosing (Graham et 

al., 2011, 2012). Furthermore, average steady state concentration was approximately 5-fold 

lower than anticipated assuming linear PK.  Finally, vismodegib exhibited less than dose 

proportional increases in exposure following single oral doses of 150 mg, 270 mg and 540 mg.  

However, steady-state vismodegib concentrations following multiple daily doses at these three 

doses were similar.  

Similar unusual accumulation characteristics were observed in early multiple dose toxicity 

studies in dogs. Using a PBPK modeling approach, Wong et al (2010) was able to attribute this 

steady-state behavior to a nonsink permeation phenomenon. With nonsink permeation, the 
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concentration gradient of drug driving permeation across the intestinal membrane diminishes 

with increasing dose, which decreases absorption. Vismodegib has poor solubility resulting in 

low concentrations in the intestinal lumen, the driving concentration for drug permeation. In 

addition, vismodegib exhibits very low clearance in dogs and in humans resulting in high levels 

of unbound drug systemically which serves as the receiving end of the permeation concentration 

gradient (Wong et al., 2009; Graham et al., 2011, 2012).  Further, high systemic concentrations 

were postulated to be required for biological activity (Wong et al., 2011) and were observed 

clinically.  This led us to hypothesize that nonsink permeation may play a similar role in the oral 

PK profile for humans.  

 In this retrospective study, we investigated whether an oral PBPK model that captures 

nonsink permeation can be used to prospectively predict the unexpected oral PK of vismodegib 

in humans. Oral PBPK models for vismodegib were constructed for rat, dog, and monkey to first 

confirm if in vivo oral PK profiles can be predicted in preclinical species prior to human 

predictions. Once confirmed in preclinical species, we assessed whether our model structure can 

capture nonlinear oral PK characteristics described in humans, first with disposition parameters 

extrapolated via allometry and then with observed IV dose data. The mechanisms driving 

nonlinear behavior were then further examined. We aim to demonstrate the utility of employing 

oral PBPK models in the drug discovery setting for prediction of oral PK in human for 

compounds with unusual absorption characteristics. 
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MATERIALS AND METHODS: 

Data Extraction 

 Data from PK studies in literature were extracted via WebPlotDigitizer 

(WebPlotDigitizer, Version 4.4, Ankit Rohatgi) (Rohatgi, Ankit, 2020).  The intercoder 

reliability and validity of this software has been previously examined by Drevon et al., 2017. 

Preclinical Pharmacokinetics 

Preclinical PK studies used in our study were previously reported (Wong et al., 2009). 

For the intravenous PK studies in rats, dogs, and monkeys, three male animals of each species 

were given a single intravenous (IV) dose of 1 mg/kg vismodegib in 30%, 80%, and 80% 

polyethylene glycol (PEG 400), respectively. For oral PK, three male animals for each species 

were given an oral vismodegib dose at 5 mg/kg (rats), or 2 mg/kg (dogs and monkeys) 

formulated in 0.5% methylcellulose with 0.2% Tween 80.  For all studies, sequential plasma 

samples were collected following drug administration and vismodegib plasma concentrations 

were determined by LC/MS/MS.  

Clinical Pharmacokinetics 

 Vismodegib clinical PK data was obtained from literature sources (Graham et al., 2011, 

2012). Single dose PK data was obtained from a study where healthy female volunteers were 

given a single low IV tracer dose (10 µg) of 14C-vismodegib in combination with a 150 mg 

vismodegib hard gelatin capsule.  In this study, vismodegib levels in plasma were monitored up 

to 56 days (Graham et al., 2012). Single dose and multiple dose PK data were obtained from a 

second study where 68 cancer patients received either 150, 270, or 540 mg oral doses of 

vismodegib as powder in capsule (Graham et al., 2011).  Patients received a single oral dose of 
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vismodegib with a subsequent 7-day monitoring period.  This was followed by daily oral dosing 

for the duration of treatment. Vismodegib plasma concentrations were digitized for up to 65 days.  

PBPK Model Structure and Vismodegib Inputs 

PBPK models were built for the rat, dog, monkey, and human, each with its own set of 

physiological parameters derived from literature (see Physiological Data Inputs section) using 

Simulation, Analysis, and Modeling II software (SAAM II v2.3, The Epsilon Group, 

Charlottesville, VA, USA). The PBPK model structure (Figure 1) is a modification of an oral 

PBPK model described by Wong et. al, (2010) to include a liver compartment.  In the current 

model, nine segments make up the gastrointestinal tract (GIT): one for the stomach, seven for the 

small intestine, and one for the colon. Transit rate constants dictate the flow rate of drug through 

the GIT. The intestines are assumed to be cylindrical tubes and thus, volume is calculated by 

πr2L and surface area is calculated by 2πrL, where L is equal to the length of each section and r 

is equal to the intestinal radius.  

Each segment has a compartment for the undissolved and dissolved state. Dissolution is 

based on the Noyes-Whitney Equation (Noyes and Whitney, 1897) 

dXsolution

dt
= 

3𝐷𝜌𝑟ℎ ∙(𝐶 -𝐶 ) ∙ 𝑋  

Where Xsolution is amount of dissolved drug at time t. D is the diffusion coefficient (10-4 cm2/s), ρ 

is the drug particle density (1.34 g/cm3), r is the particle radius (20 µm), and h is the diffusion 

layer thickness (20 µm). Dissolution is driven by the concentration gradient between the 

solubility in the particular gastrointestinal tract segment (Csol) and concentration of dissolved 

drug in a particular segment (CGIT = Xsolution/ volume of segment). For the stomach, Csol was set 

to 490 µg/mL [Csol_stomach; solubility in stomach based on solubility in simulated gastric fluid] 

(1) 
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and for the small intestine segments, Csol was set to 3.0 µg/mL [Csol_IF; solubility in the small 

intestine based on solubility in FaSSIF from pH from 6.0-6.8]; (Wong et al., 2010).  

