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Abstract 

Translational and ADME Sciences Leadership Group (TALG) Induction Working Group (IWG) 

presents an analysis on the time-course for cytochrome P450 induction in primary human 

hepatocytes. Induction of CYP1A2, CYP2B6, and CYP3A4 was evaluated by seven IWG 

laboratories following incubation with prototypical inducers (omeprazole, phenobarbital, 

rifampicin, and efavirenz) for 6 to 72 hours. The effect of incubation duration and model-fitting 

approaches on induction parameters (Emax and EC50) and drug-drug interaction (DDI) risk 

assessment was determined. Despite variability in induction response across hepatocyte donors, 

the following recommendations are proposed: i) 48 hours should be the primary time point for in 

vitro assessment of induction, based on mRNA level or activity, with no further benefit from 72 

hours, ii) when using mRNA, 24 hour incubations provide reliable assessment of induction and 

DDI risk, iii) if validated using prototypical inducers (>10-fold induction), 12-hour incubations 

may provide an estimate of induction potential including characterization as negative if  < 2-fold 

induction of mRNA and no concentration-dependence, iv) atypical dose-response (‘bell-shaped’) 

curves can be addressed by removing points outside an established confidence interval and 

%CV, v) when maximum fold induction is well-defined, the choice of non-linear regression 

model has limited impact on estimated induction parameters, vi) when the maximum-fold 

induction is not well-defined, conservative DDI risk assessment can be obtained using 

sigmoidal-3-parameter fit or constraining logistic 3/4 parameter fits to the maximum observed 

fold induction, vii) preliminary data suggest initial slope of the fold induction curve can be used 

to estimate Emax/EC50 and for induction risk assessment.  
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Significance Statement 

Global Regulatory agencies have provided inconsistent guidance on the optimum length of time 

to evaluate CYP induction in human hepatocytes, with the EMA recommending 72 h and the 

FDA suggesting 48 to 72 h. The IWG analyzed a large dataset generated by 7 member 

companies and determined that induction response and drug-drug risk assessment determined 

after 48 h incubations was representative of  72 h incubations.  Additional recommendations are 

provided on model-fitting techniques for induction parameter estimation and addressing atypical 

concentration-response curves. 
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Introduction 

Regulatory agencies continue to update and evolve their guidance’s for the conduct of in vitro 

studies to evaluate the propensity for induction-mediated drug-drug interactions (DDIs). The 

final guidance
1
 released by the Food and Drug Administration (FDA) in early 2020, in addition 

to the latest guidance
2
 (2012) from the European Medicines Agency (EMA) and Pharmaceutical 

and Medical Devices Agency (PDMA)
3 
(2014; Finalized in 2018) provided recommendations on 

the conduct, interpretation, and risk-assessment for the likelihood of a clinical DDI arising from 

CYP induction. The Translational and ADME Sciences Leadership Group (TALG) Induction 

Working Group (IWG) has previously commented on CYP induction and the regulatory 

guidance. Hariparsad et al. (2017) presented results from an industry survey related to induction 

evaluation and provided data driven recommendations on the evaluation of CYP downregulation, 

in vitro assessment of CYP2C induction, and the use of CITCO (6-(4chlorophenyl)imidazo[2,1-

b][1,3]thiazole-5-carbaldehyde-O-(3,4dichlorobenzyl)oxime) as a positive control for CYP2B6. 

In a follow-up manuscript, Kenny et al (2018) provided an extensive analysis of CYP3A4 

induction response, thresholds, and variability and made key recommendations related to number 

of donors, criteria for characterizing positive and negative in vitro induction including the 2-fold 

cut-off, the value of negative controls, and finally indexing response to prototypical inducers. 

More recently, Ramsden et al (2019) sought to identify contributors to variable outcomes in 

clinical DDI induction data and methods for understanding how these factors impact 

characterization of induction.  

