
SUPPLEMENTARY INFORMATION 

Development of efavirenz base model  

The initial base model used in vivo CLpo (= 9.07 L/h; 26% CV) from multiple dose administration 

(unpublished data provided by BMS) as the clearance input.  Volume of distribution (Vss) was 

estimated from clinical data because of the uncertainty in efavirenz fup and logP and the high 

sensitivity of the predicted Vss to these parameters.1  First, a global tissue-to-plasma partition 

coefficient (Kp) scalar (minimal PBPK model) was fitted in order to recover the observed 

steady-state mean concentration-time profiles following the administration of 600 mg daily for 

7 days (unpublished data provided by BMS) giving an estimated Vss of 2.26 L/kg (Kp scalar = 

0.155).  All optimization was done using the Weighted Least Square algorithm and Nelder-

Mead method. 

The induction data were generated using cryopreserved human hepatocytes (Life 

Technologies Hu1206, Hu1191, Hu1198, Hu4193) as described previously.2, 3 In brief, 

hepatocytes were incubated with varying concentrations of efavirenz prior to assessment of 

activity (6β-hydroxytestosterone and hydroxybupropion) and mRNA levels (QuantiGene Plex 

2.0 Affymettrix Assay Kit). The CYP3A4 induction parameters selected for the model were 

based on mRNA levels (the activity data showed comparable Indmax:IndC50 ratio) 2 and were 

calibrated against rifampin data using the default Indmax and IndC50 for rifampin in vivo of 16-

fold and 0.32µM, respectively. 2  For CYP2B6, induction parameters based on activity levels 4 

were used without calibration in the final model.  Although mRNA data were also generated, 

mRNA data showed systematically lower Indmax:IndC50 ratios compared to activity data and 

were generally more variable across several inducers.    

The differential equations describing substrate kinetics using the minimal PBPK model, as well 

as dynamic enzyme inhibition/inactivation and induction have been published elsewhere. 5, 6 



The default enzyme turnover rate constants (kdeg) of 0.0217 hr-1 for CYP2B6, and 0.0193 hr-

1 and 0.03 hr-1 for hepatic and intestinal CYP3A4, respectively, were used in all simulations.   

Evaluation and refinement of CYP3A4 induction in the liver and gut:  prediction of the 

effect of efavirenz 600 mg QD on alfentanil i.v. and p.o. pharmacokinetics 

Ten virtual trials of 12 subjects (age 18-29 years, female prop. 0.5) receiving a single oral dose 

of alfentanil (15 µg/kg IV bolus in the morning of day 16, or 43 µg/kg p.o. in the morning of day 

15), in the presence and absence of efavirenz treatment (600 mg QD given orally at bedtime 

for a total of 20 doses), were generated and the predicted and observed plasma concentration-

time profiles and PK parameters of alfentanil were compared.7 

Independent verification of CYP3A4 induction: prediction of the effect of efavirenz 600 

mg QD on maraviroc, atazanavir and clarithromycin pharmacokinetics 

A published maraviroc model 8 was used with one modification: predicted Vss (=1.7 L/kg) 

versus observed Vss was used in the final model to better recover the observed maraviroc Cmax 

following 100 mg twice daily (BID) dosing in healthy volunteers.  Ten virtual trials of 12 subjects 

(age 18-45 years, male only) receiving multiple oral doses of maraviroc (100 mg BID for 14 

days), in the presence and absence of efavirenz treatment (600 mg QD for 14 days), were 

generated and the predicted and observed PK parameters of maraviroc were compared. 9 

Ten virtual trials of 30 subjects receiving a single oral dose of atazanavir (400 mg QD for 20 

days), in the presence and absence of efavirenz treatment (600 mg QD on day 7-20), were 

generated and the predicted and observed PK parameters of atazanavir were compared.10 

Since the age and sex of individuals was not specified an age range of 20 to 50 years and a 

proportion of females of 0.24 was assumed in the simulation. 