Dissolved drug in small intestine (CGIT) is then subject to permeation into the liver 

compartment based on equation 2:  

dXsolution

dt = − 𝑃 ∙ SA ·(𝑓 ∙ 𝐶  - 𝑓 ∙ 𝐶 ) 

Where Papp is the permeability coefficient, (set at 60.1 x 10-6 cm/s as previously reported; Wong 

et al, 2010), SA is effective surface area of intestinal segment, fmono is the fraction of compound 

not in micelles, fu is the free fraction of drug in the liver (fu in plasma was used as surrogate) , 

and Cliv is drug concentration in the liver or liver blood. fmono is a constant equivalent to aqueous 

solubility (CsolBuffer = 0.4 µg/mL) divided by solubility in simulated intestinal fluid (Csol_IF = 3.0 

µg/mL based on FaSSIF solubility) (Sugano et al., 2007; Wong et al., 2010). Unbound fraction 

values were taken from plasma protein binding studies using equilibrium dialysis reported in 

literature (Wong et al., 2009). Effective surface area (SA) was calculated by the multiplying the 

surface area by 450, which is the reported intestinal amplification factor as a result of the villi 

and microvilli presence (Ferraris et al., 1989). The permeation gradient was designated as the 

concentration gradient between free drug in the intestinal lumen (fmono*CGIT) and unbound 

concentration in in the liver (fu*Cliv) because vismodegib is highly permeable and has very low 

intrinsic clearance (Wong et al., 2009). 

The maximum amount of dissolved compound not in micelles available for permeation is 

dictated by aqueous solubility (CsolBuffer). Therefore, when fmono · CGIT > CsolBuffer, permeation is 

governed by equation 3: 

dXsolution

dt = − 𝑃 ∙ SA · 𝐶  - 𝑓 ∙ 𝐶  

(2) 

(3) 
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After permeation into the liver compartment, the rate of elimination of amount of 

vismodegib in liver (Xliv) and transfer to and from the central compartment described by equation 

4: 𝑑𝑋𝑑𝑡 = 𝑄 𝐶 − 𝑄 𝐶 −  𝑓 ∙  𝐶  ∙ 𝐶𝑙  
Where Cp is the concentration in the central compartment (plasma concentration), Qh is hepatic 

blood flow, and Clint is intrinsic clearance. 

For preclinical species, intrinsic clearance was back-calculated using reported in vivo 

clearance (Cl) from single IV dose data, in vitro fu values and physiological hepatic blood flow 

(Qh) data (see Physiological Data Inputs section), according to the following equation for the 

well-stirred model:  

𝐶𝑙 = (𝑓 ∙  𝐶𝑙 ) ∙ 𝑄(𝑓 ∙  𝐶𝑙 ) +  𝑄  

In the preclinical PK report by Wong et al (2010), the authors also extrapolated predicted 

human values of volume of distribution (Vd) and clearance via allometry from mice, rats, dogs, 

and monkeys and these values were used as initial estimates for clinical simulations. Clearance 

predicted using allometry was estimated with and without the cynomolgus monkey by Wong et 

al, (2009) as there seemed to be differences in the rate of metabolism for monkeys. Metabolic 

stability in hepatocytes with a 3-hour incubation was high in all species tested (≥88% remaining) 

with the exception of the monkey where vismodegib was moderately stable (41% remaining). 

Allometry does not perform well when there are species differences in the rate of metabolism 

(Lin, 1998; Huang and Riviere, 2014). Therefore, the predicted clearance without monkey was 

used for our initial clinical simulations. Observed Vd and Cl from a clinical study where a single 

IV dose was administered were used for subsequent clinical simulations (Graham et al., 2012).  

(4) 

(5) 
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Nonsink permeation was analyzed by the permeation gradient factor (PGF), 

defined as 

𝑃𝐺𝐹 = 𝑓 ∙ 𝐶  - 𝑓 ∙ 𝐶𝑓 ∙  𝐶 , 𝑤ℎ𝑒𝑛 𝑒𝑞. 2 𝑖𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑖𝑜𝑛 

𝑃𝐺𝐹 = 𝐶  - 𝑓 ∙ 𝐶𝑓 ∙  𝐶 , 𝑤ℎ𝑒𝑛 𝑒𝑞. 3 𝑖𝑠 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑖𝑜𝑛 

In which we assume a PGF of 0.67 – 1.0 indicates sink and PGF < 0.67 indicates nonsink 

permeation. The criteria was chosen to resemble sink condition requirements in dissolution 

testing, for which concentration in the dissolution medium must remain under 1/3 of the 

saturation solubility (Jamzad and Fassihi, 2006; Liu et al., 2013). The effect of nonsink 

conditions was also examined with a sink permeability model in which the concentration 

gradient is omitted from the permeation. 

=  −𝑃 ∙  𝑆𝐴 ∙ (𝑓 ∙ 𝐶  ) (8) 

 

Physiological Data Inputs 

 Our rat, dog, monkey, and human PBPK models were modeled after a 0.25 kg Sprague 

Dawley, a 9.0 kg beagle, a 3.5 kg cynomolgus, and a 70 kg man, respectively. Body weights in 

preclinical species were selected to match those of the animals from the preclinical PK study, 

despite being different from the average body weights in the literature data sources for the dog 

(10 kg) and monkey (5 kg) (Davies and Morris, 1993; Wong et al., 2009). To address this, 

hepatic physiological parameters were body weight normalized. Due to limited data on 

physiology specific to the cynomolgus monkey in literature, physiological data for rhesus 

monkeys were also included and body weight normalized.  Species specific model inputs are 

given in Table 1.  