The appropriate duration of incubation of hepatocytes with test article was identified as an area 

requiring further exploration and remains a topic of high interest.  Of note, recommendations 

from the regulatory agencies are inconsistent: the FDA recommends incubations of 48 to 72 h, 
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whereas the EMA requires clear justification for incubations less than 72 h. To this end, the IWG 

sought to evaluate the appropriate incubation time with human hepatocytes to adequately assess 

CYP induction. In 2007, a survey of the pharmaceutical industry indicated that assessment of 

CYP induction is routinely conducted after 48 h (73% of the respondents), with some 

investigators using even shorter incubations (Hewitt et al., 2007).  This observation was 

replicated in a subsequent survey conducted by the IWG, ten years later, where 71% of 

respondents indicated that they also used 48 h as the primary incubation time despite the EMA 

guideline, released in 2012, proposing 72 h (Hariparsad et al., 2017).  Member companies 

justified this based on their historical data and the switch from enzyme activity to mRNA as the 

primary endpoint for evaluating induction potential.  The utility of shorter incubations for the 

assessment of CYP induction can be particularly advantageous in cases where prolonged 

exposure of higher test article concentration results in cytotoxicity, which prevents reliable 

determination of the key induction parameters, EC50 (the concentration eliciting half-maximal 

induction) and Emax (the maximum fold induction).  This strategy was successfully applied by 

Sane et al. (2016), who monitored changes in mRNA levels following a short incubation (10 h) 

in hepatocytes to assess the risk for induction-mediated DDI’s caused by deleobuvir, which was 

cytotoxic after 24 or 48 h.  

Recognizing the value in establishing the relationship between incubation duration, induction 

response, and DDI-risk assessment, the primary objective of the present study was to 

characterize the time-course of CYP induction in human hepatocytes after treatment with 

prototypical inducers (omeprazole, phenobarbital, efavirenz, or rifampicin) and determine the 

optimal incubation time for induction DDI risk assessment. In order to enable comparison of 

induction response across the seven IWG laboratories participating in this study, a secondary 
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objective was to examine the feasibility of describing a consistent approach towards induction 

data processing and model fitting. 
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Materials and Methods 

Reagents.  Bupropion, efavirenz, phenobarbital, omeprazole, phenacetin, acetaminophen, 

hydroxybupropion, 1’OH midazolam and rifampicin were purchased from Sigma-Aldrich (St. 

Louis, MO).  Midazolam was purchased from Cerilliant (Round Rock, TX).  Isotopically labeled 

internal metabolite standards were purchased from Corning Life Sciences (Woburn, MA). The 

RNeasy Mini Kit was from Qiagen (Valencia, CA) and the cDNA Reverse Transcription Kit was 

obtained from Applied Biosystems (Foster City, CA).  All cell culture reagents were purchased 

from Life Technologies, BioIVT, Lonza or Corning Life Sciences unless otherwise noted.  

Reagents were not standardized for consistency across laboratories, but were of highest purity 

and chemical grade, and potential differences were not expected to affect the overall induction 

response. 

Culture of Cryopreserved Human Hepatocytes  

Human cryopreserved hepatocytes, from both males and females of different ages and racial 

origin, were obtained from several commercial vendors (Supplementary Table 1): CellzDirect 

(Durham, NC), Thermo Fisher (Waltham, MA), Bioreclamation In Vitro Technologies 

(Baltimore, MD), Corning Life Sciences (Woburn, MA) and XenoTech LLC, (Kansas City, KS).  

To better represent data provided during regulatory reviews, participating labs used their 

standard procedures and no modifications or standardizations of procedures were suggested. A 

standardized approach for model-fitting and estimation of induction parameters Emax and EC50, 

however, was employed to ensure consistent DDI risk assessment across all 7 member 

laboratories. As detailed in previous publications (Fahmi and Ripp, 2010; Zhang et al., 2014; 

Sane et al., 2016; Sun et al., 2017) cryopreserved human hepatocytes were thawed in hepatocyte 

thawing medium and were seeded in collagen I coated 24- or 96-well plates at cell densities of 
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0.5 to 1 × 10
6
 viable cells per mL in hepatocyte plating medium.  Viability, as determined by 

trypan blue dye exclusion, was at least 85% when cells were plated.  Cells were initially 

maintained overnight at 37°C in a humidified incubator, with 95% atmospheric air and 5% CO2, 

in hepatocyte incubation media.  Following individual lab standard acclimation periods (24 to 48 

h), the cells were treated with compounds.  When sandwich cultured hepatocytes were used, cells 

were overlaid with matrigel between 4-24 h post attachment, maintained for an additional 24 h 

under incubated settings and then treated with compounds.  Compounds were dissolved in 