Ten virtual trials of 11 subjects receiving oral doses of clarithromycin (500 mg q12h for 7 days), 

in the presence and absence of efavirenz treatment (400 mg QD for 7 days), were generated 

and the predicted and observed PK parameters of atazanavir were compared.10  Since the 



age and sex of individuals was not specified an age range of 20 to 50 years and a proportion 

of females of 0.24 were assumed in the simulation. 

Verification of CYP2B6 induction:prediction of the effect of efavirenz 600mg QD on 

bupropion p.o. pharmacokinetics 

Ten virtual trials of 13 subjects (age 21-54 years, female prop. 0.77) receiving a single oral 

dose of bupropion (150 mg on the morning of day 16), in the presence and absence of 

efavirenz treatment (600 mg given orally at bedtime for a total of 15 doses), were generated 

and the predicted and observed plasma concentration-time profiles and PK parameters of 

bupropion and hydroxybupropion were compared.11 

 

Development of efavirenz final model 

Simulations assuming fraction absorbed (fa) of 0.67 (1) or fa of 0.4 (2) were compared and fa 

of 0.67 better recovered the efavirenz systemic exposures following a single dose of 100 to 

800 mg.  Therefore, the absorption following daily oral dose of efavirenz was described as a 

first-order process after a lag time (tlag =0.36 h) with fa of 0.67 and absorption rate constant (ka) 

of 0.41 h-1.   ka and tlag were estimated from fitting the observed mean concentration-time 

profiles following the administration of a single oral dose of 100 mg (unpublished data provided 

by BMS).   

A minimal PBPK model 5 with a single-adjustment compartment (SAC) was fitted to the 

observed mean concentration-time profiles up to 72 hours following the administration of a 

single oral dose of 100mg (unpublished data provided by BMS).  The SAC compartment lumps 

all tissues excluding the intestine, liver and portal vein and can be used to represent those 

organs that make a significant contribution to the volume of distribution. The addition of a SAC 

compartment was necessary to recover the shape of the plasma concentration-time profiles 

beyond 24 hours post dosing.  The estimated Vsac is 1.1 L/kg associated with kin and kout of 



0.29 and 0.09 hr-1, respectively.  kin and kout are first order rate constants which act on the 

masses  of drug within the systemic compartment and the SAC respectively.  All optimization 

was done using the Weighted Least Square algorithm and Nelder-Mead method.   

Although there are in vitro data describing the enzyme kinetics for efavirenz in HLMs, 12 13 

these data under-predicted clearance and so were not used in the final model.  Instead, input 

parameters for CLint were back-calculated from observed mean CLpo using the well-stirred 

liver model, fm for individual CYPs (see below), average population (age-sex matched to the 

clinical study) values for liver weight (1727 g), microsomal protein per gram of liver (39.0 mg/g) 

and hepatic CYP enzyme abundance (137,16, 20 and 52 pmol/mg for CYP3A4, 2B6, 2A6 and 

1A2, respectively).  The observed mean CLpo (=5.87 L/hr) 13, 14 following a single dose of 600 

mg efavirenz to healthy volunteers was used for the retrograde calculation.  CLpo from single 

dose was selected so that the resulting intrinsic clearance could be used in conjunction with 

the appropriate fm and induction information to predict auto-induction and CLpo following 

multiple dose. 

The fm data were derived from HLM data using ticlopidine as an inhibitor of CYP2B6. 13 

Although there are rCYP data available, limitations with 2B6 and 2A6 ISEF values will hamper 

the derivation of an accurate fm.  Specifically, in HLM from 7 donors, the formation of 8-OH 

and 7-OH efavirenz amounted to 77.5% and 22.5% of total metabolite formation.  Contribution 

of CYP2B6 to 8-OH formation (assuming that ticlopidine is specific to CYP2B6) is 81.9% and 

contribution of CYP2A6 to 7-OH formation is 100%.  Other enzymes involved in 8-OH 

formation include CYP2A6, 1A2, 3A4, 3A5, but the contributions were difficult to quantify.  It 

was, therefore, assumed 2A6, 1A2 and 3A4 contribute equally (~6% each) to 8-OH formation 

and that CYP3A5 was not expressed in the HLM pool used.  Finally, one study reported a role 

for UGT2B7 15 but clinical evidence showed this pathway to be negligible. 16  An arbitrary value 

of 2% of CLint was assigned to additional HLM CLint to represent the UGT2B7 contribution.  