(6) 

(7) 
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PBPK Model Simulations 

 PBPK models for rat, dog and cyno were used to simulate an IV dose which was 

compared to the observed plasma concentration-time profiles.  These models were then used to 

simulate PO concentration-time profiles. Maximum concentration (Cmax), time to maximum 

concentration (tmax), and drug exposure, indicated by area under the concentration-time curve 

extrapolated to infinity (AUC0-inf), were evaluated and compared to observed values for 

validation of preclinical models (see Model Evaluation section). AUC values were calculated by 

non-compartmental analysis via trapezoidal method (Gibaldi and Perrier, 1982). 

 In clinical simulations, Vd and Cl values from both allometry and observed clinical trials 

were used to predict PO concentration-time profiles from single dose and multiple dose data. 

AUC values from 24-hour periods were calculated for day 1 (AUC0-24) and day 100 (AUCss) 

profiles. Simulations out to 100 days ensured steady-state levels. Steady-state concentrations (Css) 

were then calculated by dividing AUCss by tau (24 hours).  Comparisons between observed 

versus predicted PK parameters were performed as described in the Model Evaluation Section 

below.  Time to steady state is marked as the day when concentration levels first reach 95% Css. 

 

One Compartment Model Simulation 

 A one compartment model was built for each dose in humans using Simulation, Analysis, 

and Modeling II software (SAAM II, The Epsilon Group, Charlottesville, USA). The elimination 

rate constant (ke) was determined to be 0.00216 h-1 from both the terminal phase of a single PO 

150 mg dose and the terminal phase from a single IV 10 µg dose (Graham et al., 2012). The 

absorption rate constant (ka) from a single PO dose of 150 mg was then fitted to obtain a value 
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of 0.243 h-1. As ka and ke could not be estimated from fitting for all doses, these parameters 

were then fixed and the apparent volume of distribution after oral dose (V/F) fitted for each dose. 

The single compartment models were then simulated to 100 days to steady-state.  

  

Model Evaluation   

 Predictive performance was considered successful if predicted and observed PK 

parameters were within a 2-fold error ratio 

𝐹𝑜𝑙𝑑 𝐸𝑟𝑟𝑜𝑟 =  𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  , 𝑖𝑓 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 > 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 

𝐹𝑜𝑙𝑑 𝐸𝑟𝑟𝑜𝑟 =  𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  , 𝑖𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 > 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 

 Where a ratio of 1.0 – 2.0 is considered within 2-fold error. In single dose comparisons, 

the Cmax, tmax, and area under the concentration-time curve from 0 h to 168 h postdose (AUC0-168) 

were compared. In multiple dose comparisons, the maximum steady-state concentration and 

steady state AUC0-24 were compared. A one-compartment model simulation was used to evaluate 

PBPK simulations for comparison of our PBPK model results against a traditional linear PK 

model.  

 The fit of the simulated concentration-time curve shape was assessed by lineshape 

analysis (equation 11), which functionally calculates the absolute average fold error (as defined 

by equations 9 and 10) of all observed and simulated time points for each animal species (Peters, 

2008).  

𝐿𝑖𝑛𝑒𝑠ℎ𝑎𝑝𝑒 𝐹𝑜𝑙𝑑 𝐸𝑟𝑟𝑜𝑟 =  10[ ∑ (  )] 
In the clinical models, time points from 0 h to 168 h were evaluated for the single dose and time 

points from 168 h until the end of the simulation were evaluated for the multiple dose studies. 

(9) 

(10) 

(11) 
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RESULTS 

Preclinical Simulations 

Plasma concentration versus time plots for observed concentrations and the preclinical 

simulation results is shown in Figure 2 and a comparison of the observed vs. simulated PK 

parameters are shown in Table 2. Generally speaking, our models showed good performance for 

both IV and PO profiles with predicted AUC0-inf and Cmax being within 2 fold or less when 

compared to observed values. The lineshape analysis of the concentration-time curves resulted in 

average fold errors of 6.09, 1.28, and 2.07 for the rat, dog, and monkey PO PBPK models. The 

high error in the rat PO model can likely be attributed to the apparent difference in half-life 

between the observed IV profile and the observed PO profile (Figure 2 A-B), with the half-life 

calculated from the last 3 points in each being 1.4 h and 2.4 h, respectively. Since the clearance 

parameters were derived from the IV dose cohort, this discrepancy resulted in a large fold error 

in the last two time points for the PO profile.  Despite this, the rat oral AUC0-inf was only slightly 

under-predicted and out of 2-fold error range (2.22) (Table 2).   

Overall, the agreement between predicted and observed profiles and parameters indicated 

good predictive performance following intravenous administration but more importantly oral 

absorption in all three preclinical species and thus provided some validation for the PBPK model 

for the use of the model to predict oral PK in humans.  