DMSO and added to the culture medium at various concentrations (final DMSO concentration, 

0.1%, Supplementary Table 2) in triplicate.  Wells containing 0.1% DMSO only were included 

as controls.  The concentration range was designed to adequately describe the induction 

parameters by considering published induction parameters, historical data within the IWG and 

solubility/cytotoxicity limitations for the inducers.  Media was aspirated and replaced with fresh 

media containing inducers every 24 h for 24 to 72 h treatment plates.  Cell viability was assessed 

by visual inspection of the monolayer , checking for confluency and morphology.  After 

designated treatment time (6, 12, 24, 48 or 72 h), the medium was removed, and the cells were 

washed with an appropriate buffer (i.e. PBS or HBSS).  

Determination of Relative mRNA Levels 

The cells were lysed using lysis buffer and prepared for RNA isolation. After the isolation of 

RNA using commercially available kits, cDNA was synthesized using standard polymerase chain 

reaction (PCR) protocols. CYP (1A2, 2B6, 2C8, 2C9, 2C19 and 3A4), and an endogenous 

housekeeping gene control (e.g., glyceraldehyde-3- phosphate dehydrogenase, β-actin, or β2-

microglobulin) were quantified by real-time PCR. The gene-specific primer/probe sets were 

obtained from Applied Biosystems and real-time PCR was performed using CYP (1A2, 2B6, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 2, 2020 as DOI: 10.1124/dmd.120.000055

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


10 “The paper received no external funding” 
 

2C8, 2C9, 2C19 and 3A4), and the endogenous control target cDNAs. The relative quantity of 

the target cDNA compared with that of the endogenous control was determined by the ΔΔ 

threshold cycle method (Applied Biosystems User Bulletin 2). Threshold cycle values> 32 were 

excluded from the analysis. Relative quantification measured the change in mRNA expression in 

test samples relative to that in vehicle control sample (0.1% DMSO). 

Determination of Relative Enzyme Activity 

After designated treatment times, hepatocyte cultures were washed and incubated with single or 

cocktail probe substrates (phenacetin, bupropion, and/or midazolam), according to individual 

company standard practices. All enzyme activities were determined by measuring the metabolite 

formation of the specific probe substrate for each enzyme. The standard curves with single 

metabolite or cocktail metabolites were prepared and analyzed by LC-MS/MS for single and 

cocktail assays, respectively. Note that CYP2C activity was not determined in the present study 

due to the low dynamic range in response (Hariparsad et al., 2017).  

Model Fitting Fold Induction Data 

Detailed description of the methods employed for model fitting fold induction data are described 

below, and the results of various approaches are reviewed in the results and discussion sections. 

Explicit guidelines for initial data inspection and quality control concerns are not provided. 

Consistent with the need to evaluate for potential outliers (Reference USP 1032) and their effect 

on subsequent analyses, for the analyses presented here triplicate samples were excluded from 

curve fitting if the CV was greater than 30% (approximately 10% for mRNA and 4% for 

activity). In general, traditional statistical outlier tests (e.g., Grubb’s), readily available in some 
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commercial software tools, are not recommended to identify potential outliers from triplicate 

data due to small sample sizes (Laio, 2010). 

Confirmation of Concentration Dependence Prior to Curve Fitting 

To reduce curve fitting attempts for weak or highly variable fold induction data and its impact on 

the DDI risk assessment, an initial statistical procedure for demonstrating a concentration-

dependence is suggested. Two methods were used to evaluate concentration dependence: 

standard linear regression and Spearman’s nonparametric rank correlation coefficient.  If either 

method indicated a statistically significant increase (i.e a non-zero slope/correlation) then non-

linear regression curve fitting was performed. This step was adopted from a decision tree to 

evaluate time dependent inhibitors, another DDI risk component that can involve design or curve 

fitting challenges (Yates et al., 2012). 