Therefore, the contribution of CYP2B6, 2A6, 1A2, 3A4 to efavirenz metabolism was assigned 



to 62%, 26.6%, 4.6% and 4.6%, respectively.  All input parameters are summarized in Table 

1.   

Verification of final model: prediction of the kinetics of efavirenz following single or 

multiple oral doses 

Ten virtual trials of 10 subjects (aged 20-50 years, male only) receiving a single or multiple 

oral dose of 400 mg or 600 mg efavirenz for 7 or 10 days were generated and the predicted 

and observed (400 mg single dose (SD)) 13 and 600 mg QD data were provided by Bristol 

Myers Squibb (BMS) plasma concentration-time profiles and PK parameters were compared. 

Ten virtual trials of 12 subjects (aged 18-40 years, female prop. 0.5) receiving a daily dose of 

600 mg efavirenz for 14 days were generated and the predicted and observed plasma 

concentration-time profiles and PK parameters were compared.7 

 

Model development and verification of victim files 

Alfentanil model development and verification 

Alfentanil model (Supplemental Table 1) was developed based on in vitro data and clinical PK 

data following both i.v. and p.o. administration.2 fmCYP3A4 was set to 93% based on HLM data 

using ketoconazole or troleandomycin as an inhibitor of CYP3A4.17  This allowed the recovery 

of the ketoconazole DDI effect on alfentanil i.v. kinetics: the predicted alfentanil (0.5 mg i.v.) 

AUC ratio and Cmax ratio with the co-administration of ketoconazole (400 mg QD for 4 days) 

were 3.5 (90% CI 3.2-3.7), compared to the observed AUC ratio of 4.8 (90% CI 4.3-5.3).18  

The rest of the metabolism is assigned to additional HLM metabolism (7%).  Less than 1% of 

dose was excreted unchanged in urine.  The predicted Fh and Fg are 0.57 and 0.67, consistent 

with the reported Fh and Fg of 0.58 and 0.71, respectively. 



The alfentanil model was subsequently qualified against ketoconazole DDI data 

(Supplemental Figure 1).  The predicted alfentanil (1 mg p.o.) AUC ratio and Cmax ratio with 

the co-administration of ketoconazole (400 mg QD for 4 days) were 6.1 (90% CI 5.2-7.1) and 

2.6 (90% CI 2.4-2.8), compared to the observed AUC ratio of 9.2 (90% CI 8.0-10.7) and Cmax 

ratio of 2.8 (90% not available).18  The model predictions were within 1.5-fold of the observed 

values.  The discrepancy between the predicted and observed alfentanil AUC ratio may be 

partly because the dose staggering between ketoconazole and alfentanil dosing was not 

clearly defined in the study and the simulation assumed a 12-hr dose staggering.18 

 

Supplemental Fig. 1.  Simulated mean and observed mean plasma concentrations of alfentanil 

on day 4 following a single oral dose of 1 mg in the absence (solid black line) and presence 

(dashed line) of ketoconazole treatment (400 mg QD for 3 days) in healthy volunteers 

A 

B 



represented on a linear (A) and logarithmic scale (B).18  The grey lines are the individual trials 

(10 trials of 6 subjects). 

Maraviroc model verification 

To verify a published maraviroc model,8 the effect of ketoconazole treatment (400 mg QD for 

9 days) on maraviroc (100 mg BID for 7 days) was simulated based on the study of Abel et 

al., 2008.19  The predicted maraviroc AUC ratio was 4.29 (90% CI 4.04-4.55) and Cmax ratio 

was 3.22 (90% CI 3.07-3.39), compared to the observed AUC ratio of 5.01 (90% CI 3.98-6.29) 

and Cmax ratio of 3.38 (90% CI 2.38-4.78) (Supplemental Figure 2).  The model predictions 

were within 1.2-fold of the observed values.   