Clinical Simulations 

 Simulation results from our PBPK model populated with preclinical predictions of human 

PK are shown in Figure 3 and Table 3. Using predicted Vd and Clint derived from predicted Cl 

(extrapolated using allometry) to drive the PBPK model resulted in an underprediction of human 
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oral PK in both single and multiple dose simulations. Predicted AUC0-168 from a single PO dose 

was 105 µM*h, with a fold error of 4.59. For AUCss in multiple dose simulations, predicted fold 

errors were 3.90, 2.39, and 1.91 for 150 mg, 270 mg, and 540 mg, respectively. Similarly, 

average fold errors in the lineshape analysis all fell outside of the 2-fold range. Furthermore, 

dose-dependent exposure was seen in steady-state simulations unlike what was observed for the 

clinical oral PK where both Cmax and AUCss were comparable at all 3 doses.  

 We recognize that predictions of human PK from preclinical allometry may be inaccurate. 

As the main assumption is that Vd and Cl are proportional to body weight, allometry overlooks 

any species differences that may play a role in a compound’s PK. Therefore, in order to reduce 

prediction error from allometric scaling and test the ability of our oral PBPK model to capture 

the unique nonlinear steady-state characteristics of vismodegib, we performed oral PK 

simulations using Clint derived from reported Cl and reported Vd in humans (Graham et al., 2012) 

to drive the model. Oral simulations using observed PK, performed significantly better when 

simulating single and multiple dose oral PK (Figure 4). Steady-state characteristics were all 

within 2-fold error (Table 4). We performed simulations by fitting single dose oral PK profiles at 

150, 270 and 540 mg to a one-compartment model with oral dosing (Figure 5).  This was 

followed by multiple dose simulations using the dosing regimens used the clinical trials.  These 

simulations were performed in order to provide a reference for multiple dose steady-state 

accumulation under linear PK conditions.  Steady-state simulations predicted a higher than 

observed accumulation (Figure 5 and Table 5). This overprediction of accumulation is more 

prominent in the 270 and 540 mg simulations where the fold error is greater than 5 for both Cmax 

and AUCss. Additionally, the time to steady-state was approximately 60 days, which is consistent 

with the assumption of approximately five half-lives under linear kinetic behavior (t1/2 is ~ 12 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 2, 2022 as DOI: 10.1124/dmd.122.000885

 at A
SPE

T
 Journals on M

arch 20, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 
 

18 
 

hours; Graham et al., 2012).  More importantly, in contrast to steady-state simulations using the 

one-compartment model, the PBPK model was able to capture the nonlinear steady-state PK 

behaviors of vismodegib following oral dosing namely: 1) earlier than expected time to steady-

state; 2) lower than expected accumulation; 3) lack of dose dependency at steady-state. For the 

PBPK simulations at 150, 270, and 540 mg that used Clint derived from observed Cl and 

observed Vd to drive the PBPK model, vismodegib concentrations reached steady-state within 8- 

17 days rather than at 5-7 half-lives (~60-84 days) as would be anticipated assuming linear PK. 

The accumulation ratio was 7.11, 5.45, and 3.94 for the 150, 270, and 540 mg multiple dose 

steady-state simulations rather than 23.8 anticipated assuming linear PK that was derived from 

simulations using the one-compartment model.  Finally, consistent with observed data, 

increasing exposure with increasing dose was predicted following a single dose with the PBPK 

model (Table 4).  However, following multiple doses, Css were comparable (21-26 µM) for all 

three doses and lacked dose dependency which is consistent with what was observed clinically 

(mean observed Css around 20 µM across 150 mg, 270 mg, and 540 mg cohorts; Graham et al., 

2011). 

The PGF is an index of the concentration gradient between unbound intestinal and 

unbound systemic concentrations which drives permeation. If oral absorption is under complete 

sink conditions, absorption would be driven by the free intestinal concentrations which would be 

associated with a PGF value of 1.  As unbound systemic concentrations of drug increase, PGF 

will decrease causing a decrease in absorption due to nonsink conditions increasingly becoming 

more prevalent.  We consider a PGF ≤0.67 to be considered nonsink conditions. This criteria was 

chosen to resemble that for nonsink conditions in dissolution testing (Jamzad and Fassihi, 2006; 

Liu et al., 2013). Analysis of PGF following oral administration of vismodegib for a single dose 
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and for multiple-doses to steady-state using the PBPK model driven by observed PK reveals 

declines in PGF especially under steady-state conditions, during which PGF remains under 0.07 

for the entire dosing interval (Figure 6). This analysis suggests that under steady-state conditions, 

the concentration gradient that drives oral absorption is non-existent providing a plausible 

explanation for the unique oral PK of vismodegib.  

In studying the absorption characteristics for vismodegib in humans, we altered our oral 

PBPK model by creating sink conditions where permeation was driven solely by unbound 

intestinal concentrations of vismodegib (fmono * CGIT ) as shown in Equation 7. The results of this 

comparison for 150 mg daily dose are shown in Figure 7. As can be observed in Figure 7, an oral 

PBPK model containing a permeation gradient is required to describe the observed oral PK of 

vismodegib in humans. Finally, results from a sensitivity analysis examining the role of intestinal 

solubility on vismodegib absorption indicate that there are minimal increases in steady-state 

concentrations when intestinal solubility was increased from 3.0 µg/mL to 5.0 µg/mL and from 

5.0 µg/mL to 10 µg/mL (Figure 8). There was no change in steady-state concentrations at 

solubility values higher than 10 µg/mL, leading to the conclusion that intestinal solubility 

limitations play a minor role in the steady-state absorption of vismodegib.   
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DISCUSSION 

Accurately predicting the human oral PK of compounds being advanced into clinical 

development can help guide clinical trials and inform dosing strategies for optimal drug exposure. 

However, the prediction of human oral PK can be challenging due to the dynamic complex 

interactions involving drug properties and physiology, particularly for poorly soluble compounds. 