Curve Fitting Fold Induction Data and Estimation of Induction Parameters Emax and EC50 

In vitro concentration-response data, based on mRNA or activity, were generated by 7 IWG 

member companies. Each inducer-isoform pair was investigated in a single experiment at each 

lab, with each concentration of inducer evaluated in triplicate. Induction parameters Emax and 

EC50 were determined by plotting the in vitro fold induction data (mRNA or enzyme activity 

normalized to the control) against the nominal in vitro concentration and analyzed using non-

linear regression models in GraphPad Prism (Version 8). To the best of our knowledge only 

empirical models are available and routinely estimated for induction. A consistent feature of 

these models is the assumed presence of a fold induction plateau, i.e., Emax.  Since different labs 

historically used a variety of different non-linear regression models, 5 non-linear regression 

models were evaluated: 
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Equation 1: Logistic 3P Equation (Log(Agonist) vs Response (3 Parameter)) 

 (1)  

 

Equation 2: Logistic 4P Equation (Log(Agonist) vs Response (4 Parameter)) 

(2)  

 

Equation 3: Sigmoidal 3-Parameter 

(3)  

 

Equation 4: Emax Model (Hill Model) 

 (4)  

 

 

Equation 5: Hyperbolic Model (One Site) 

(5) 

 

 

𝑦 = 𝑏𝑜𝑡𝑡𝑜𝑚 +  
𝐸𝑚𝑎𝑥 − 𝑏𝑜𝑡𝑡𝑜𝑚

1 + 10𝐿𝑜𝑔(𝐸𝐶50−[𝐼])
 

𝑦 = 𝑏𝑜𝑡𝑡𝑜𝑚 +  
𝐸𝑚𝑎𝑥 − 𝑏𝑜𝑡𝑡𝑜𝑚

1 + 10𝐿𝑜𝑔(𝐸𝐶50−[𝐼])∗ℎ
 

𝑦 =
𝐸𝑚𝑎𝑥

1 + 𝑒
[
−([𝐼]−𝐸𝐶50)

ℎ ]
 

𝑦 =
𝐸𝑚𝑎𝑥 ×  [𝐼]

𝐸𝐶50 + [𝐼]
 

𝑦 =
𝐸𝑚𝑎𝑥 ×  [𝐼]ℎ

𝐸𝐶50
ℎ + [𝐼]ℎ
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For all models, y = relative fold induction, [I] is the test article concentration, EC50 is the 

concentration eliciting half-maximal induction, and Emax is the maximum fold induction. For 

equations 1 and 2, bottom is the lowest fold induction and is constrained to a value of 1.0 (i,e, 

induction response is normalized to vehicle control, where 1.0-fold induction is baseline, or no 

induction). For equations 2, 3, and 4, h is the Hill slope.  Model estimates were reported when 

the standard error of the estimate was less than 50% of the model estimate. Model fits were 

compared using small sample-size corrected Akaike’s information criteria (AICc) (Burnham and 

Anderson, 2002) and AICc weight (Wagenmakers and Farrell, 2004). The default equation used 

for comparison of induction parameters determined at different time points was equation 1 

(Logistic 3P equation); in cases where the maximum fold induction was not achieved, equation 3 

(Sigmoidal 3P equation) was used. See results section “Comparison of Non-linear Regression 

Models For Estimation of Emax and EC50 from Fold Induction Data “ for additional details on this 

approach.  

Estimation of Emax/EC50  Using Linearization (Initial Slope Approaches) 

The initial slope of the fold induction vs concentration curve, at low concentrations typically less 

than the EC30, can provide an estimation of Emax/EC50, under the assumptions suitable for such a 

simplified model (Shou et al., 2008). It is important to note that this relationship is only 

applicable if in vivo concentrations of the inducer are low ([I] << EC50), and the initial slope is 

determined by linear regression of the fold induction vs (non-log) concentration.  To investigate 

this approach to estimate Emax/EC50, the following criteria were implemented: slope determined 

using at least 4 data points, with at least one yielding >2-fold induction response.  Initial slopes 

were reported when R
2
 >0.9 and the standard error of the slope was less than 50% of the 

estimated slope. 
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Comparison of Model Estimates Determined at 6, 12, 24 or 48 Hours with Model Estimates 

Determined at 72 Hours 

To examine the relationship between incubation duration and time, fold error was determined by 

comparing the parameter estimates obtained at 72 h with those obtained at earlier time points. 

Overall average fold error (AFE) between parameter estimates (i.e. Emax or EC50) determined at 

earlier time points (6, 12, 24, or 48 h) and 72 h was calculated using equation 6: 

(6) 

 

 

Calculation of AFE was paired such that parameter estimates of Emax or EC50 at 72 h were 

compared to the parameter estimates generated by the same laboratory at early time points (6, 12, 

24 or 48 h). 