 

Supplemental Fig. 2.  Simulated mean and observed mean plasma concentrations of 

maraviroc on day 7 following 100 mg BID for 7 days in the absence (solid black line) and 

presence (dashed line) of ketoconazole treatment (400 mg QD for 9 days) in healthy 

volunteers.9   The grey lines are the individual trials (10 trials of 12 subjects). 

 

 



Atazanavir model development and verification 

Atazanavir model (Supplemental Table 2) was developed based on in vitro data and clinical 

PK data following p.o. administration.  An atazanavir intrinsic metabolic clearance value of 

139.8 µL/min/mg obtained using human liver microsomes has been reported. 20  Data were 

corrected for nonspecific binding (measured fumic value corrected for relevant protein 

concentration was 0.77).  Around 7% of an oral dose of atazanavir is excreted unchanged in 

the urine (CDER Clinical Pharmacology and Biopharmaceutics Review).  Thus, a small renal 

clearance component (0.99 L/h) was also included.21  A summary of the atazanavir CYP and 

UGT in vitro interaction parameters is also provided in Supplemental Table 2. 

To simulate plasma concentration-time profiles of atazanavir after multiple dose 

administration, the trial design used was based on the studies of McCance-Katz et al. 2007.22  

In the McCance-Katz study, ten healthy subjects (26 – 58 years; 4 female; 8 African American, 

2 Caucasian) received oral doses of 400 mg atazanavir once daily for 5 days.  Since the 

majority of individuals in the study were African American the CYP3A5 PM phenotype 

frequency was set to 0.45 and the average hepatic and gut CYP3A5 abundances were 

reduced to 78 pmol/mg and 18.6 nmol, respectively.  Modifications to the CYP3A5 phenotype 

frequency and abundance were based on the observation of lower incidence of CYP3A5 poor 

metabolisers and lower CYP3A5 abundance in African Americans compared to Caucasians 

reported by Kuehl et al. 2001.23 

The atazanavir model incorporating in vitro metabolism and CYP and UGT in vitro interaction 

parameters, was verified to ensure the recovery of the non-linear pharmacokinetics following 

multiple-dose administration (400 mg QD for 5 days) (Supplemental Figure 3).  Mean predicted 

atazanavir Cmax and AUC values are 3985 ng/mL and 29334 ng/mL*h, respectively, and the 

corresponding mean observed values are 4435 ng/mL and 29863 ng/mL*h.22  Dosing of 

atazanavir alone results in significant inactivation of CYP3A enzymes in both the liver and the 

gut (data not shown).  



 

Supplemental Fig 3. Simulated (lines) and observed plasma concentration-time profiles of 

atazanavir after multiple oral doses of 400 mg to healthy subjects.22 The grey lines represent 

individual trials (10 trials of 10 subjects).  

 

Atazanavir model was subsequently qualified against ketoconazole DDI data, based on the 

study of O’Mara et al. 2000.24 Fifteen healthy subjects received oral doses of 400 mg 

atazanavir once daily for 13 days. Ketoconazole at 200 mg QD was added on Day 7. Since 

the age and sex of individuals was not specified an age range of 20 to 50 years and proportion 

of females of 0.24 was assumed in the simulation.   Model predicted that co-administration of 

the potent CYP3A inhibitor ketoconazole (200 mg QD) exerts modest effect on plasma levels 

of atazanavir.  The predicted AUC ratio is 1.31-fold (trial range: 1.16 to 1.53), which is 

consistent with the observed negligible DDI effect of 1.1-fold.  Observed atazanavir plasma 

concentrations were not available for comparison with model predictions.  
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Bupropion model development  

A model for bupropion sustained release formulation and its major metabolite 

hydroxybupropion was developed based on in vitro data and clinical PK data following p.o. 

administration (Supplemental Table 3).  Bupropion is converted to hydroxybupropion via 

CYP2B6 and the rest of the metabolism is assigned to additional HLM metabolism.  0.5% of 

dose is excreted unchanged in urine.  fmCYP2B6 was set to 58% based on the recovery of 

observed bupropion and hydroxybupropion plasma concentration-time profiles following a 

single oral dose of 150 mg based on the study of Loboz et al. 2006 (Supplemental Figure 4).25    

 

A 

B 



 

Supplemental Fig. 4.  Simulated mean and observed mean plasma concentrations of 

bupropion (A) and hydroxybupropion (B) following a single oral dose of 150 mg in healthy 

volunteers.25   The grey lines are the individual trials (10 trials of 9 subjects). 