A mathematical approach that can mechanistically integrate preclinical data alongside with 

physiological data in order to simulate a predicted human concentration-time profiles is PBPK 

modeling.  However most applications of oral absorption PBPK modeling are retrospective in 

nature (Zhang et al., 2017). The reasons for this may be in the knowledge gaps surrounding the 

complex oral absorption processes, as highlighted by several large-scale evaluation studies on 

the use of PBPK models in predicting human oral PK  (Poulin et al., 2011; Darwich et al., 2017). 

In most cases, bioavailability was under-predicted for poorly soluble compounds. Despite this, 

there are cases that demonstrate successful predictions of the extent of absorption from 

preclinical data (Yamazaki et al., 2011; Parrott et al., 2013; Matsumura et al., 2020). In one 

example, predictive performance was shown to be better in a PBPK model compared to a one-

compartment model using Cl and Vd estimated from allometric scaling (Yamazaki et al., 2011). 

The knowledge gap in our understanding of oral absorption highlights the importance of 

validating PBPK models with preclinical in vivo data prior to attempts to predict oral PK in 

humans.  Our current study aims to evaluate the use of oral PBPK models in the prediction of 

oral PK in preclinical species and in humans during drug discovery for a compound with unique 

nonlinear absorption characteristics. 

The oral single dose PK of vismodegib in rat, dog and monkey was captured by our 

PBPK model providing a degree of validation to the model structure (Figure 2 and Table 2). 
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However, the initial PBPK predictions using predicted human Cl and Vd derived from 

preclinical data were poor for both single and multiple dose data (Figure 3 and Table 3).  The 

failure in the initial simulations were due to discrepancies between the predicted and observed 

human PK parameters Cl and Vd of vismodegib. 

Vismodegib is a very low clearance compound in humans (LoRusso et al., 2011) and 

predicting clearance for these compounds are often difficult.  Estimation of hepatic clearance in 

humans using in vitro metabolic stability assays in hepatocytes, is challenging as enzyme 

degradation that occurs in incubations longer than 3-hours presents a practical challenge to 

measurement of intrinsic clearance of highly metabolically stable compounds. For vismodegib, 

hepatocyte stability assays showed 96% remaining after a 3-hour incubation, which after 

considering potential analytical error, demonstrated virtually no turnover (Wong et al., 2009). 

These challenges in characterization of hepatic clearance using standard hepatocyte incubations 

have been recognized and assay modifications have been reported in an attempt to increase 

resolution by prolonging assay time (Di et al., 2012; Di and Obach, 2015). Predictions of human 

Cl using allometry, despite suggesting that the compound was low clearance in humans was 

successful categorically but unsuccessful quantitatively as the observed clearance in humans was 

approximately 9.3 fold lower (predicted 403 mL/h, observed 43.4 mL/h)  (Wong et al., 2009; 

Graham et al., 2012). As simple allometry is an empirical extrapolation model that assumes 

parameters are proportional to body weight, it is an imperfect prediction tool that overlooks 

species differences in PK related mechanisms (Boxenbaum, 1984). Advances in the prediction of 

human Cl for low clearance compounds would serve to greatly benefit human PK predictions. 

Model prediction was significantly improved when the human oral PBPK model was 

driven using the observed Vd and Clint derived from the observed Cl from a single IV dose study 
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in humans (Graham et al., 2012). When comparing steady-state predictions from multiple dose 

simulations using a one-compartment model (Table 5), our PBPK predictions at steady-state 

following multiple doses were more accurate, with predictions from all doses examined having 

fold errors close to 1 (Table 4). Moreover, the oral nonlinear characteristics of vismodegib at 

steady-state were captured, indicated by a less than dose-proportional increase in exposure at 

steady-state with steady-state being reach at approximately 8-17 days and observed 

concentrations at steady-state being ~20 µM for all three doses simulated. These predictions 

were in line with the clinical observations.  The improved prediction not only indicated the 

ability of our oral PBPK model to capture observed oral absorption characteristics of vismodegib 

but also the ability to use the PBPK model to further investigate the mechanisms driving the 

nonlinear oral PK of vismodegib. 

A recent study explored the mechanisms of these characteristics in vismodegib with 

PBPK models (Dolton et al., 2020). Similar to our findings, their model describing vismodegib 

oral PK in humans suggested that transport across the unstirred boundary layer between 

intestinal luminal fluid and enterocytes was rate limiting to absorption as the concentration 

gradient driving absorption declined with both increase in dose and dosing frequency. As 

suggested by our simulations examining PGF, at steady-state, the concentration gradient driving 

vismodegib absorption is very small (Figure 6).  Our simulations where absorption was driven 

directly by unbound vismodegib concentrations in the intestinal fluid alone (Figure 7) illustrate 

that including the nonsink permeation mechanism is needed to describe vismodegib nonlinear 

PK.  

At first glance, the nonlinear PK profile for vismodegib at steady-state could be attributed 

to other mechanisms, such as dissolution or solubility rate limited absorption, which are common 
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for poor solubility compounds. Both dissolution and solubility rate limited absorption are 

dependent on drug solubility in intestinal fluid where an increase in drug solubility in intestinal 

fluid would result in an increase drug exposure. In order, the investigate if dissolution or 

solubility rate limited absorption contributes to vismodegib’s nonlinear behavior, we performed a 

sensitivity analysis where the solubility in intestine fluid is increased 10-fold (Csol_IF = 3.0 – 30 

µg/mL).  The results presented in Figure 8 show that a 10-fold increase in solubility provide very 

little improvement in systemic exposure at steady-state (Figure 8).  