Prediction of In vivo DDI  

The change in exposure of a victim drug due to CYP induction was predicted using the following 

steady-state approaches (equations 7 to 9): 

(7) 

 

[Iu] is the unbound inducer concentration. 

AFE =  10
∑

log10(
 6,12,24 𝑜𝑟 48ℎ𝑟 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒

72ℎ𝑟 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 )

# 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠  

AUCr =  
1

1+
𝐸𝑚𝑎𝑥×[𝐼𝑢]

𝐸𝐶50+[𝐼𝑢]

e 
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Equation 8 eliminates the need of individually determined Emax and EC50 values and instead uses 

a combined term, Emax/EC50. Note that this approximation is only true when [Iu] << EC50 . 

(8) 

 

Equation 9 uses the slope of the fold induction vs concentration estimate (i.e. at concentrations 

lower than the EC50) as an estimate of Emax/EC50 as previously discussed by Shou et al (2008).  

(9) 

 

DDI risk assessment, as recommended by the final FDA guidance
1

 was determined using R3 

(equations 10 and 11).  

(10) 

 

 d is the scaling factor and assumed to be 1; Imax,u is the maximal unbound plasma concentration 

of the inducer.  

Using the initial slope to estimate Emax/EC50: 

(11) 

AUCr =  
1

1 +
𝐸𝑚𝑎𝑥
𝐸𝐶50

× [𝐼𝑢]
 

AUCr =  
1

1 + 𝑆𝑙𝑜𝑝𝑒 × [𝐼𝑢] 
 

R3 =  
1

1 +  [
𝑑 × 𝐸𝑚𝑎𝑥  × 10 ×  𝐼𝑚𝑎𝑥,𝑢 

𝐸𝐶50 + 10 ×  𝐼𝑚𝑎𝑥,𝑢
] 
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R3 =  
1

1 + 𝑆𝑙𝑜𝑝𝑒 × 10 × [𝐼𝑢] 
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Results 

Time- and Concentration-Dependent Increases in Fold induction of CYP mRNA and 

Activity 

Time-dependent increases in fold induction of CYP isoforms following treatment with the 

prototypical CYP inducers omeprazole, phenobarbital, efavirenz, or rifampicin are summarized 

in Figures 1 (mRNA) and Figure 2 (activity). Concentration-dependent increases in CYP mRNA 

and activity, after 72 h incubation with inducers, are summarized in Figure 3.   

Induction of CYP1A2  

Omeprazole elicited robust increases in CYP1A2 mRNA (up to 33-fold in one laboratory) after 6 

h incubation (Figure 1A), which increased in a time-dependent manner, up to ~16- to 72-fold, 

after 72 h. Maximal-fold induction of CYP1A2 mRNA by omeprazole occurred between 24 and 

48 h. In contrast, activity (Figure 2A) achieved maximal fold induction between 48 and 72 h. 

Phenobarbital caused concentration-dependent increases (i.e. non-zero slope) in CYP1A2 mRNA 

(Figure 3A) and activity (Figure 3B), but the overall maximal fold induction was low (only ~2-

fold, for both mRNA level and activity) and highly variable between labs. This weak but 

concentration-dependent induction of CYP1A2 by phenobarbital lacked time-dependence for 

mRNA (Figure 1A), with median fold-induction of 1.8 to 2.9 from 6 to 72 h (Table 1). 

Phenobarbital-mediated increases in CYP1A2 activity, however, increased time-dependently to 

approximately to 3.3-fold (median) after 48 h, with minimal increase after 72 h (Figure 2A).  

Induction of CYP2B6 

Phenobarbital, rifampicin and efavirenz demonstrated time-dependent increases in CYP2B6 

mRNA and activity, and consistent with CYP1A2, longer incubation times appeared to be 
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required to achieve maximum fold induction of activity (Figure 2B) compared to mRNA (Figure 

1B). CYP2B6 mRNA achieved near maximal fold induction between 24 and 48 hr following 

phenobarbital or rifampicin treatment, whereas activity required at least 48 h. Although efavirenz 

demonstrated concentration-dependent increases in CYP2B6 mRNA and activity, a marked 

decrease in fold induction was observed at the two highest concentrations tested (Figure 3C and 

D; characterized as a “bell-shaped” curve), which was likely due to cytotoxicity. Overall, both 

rifampicin and efavirenz-mediated induction of CYP2B6 demonstrated less time-dependence 

than phenobarbital, in particular with minimal additional increases in mRNA observed after 12 to 

72 h incubation compared to 6 h (Figure 1B).  