The predicted geometric mean bupropion Cmax and AUC values are 57.2 ng/mL and 668 

ng/mL*h, respectively, and the corresponding observed values are 63 ng/mL and 696 

ng/mL*h.25  The predicted geometric mean hydroxybupropion Cmax and AUC values are 351 

ng/mL and 14662 ng/mL*h, respectively, and the corresponding observed values are 354 

ng/mL and 12700 ng/mL*h.25 All model predictions were within 1.2-fold of the observed values.   

Clarithromycin model verification 

Sim-Clarithromycin model was used without modification.  Clarithromycin is metabolised by 

CYP3A4 to two major metabolites 14-(R)-OH clarithromycin and N-demethyl clarithromycin.  

Enzyme kinetic data generated in a recombinant system were used within the model 

incorporating Km values for the two routes. 26  Clarithromycin clearance shows nonlinearity 

with dose due to auto inhibition of CYP3A4, which results in accumulation of clarithromycin 

after multiple doses. Renal clearance is not dose dependent, with values between 5.8 and 

11.9L/h reported in a single ascending dose study of 100 – 1200 mg.27  Incorporation of both 

CYP3A4 intrinsic clearance and MBI parameters in the Sim-Clarithromycin model allowed the 

recovery of clarithromycin exposure following multiple dosing.  Predicted and observed Racc 

mean (range) following the administration of 250 mg BID for 4 days are 1.96 (1.11-4.23) and 

1.65 (0.93-3.35), respectively.28  Ketoconazole DDI data were not available for independent 

verification of CYP3A4 contribution. 

 

  



Figure Legends 

Supplemental Fig. 1.  Simulated mean and observed mean plasma concentrations of alfentanil 

on day 4 following a single oral dose of 1 mg in the absence (solid black line) and presence 

(dashed line) of ketoconazole treatment (400 mg QD for 3 days) in healthy volunteers 

represented on a linear (A) and logarithmic scale (B).18  The grey lines are the individual trials 

(10 trials of 6 subjects). 

Supplemental Fig. 2.  Simulated mean and observed mean plasma concentrations of 

maraviroc on day 7 following 100 mg BID for 7 days in the absence (solid black line) and 

presence (dashed line) of ketoconazole treatment (400 mg QD for 9 days) in healthy 

volunteers.9   The grey lines are the individual trials (10 trials of 12 subjects). 

Supplemental Fig 3. Simulated (lines) and observed plasma concentration-time profiles of 

atazanavir after multiple oral doses of 400 mg to healthy subjects.22 The grey lines represent 

individual trials (10 trials of 10 subjects).  

Supplemental Fig. 4.  Simulated mean and observed mean plasma concentrations of 

bupropion (A) and hydroxybupropion (B) following a single oral dose of 150 mg in healthy 

volunteers.25   The grey lines are the individual trials (10 trials of 9 subjects). 
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Supplemental Table 1 – Input parameters of alfentanil 

Parameter Value Reference 

Molecular weight 416.52  

fu  0.12 Meta-analysis 29 30-32 33, 34  

B:P  0.66 29, 33 

logP  2.16 35 

Compound type 
Monoprotic 

Base 
 

pKa(s) 6.5 29, 35  

    fa – predicted 0.99 Predicted from Caco-2 data 36 

    ka (h-1) - predicted 4.8 Predicted from Caco-2 data 36 

    Qgut (L/h) 2.2 Optimised to recover observed FG. 18, 37-44  

    Caco-2 (Papp A-B) 293 36 

    fugut 1 Assumed 

Vss(L/kg) – predicted 
(Minimal PBPK) 

0.397 Rodgers and Rowland method 45 

Vss (L/kg) - observed 0.371 Meta-analysis  2 

 
CLiv (L/h) 

 
19.9 

Meta-analysis 2 

rCYP3A4 CLint 
(µL/min/pmol) 