Another potential mechanism for less than predicted accumulation of vismodegib at 

steady-state is autoinduction, in which a drug induces or upregulates metabolic enzymes 

responsible for its elimination.  However, in vitro studies indicated that vismodegib does not 

interact with the pregnant X receptor that leads to induction, nor does it induce CYP1A2, 

CYP2B6, or CYP3A4/5 in cultured human hepatocytes which implies a lack of interaction with 

AhR, CAR, and PXR, respectively (LoRusso et al., 2013). Further, in a clinical drug-drug 

interaction study, co-administration with vismodegib did no cause a change in the PK of oral 

contraceptives (norethindrone 1 mg/ethinyl estradiol 35 lg; CYP3A4 substrate) which confirms 

that CYP3A4 is not induced by vismodegib (LoRusso et al., 2013).  Based on the totality of the 

data, it is unlikely that autoinduction is responsible for vismodegib’s nonlinear PK characteristics 

as vismodegib does not appear to induce metabolic enzymes/transporters showing no signs of 

interaction with nuclear hormone receptors. 

The permeation equation (Equation 2) can provide insight into why vismodegib may be 

susceptible to nonsink permeation. The concentration gradient driving absorption is calculated by 

the difference between intestinal free monomer concentration and unbound systemic 

concentrations. As intrinsic clearance is the intrinsic ability of the liver to eliminate unbound 
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drug (Benet and Zia-Amirhosseini, 1995), unbound vismodegib systemic concentrations are 

inherently higher due to the low intrinsic clearance of free drug leading to drug accumulation. 

Additionally, the upper limit of free monomer concentrations available for permeation is the 

aqueous solubility (Sugano et al., 2007), which is also low (0.4 µg/mL). Therefore, we believe 

that it is the combination of these two drug properties that causes nonsink permeation leading to 

nonlinear PK, by effectively impeding the permeation gradient by increasing unbound systemic 

concentrations and decreasing free intestinal concentrations. An important distinction is that 

dissolved drug in the intestine available for permeation is drug that is not associated with 

micelles formed in the intestine but rather free drug in aqueous intestinal fluid. Consequently, 

when unbound systemic concentrations rise and reaches the solubility of vismodegib in aqueous 

intestinal fluid (represented by aqueous solubility), one would anticipate that drug could enter the 

intestine from the systemic circulation once free intestinal concentrations are lower than unbound 

systemic concentrations. This condition would be fulfilled when the oral vismodegib dose is 

transited down the intestinal tract. It should also be noted that nonsink permeation was also 

observed in dogs for vismodegib at steady-state, likely due to the similarly low clearance as in 

humans (Wong et al., 2010). Further, dogs receiving an IV dose of vismodegib saw a rapid 

decline in systemic concentrations following an oral administration of activated charcoal.  

Charcoal acts to decrease intestinal vismodegib concentrations indicating that movement of drug 

from the systemic circulation to the intestinal compartment is possible when the permeation 

gradient is reversed. 

To our knowledge, nonsink permeation has only been directly demonstrated in vivo for 

one compound, 1,3-dicyclohexyl urea (DCU), which also has poor aqueous solubility (Chiang et 

al., 2013). In this study, rats that were administered an oral dose of DCU with an infusion of 
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deuterated DCU (D8-DCU) had lower systemic DCU concentrations than those that were given 

oral DCU alone. This study provides evidence that high systemic concentrations of D8-DCU 

administered by infusion, limited the absorption of orally administered DCU, by effectively 

reducing the DCU permeation gradient across the intestinal wall. It is possible that other 

compounds may also exhibit this type of nonlinear absorption behavior, especially those with 

similarly very low solubility and very low clearance, and that the nonlinear absorption of these 

other compounds are erroneously attributed to saturable absorption due to poor solubility. 

Distinguishing these mechanisms may be important, as the approach to increase absorption is 

different for each. For example, if nonlinearity in oral PK is due to dissolution rate limited 

absorption of a poorly soluble compound, reductions in particle size will help improve steady-

state exposures (Sugano et al., 2007) which would not the case for the nonsink permeation 

mechanism. Understandably, nonsink permeation may be difficult to examine in vivo. Rather, it 

may be more practical to investigate this phenomenon using a modeling approach. 

We acknowledge the role of saturable binding to alpha-1-acid glycoprotein (AAG) in the 

nonlinear PK of vismodegib and recognize this as a limitation of the current PBPK model 

(Graham et al., 2011; LoRusso et al., 2011; Lu et al., 2015; Dolton et al., 2020). In this study, 

we aimed to validate current PBPK model structure which can capture nonsink permeation in 

preclinical species and see if we could predict human pharmacokinetics. The incorporation of a 

plasma protein binding into the current absorption model to further examine mechanisms driving 

vismodegib PK in humans and its variability is the focus of a future investigation. 

Overall, our prospective oral PBPK model was able to predict the oral PK of vismodegib 

well in preclinical species. Despite inadequate predictions in oral PK in humans when using Clint 

derived from predicted Cl and predicted Vd, when the observed PK from IV dose data was used 
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to drive the PBPK model, the nonlinear oral PK was nicely captured. Using our mechanistic 

PBPK model, we were then able to examine the effect of nonsink permeation on vismodegib PK. 