Induction of CYP2C Isoforms 

Phenobarbital and rifampicin elicited weak, but concentration-dependent increases in CYP2C8, 

CYP2C9, and CYP2C19 mRNA (Figure 3A, and 3E) and of these three isoforms, CYP2C8 

appeared to be the most sensitive to induction with up to, on average,  ~8-fold induction by 

phenobarbital and ~5-fold induction by rifampicin after 72 h incubation (note that CYP2C 

activity was not determined). Although fold induction of CYP2C8 appeared to increase up to 24 

h, further time-dependent increases in mRNA were not as clear between 24 and 48 h for both 

inducers (Figure 1C). Overall induction of CYP2C isoforms by efavirenz was low, with no 

concentration-dependent (i.e. significant non-zero slope/correlation) increases observed for 

CYP2C19 or CYP2C9. In contrast, efavirenz caused concentration-dependent increases in 

CYP2C8 mRNA (up to an average of 3-fold at 10 M), and while the average fold induction 

increased between 6 and 12 h, there was weak trend for increasing fold induction between 24 and 

48h.  In addition, at the highest concentrations tested (20 and 30 M), efavirenz elicited 
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decreases in the mRNA for all CYP2C isoforms investigated, similar to what was observed for 

CYP2B6. 

Induction of CYP3A4 

Rifampicin elicited a time-dependent increase in CYP3A4 mRNA (Figure 1F) and maximal-fold 

induction appeared to occur after 24 h, with no marked increases in mRNA after additional 

incubation time (48 or 72 h) in 6/7 laboratories. Efavirenz also displayed time-dependent 

induction of CYP3A4 mRNA (Figure 1F), with most laboratories achieving near maximal 

induction between 12 and 24 h and minimal increase after 48 or 72 h. As was observed with 

CYP1A2 and CYP2B6, additional time was required to achieve maximal induction of CYP3A4 

activity, with both rifampicin and efavirenz requiring at least 48 h (Figure 2C). Both inducers 

demonstrated clear concentration-dependence of both mRNA (Figure 3C and Figure 3E) and 

activity (Figure 3D and Figure 3F), but the two highest concentrations of efavirenz (20 and 30 

M) caused marked decreases in CYP3A4 mRNA and activity (compared to the response at 10 

M), resulting in “bell-shaped” curves consistent with the similar decreases observed for CYP2B 

and CYP2C isoforms. In contrast, rifampicin did not elicit decreases in fold induction of mRNA 

or activity at the higher concentrations tested. 

 

Effect of Incubation Time on Estimates of Induction Parameters Emax and EC50 

The fold induction following treatment of human hepatocytes with the full concentration range 

(8 concentrations) of each inducer was determined at 6, 12, 24, 48, and 72 h, which enabled 

estimation of the Emax and EC50 at each time point (Table 1). Box and whisker plots summarizing 

the estimated Emax and EC50 values for all inducers and CYP isoforms are also shown in 
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supplementary figures 1 and 2. In general, the model estimated values for Emax demonstrated 

similar trends to the maximum observed fold induction. Notably, Emax based on activity required 

longer incubation times to reach maximum than those from mRNA. Qualitatively, phenobarbital, 

efavirenz, and rifampicin achieved maximum Emax values for CYP2B6 and CYP3A4 mRNA 

after 24 h, with minimal additional increase in the median Emax values with increasing incubation 

time up to 72 h. In contrast, omeprazole-mediated induction of CYP1A2 required additional time 

to reach maximal response; at 12 h the maximum Emax was only ~20-fold, compared to 60- to 

100-fold at 24 to 72 h.  Emax estimates based on activity displayed a greater time-dependence 

than estimates based on mRNA, and most inducers required at least 48 h to achieve maximum 

fold induction.  In addition, overall variability in maximal activity response across laboratories 

was less compared to mRNA, which is likely due to the higher degree of donor variability in the 

basal expression of CYP mRNA, and the higher dynamic range to detect small changes in 

mRNA compared to determination of CYP activity by probe substrate turnover. 