0.49 
Calculated from CLiv using the Retrograde 
model and fmCYP3A4 = 0.93 

Add CLint (µL/min/mg mic 
protein) 

4.37 Calculated using the Retrograde model 

CLR (L/h) 0.06 Meta-analysis 32, 46  

 

 

  



Supplemental Table 2 – Input parameters of Atazanavir 

Parameter Atazanavir Source 

Molecular weight 705  

Log P 4.5 Calculated– Drug Bank 

Compound type 
Monoprotic 
Base 

47 

pKa 5.62 47 

B:P ratio 0.75 8 

Fu 0.14 24 

Main plasma binding 
protein 

AGP 48 

Papp Caco-2 pH 7.4:7.4 
(x 10-6 cm/s) 

19.12# 49 

Peff,man (10-4 cm/s) 2.11  

fa  0.91 predicted from Peff,man 

ka (h-1)   0.87 predicted from Peff,man 

Lag time (h) 1.0 Applied to recover observed tmax 

Qgut (L/h)  9.3 predicted from Peff,man (predicted from Caco-2) 

fugut 0.14 Equal to fu 

Vss (L/kg)  1.12 Fitted to observed V/F data following correction 
for F  

Lag time (h) 1.0 Applied to recover observed tmax 

CYP3A4 CLint 
(μl/min/pmol) 

1.19 Calculated from HLM CLint based on average 
CYP3A4 abundance (137 pmol/mg) and in vitro 
fm 0.9 

CYP3A5 CLint 
(μl/min/pmol) 

1.19 Assuming CYP3A5 CLint per unit enzyme that is 
equal to CYP3A4 

Non-3A CLint 
(μl/min/mg) 

18 Calculated from HLM CLint based in vitro fm 0.1 

CYP2C8 Ki  
(µM) 

2.1 47 

CYP1A2 Ki  
(µM) 

12.1 47 

CYP2C19 Ki  
(µM) 

12.7 47 



CYP3A4 Ki  
(µM) 

2.35 47  

UGT1A1 Ki  
(µM) 

1.9 47    

CYP3A4/5 KI  
(µM) 

0.84 50 Assumed to inhibit CYP3A5 with the same 
potency as CYP3A4. 

CYP3A4/5 Kinact (h-1) 3 50 

 

  



Supplemental Table 3 – Input parameters of bupropion and hydroxybupropion 

Parameter Value Reference 

Bupropion    

MW 239.74  

fu  0.16 51 

B:P  0.82 Personal Communication 

logP  3.4 Personal Communication 

Compound type 
Monoprotic 

Base 
 

pKa(s) 8.02 Marvin (ChemAxon) 

    fa – user input 1  

    ka (h-1) - optimised 0.82 Optimised parameter 

    Qgut (L/h) 14.6 Predicted from physchem 

PSA (A2) 29.1 Marvin (ChemAxon) 

HBD 1 Marvin (ChemAxon) 

    fugut 1  

Vss(L/kg)  
(Minimal PBPK) 

5.8 
Optimized; Predicted value is 4.8 L/kg using 
Rodgers and Rowland method45 

Oral Clearance (L/h) 200 Meta-analysis 

rCYP2B6 CLint 
(µL/min/pmol)  

12.2 
Calculated from CLPO using the Retrograde 
model and fm2B6 = 0.58 

Add CLint (µL/min/mg 
mic protein)  

126 Calculated using the Retrograde model 

CLR (L/h) 0.46  

   

OH-Bupropion   

MW 255.74  

fu  0.16*  

B:P  0.82*  

logP  2.9 AlogPS; ChemAxon (via Drugbank) 

Compound type 
Monoprotic 

Base 
 

pKa(s) 8.02 ChemAxon (via Drugbank) 

Vss(L/kg)  
(Minimal PBPK) 

2.1 Predicted using Poulin and Theil method 52 

In vivo oral clearance 
(L/h) 

4.9 
Calculated from in vivo elimination rate 
constant 25, 38, 53-55 and Vss 

   

*Bupropion value assumed due to a lack of specific information for OH-bupropion 

 

 