The results of our study demonstrate the value in the use of oral PBPK models in predicting 

unique oral absorption characteristics in humans in drug discovery, using vismodegib as a model 

compound. 
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FIGURE LEGENDS 

 

Figure 1: The PBPK model structure used in this study characterizes the gut into nine 

compartments with an undissolved and dissolved section for each. The nine compartments 

consist of a stomach, seven small intestinal segments (SI1-7), and a colon. Flow through these 

segments is dictated by rate constants (Kt.stom for gastric emptying, Kt1-7 for intestinal flow, 

and Kt.colon for colonic excretion). Dissolved drug can permeate into the liver, which is 

connected to body via hepatic blood flow (Qh). Elimination occurs in the liver, determined by 

fraction unbound (fu) and intrinsic clearance (Clint).  

 

Figure 2: Preclinical concentration-time profiles for single IV (A,C,E) and single PO (B,D,E) 

dose in rat (A,B), dog (C,D), and monkey (E,F). Lines represent PBPK simulations and squares 

represent observed data points. 

 

Figure 3: Predicted oral human PK profile using PBPK model driven by predicted human 

pharmacokinetics and observed data. Single dose profiles (left) and multiple dose profiles (right) 

for 150, 270, and 540 mg. Multiple daily doses were given after a 7-day washout following a 

single oral dose. Lines represent simulations and symbols represent observed data points. 

 

Figure 4: Predicted oral human PK profile from PBPK model driven by observed 

pharmacokinetics in human and observed data. Single dose profile (left) and multiple dose 
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profiles (right) for 150, 270, and 540 mg. Multiple daily doses were given after a 7-day washout 

following a single oral dose. Lines represent simulations and symbols represent observed data 

points. 

 

Figure 5: Fitted (Single Dose) and Predicted (Multiple Dose) oral human PK profile using a one-

compartment model. Models were fit to single dose data (left) and then used to simulate multiple 

dose profiles (right). Multiple daily doses were given after a 7-day washout following a single 

oral dose. Lines represent simulations and symbols represent observed data points. 

 

Figure 6: Permeation gradient factors (PGF) in the PBPK model for single dose (day 1) (left) and 

following multiple doses to steady-state (right). The PGF, which measures the concentration 

gradient between unbound concentrations in the gut and in the liver, analyzes the magnitude of 

the nonsink effect on permeation.  A PGF of 0.67 - 1.0 indicates sink conditions, meaning the 

concentration gradient between unbound intestinal concentrations and unbound concentrations in 

the liver has an inconsequential effect on permeation.  

 

Figure 7: Comparing the oral human PK profile for 150 mg in PBPK models with sink (dashed 

line) and nonsink (solid line) conditions enabled for permeability. The sink model omits the 

concentration gradient between unbound intestinal concentrations and unbound liver 

concentrations that drive permeation. Dashed line represents sink permeability model, solid line 

represents nonsink permeability model, and circles represent observed data. 
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Figure 8: A sensitivity analysis showing changes in simulated vismodegib systemic 

concentrations over a 10-fold increase in intestinal solubility (Csol_IF). 
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TABLES 

 

Table 1: Species specific and select compound specific parameters for PBPK model input.  

Species Specific Model Parameters 
Sprague-Dawley 

Rat Beagle Dog 
Cynomolgus 

Monkey Human 
Body Weight (kg) 0.25 9.0 3.5 70 
Stomach Transit 
Rate Constant 
(Kt.stom) (h-1) 41 44 0.735 412 

Intestinal Transit 
Rate Constant (Kt) 

(h-1)a 4.761 3.854 2.596 

3.84, 1.06, 1.35, 
1.72, 2.38, 3.44, 

0.2312 

Colon Transit Rate 
Constant 

(Kt.colon) (h-1) 
0.0171 0.0834 0.023e,16  0.07712 

Stomach Volume 
(mL) 3.41 4504 1007 45012 

Intestinal Length 
(L) (cm)b 

17.01, 12.53, 
9.23, 6.80, 

5.01,3.69, 2.721 

44.76, 32.98, 
24.3, 17.9, 13.19, 

9.72, 7.164 

25, 30, 40, 
37.5, 37.5, 

37.5, 37.57,8 

14.58, 60.26, 
60.26, 60.26, 
60.26, 60.26, 

13.512 

Intestinal Radius 
(r) (cm) 0.21 0.54 0.27 1.2513 

Liver Volume (mL)c 102 4322 94.52 16952

Hepatic Blood 
Flow (Qh) 

(mL/min/kg) 55.22 30.82 31.7d,2,9,10,11 21.414 

Volume of 
Distribution (Vd) 

(L) 0.1223 9.5723 3.443 
Predicted: 53.63 
Observed: 16.415 

Intrinsic Clearance 
(Clint) (mL/min/kg) 0.3293 6.283 11423 

Predicted: 3.213

Observed: 0.34415 

Fraction Unbound 
(fu) 0.01543 0.0423 0.0433 0.033 

a Values listed for humans are written for transit in order from proximal to distal small intestinal 

compartment..bSmall intestinal lengths are written in order from proximal to distal small 

intestinal segment, for use in calculating surface area and volume. Duodenum, jejunum, and 
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ileum proportions in monkeys were reportedly similar to humans, so total intestinal length was 

divided into seven segments similarly. Total small intestinal volume in humans was set to 116 

mL and each segment is proportioned accordingly (Maharaj et al., 2015). cLiver volumes for dog 

and monkey were adjusted for body weight. dMonkey hepatic blood flow used is an average of 

reported values. e Monkey colon transit time was calculated by subtracting mean stomach and 

small intestine residence time from mean total gut residence time. 