In contrast to Emax, estimates of potency (EC50) were insensitive to incubation time with no clear 

trend to increase or decrease with time (Supplementary Figure 2). However, variability in 

potency was observed, which varied as much as 10- or 100-fold across laboratories (i.e. 

individual donors, since each lab used a different donor), and unlike estimates of Emax, this 

variability was not higher after earlier incubation times compared to later ones. Based on 

previous work by the IWG, this variability in induction response is likely not due to differences 

in experimental procedure but intrinsic differences in induction response by the different 

hepatocyte donors (Kenny et al., 2018). In addition this up to two orders of magnitude variability 

observed in EC50 across the 7 participating laboratories is consistent with a previous IWG 
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publication indicating 130-fold range in EC50 (rifampicin-3A4) based on data from 38 donors 

and 9 different participating laboratories (Supplemental Table 3, Kenny et al., 2018). 

Sensitivity to Induction at Different Time Points 

To further examine the relationship between incubation time and induction, the % of hepatocyte 

donor lots demonstrating a positive response (defined as a maximal fold induction > 2-fold) at 6, 

12, 24, 48, or 72 h after treatment with prototypical inducers is summarized in Table 2. 

Rifampicin required the shortest incubation time to elicit positive responses, with 100% of 

hepatocyte donors displaying >2-fold induction of CYP3A4 mRNA after 6 h incubation. 

CYP1A2 mRNA appeared to be the least sensitive to induction, with only 40 to 67% of donors 

achieving >2-fold induction after a 6-hour incubation with omeprazole or phenobarbital. As 

expected, activity-based determination of Emax at early time points was less sensitive than 

mRNA, and after 6 h none of the hepatocyte donors achieved >2-fold induction of CYP3A4 or 

CYP2B6 activity following treatment with rifampicin or efavirenz, respectively. The minimum 

incubation time required to achieve 100% positive induction response for CYP1A2, CYP2B6, 

and CYP3A4 activity with omeprazole, phenobarbital, or rifampicin, respectively, was 24 h. In 

addition, it was of interest to determine the % of hepatocyte donors achieving > 10-fold 

induction after incubations of 6 to 72 hours, and these values are included in the last row of 

Table 2.  After 6 h incubation, only 20% of the donors achieved > 10-fold induction of CYP3A4 

mRNA, and incubations > 12 hours were required to achieve this level of induction in > 80% of 

donors.  

 

Comparison of the Average Fold Error (AFE) of Emax, EC50 and Emax / EC50 Estimates 

Relative to 72 h 
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Similar to previous reports (Kenny et al., 2018), large variability in induction response was 

observed between individual hepatocyte donors, complicating comparison of Emax and EC50 

estimates across time points. Therefore, to summarize the relationship between induction 

response and time across laboratories a paired approach was used, where estimates of Emax and 

EC50 generated within the same laboratory were compared and then aggregated across 

companies, isoforms and/or compounds.  Average fold error (AFE) was determined for induction 

parameter estimates measured at earlier time points (6, 12, 24, or 48 h) compared to estimates 

determined at 72 h; individual fold error was determined for each specific inducer – isoform 

paired with data from the same laboratory. AFE and % within 2-fold of Emax, EC50, or Emax/EC50 

estimates at 6, 12, 24 or 48 h compared to 72 h are summarized in Figure 4 and Table 3.  

Acceptable agreement between earlier time points and 72 h was defined as AFE between 0.5 and 

2.0, representing a 2-fold under or over prediction, respectively. At 48 h, all three parameters 

(Emax, EC50, and Emax/EC50) agreed with estimates at 72 h, with AFE ranging from 0.79 to 1.1, 

indicating that incubations at 48 h and 72 h provided consistent induction responses with respect 

to maximal induction response and potency. In addition, > 88% of Emax estimates (based on both 

mRNA and activity) determined at 48 h were within 2-fold of estimates at 72 h, further 

supporting good agreement between 48 and 72 h endpoints.  