1 (Chiang et al., 2013), 2(Davies and Morris, 1993), 3(Wong et al., 2009), 4(Wong et al., 2010), 

5(Kondo et al., 2003), 6(Ikegami et al., 2003), 7(Kararli, 1995), 8(Willmann et al., 2007), 9(Chen 

et al., 2008) , 10(Hall et al., 2012) , 11(Mandikian et al., 2018), 12(Li et al., 2017), 13(Helander and 

Fändriks, 2014), 14(Jones et al., 2006), 15(Graham et al., 2012), 16(Rabot et al., 1997)
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Table 2: Predicted and observed PK parameters for preclinical species for IV and PO dose.  

Sprague-Dawley Rat Beagle Dog Cynomolgus Monkey 

 
PK 

Parameter PBPK Observed Fold 
Error 

Lineshape 
Fold Error PBPK Observed Fold 

Error 
Lineshape 
Fold Error PBPK Observed Fold 

Error
Lineshape 
Fold Error 

IV 
Dose 

AUC0-inf 
(µM*h) 8.49 9.45 1.11 

1.13 
145 142 1.02 

1.13 
2.03 2.27 1.19 

1.22 
Cmax (µM) 4.45 5.36 1.20 2.22 3.36 1.51 2.28 2.25 1.01 

PO 
Dose 

AUC0-inf 
(µM*h) 11.2 24.9 2.22 

6.09 
93.6 93.5 1.00 

1.28 
1.09 0.61 1.78 

2.06 Cmax (µM) 4.08 6.55 1.61 1.28 1.40 1.09 0.326 0.38 1.17 
tmax (h) 0.884 0.667 1.33 2.00 9.33 4.66 1.79 2.00 1.18 

AUC0-inf, area under the concentration-time curve extrapolated to infinity; Cmax, maximum concentration; tmax, time to maximum 

concentration. 
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Table 3: Predicted human PK parameters genera ted from the PBPK model driven by predicted human pharmacokinetics (from 

allometry) compared to observed values for 150, 270, and 540 mg single and multiple doses.  

150 mg 270 mg 540 mg 

 Parameter 
PBPK 

(predicted 
human PK) 

Obs Fold 
Error 

Lineshape 
Fold Error 

PBPK 
(predicted 
human PK)

Obs Fold 
Error 

Lineshape 
Fold error 

PBPK 
(predicted 
human PK)

Obs Fold 
Error 

Lineshape 
Fold Error 

Single 
Dose 

Cmax (µM) 1.07 3.25 3.04 
2.88 

1.59 6.96 4.38 
4.04 

2.47 6.60 2.67 
2.48 AUC0-168 

(µM*h) 105 482 4.59 156 974 6.24 243 1017 4.19 

Multiple 
Dose 

Cmax (µM) 5.76 23.0 3.99 
4.37 

7.94 20.7 2.61 
2.90 

11.0 22.2 2.02 
2.18 AUCss 

(µM*h) 129 503 3.90 179 427 2.39 248 473 1.91 

AUC0-168, area under the concentration-time curve from 0h to 168 h postdose; AUCss, area under the concentration-time curve from 0 

h to 24 h postdose at steady state; Cmax, maximum concentration; Obs, observed values 
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Table 4: Predicted human PK parameters generated from the PBPK model driven by clinically observed human pharmacokinetics 

compared to observed values for 150, 270, and 540 mg single and multiple doses.  

150 mg 270 mg 540 mg 

 Parameter 
PBPK 

(Clinical 
Input) 

Obs Fold 
Error 

Lineshape 
Fold Error 

PBPK 
(Clinical 
Input) 

Obs Fold 
Error 

Lineshape 
Fold error 

PBPK 
(Clinical 
Input) 

Obs Fold 
Error 

Lineshape 
Fold Error 

Single 
Dose 

Cmax (µM) 3.24 3.25 1.00 
1.37 

4.72 6.96 1.47 
1.48 

7.12 6.60 1.08 
1.46 AUC0-168 

(µM*h) 441 482 1.09 642 974 1.52 970 1017 1.05 

Multiple 
Dose 

Cmax (µM) 22.0 23.0 1.05 
1.08 

24.5 20.7 1.18 
1.16 

26.7 22.2 1.20 
1.23 AUCss 

(µM*h) 515 503 1.02 573 427 1.34 625 473 1.32 

AUC0-168, area under the concentration-time curve from 0h to 168 h postdose; AUCss, area under the concentration-time curve from 0 

h to 24 h postdose at steady state; Cmax, maximum concentration; Obs, observed values 
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Table 5: Fitted (single dose) and Predicted (multiple dose) human PK parameters generated using the one-compartment model 

compared to observed values for 150, 270, and 540 mg single and multiple doses.  

AUC0-168, area under the concentration-time curve from 0h to 168 h postdose; AUCss, area under the concentration-time curve from 0 

h to 24 h postdose at steady state; Cmax, maximum concentration; Obs, observed values 

a One-compartment models were fitted to observed single dose data.  

 

 

150 mg 270 mg 540 mg 

 Parameter 1 Comp. Obs Fold 
Error 

Lineshape 
Fold Error 1 Comp. Obs Fold 

Error 
Lineshape 
Fold error 1 Comp. Obs Fold 

Error 
Lineshape 
Fold Error 

Single 
Dose 

Cmax (µM) 2.80 3.25 fitteda

fitteda 
5.46 6.96 fitteda 

fitteda 
6.18 6.60 fitteda

fitteda AUC0-168 
(µM*h) 403 482 fitteda 787 974 fitteda 893 1017 fitteda

Multiple 
Dose 

Cmax (µM) 56.8 23.0 2.47 
1.77 

111 20.7 5.36 
3.83 

126 22.2 5.68 
3.88 AUCss 

(µM*h) 1349 503 2.68 2638 427 6.18 2983 473 6.31 
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