In general, Emax determined at earlier time points based on mRNA demonstrated greater 

agreement with 72 hr determinations than Emax estimates based on activity. After 12- or 24-hour 

incubations, mRNA-based estimates were still within 2-fold of estimates determined at 72 h 

(AFE = 0.58 and 0.74, respectively), whereas estimates based on activity were approximately 2- 

to 3- fold under predictive of the 72 h values, with AFE = of 0.50 and 0.27 respectively. In 

addition, the number of laboratories reporting measurable CYP activity at 6 h and 12 h was 
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notably lower than for incubations of 24 to 72 h, suggesting these short incubations may not be 

suitable for induction assessment. In contrast, at 24 to 72 h, the majority of laboratories reported 

mRNA and activity values for the AFE calculation, increasing confidence in the two-fold 

agreement observed.  

Estimates of potency (EC50) were relatively consistent (but still within 2-fold) across time points, 

with the AFE values ranging from 1.1 to 1.3 (mRNA) or 0.73 to 1.9 (activity) over the 

incubation times investigated. In addition, considerable variability in the AFE was observed for 

EC50 values, with 42 to 70% (mRNA) or 21 to 44% (activity) falling within 2-fold.  

Comparison across time points for specific CYP isoforms 

To determine if the relationship between parameter estimates and time was consistent across 

different CYP isoforms, the AFE for individual CYP isoforms was calculated and also included 

(in addition to the overall values) in Table 3.  Overall, the AFE values for the individual CYP 

isoform-inducer pairs were similar to the overall AFE calculated for all isoforms comparing 6, 

12, 24, or 48 h with 72 h. However, one notable exception was at 6 h, where Emax values for 

CYP1A2 and CYP2B6 activities at 6 h underpredicted values at 72 h by 10-fold (AFE=0.10), 

compared to a 4.5-fold underprediction for CYP3A4 (AFE=0.22). This discrepancy in AFE for 

different CYP isoforms was not apparent at later time points (48 and 72 h), where the AFE 

values for CYP1A2, 2B6, and 3A4 isoforms were relatively consistent, with good agreement 

(within 2-fold) for all three parameters investigated. Interestingly, at 48 h, CYP1A2 (activity, 

Emax) exhibited an AFE of 0.81 compared to AFE’s of 0.90 for CYP2B6, and CYP3A4, 

suggesting that CYP1A2 activity may continue to increase after incubations longer than 72 h.  

With respect to assessments determined at earlier time points, Emax estimates based on mRNA for 

all isoforms exhibited improved agreement than estimates based on activity. CYP2B6, in 
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particular, had 5- to 10-fold  under-prediction of 72 h-Emax based on activity at 6 and 12 h (AFE 

of 0.21 to 0.10); in contrast Emax based on mRNA was under-predicted by 1.7- to 2.3-fold.     

 

Comparison of CYP3A Drug-Drug Interaction Risk Assessment with Respect to Time  

To explore the relationship between incubation duration and DDI risk assessment, the magnitude 

of a rifampicin-mediated in vivo drug-drug interaction (i.e., the change in victim exposure, 

AUCr, calculated using equation 7) was predicted for CYP3A using the Emax and EC50 estimates 

at 6,12, 24, 48, or 72 h (Figure 5A and Figure 5B, for mRNA and activity, respectively). The 

corresponding AFE for AUCr determined at 6, 12, 24 or 48 compared to 72 h is shown in Figure 

5C and Figure 5D.  It should be noted that since the magnitude of induction-mediated DDI 

increases with decreasing AUCr, AFE values > 1.0 represent underpredictions, unlike for Emax 

where AFE > 1.0 represent over-predictions. As was observed for the individual Emax and EC50 

estimates, there was good agreement for the predicted AUCr between 48 and 72 h (AFE = 0.92 

and 1.3, for mRNA and activity, respectively). AUCr determined at 48 h in 7/7 labs (100%) was 

within 2-fold of the AUCr determined at 72 h, based on mRNA, and for activity it was 85%, 

further supporting the use of 48 h incubations.  Predicted AUCr based on mRNA remained 

acceptable after 12- or 24-hour incubations (AFE = 1.5 or 0.92, respectively) but risk assessment 

using activity tended to underpredict at these earlier time points by 3.8-fold (12 h) and 2.1-fold 

(24 h).  In addition, AUCr determined at 24 hr by 6/7 laboratories (86%) based on mRNA was 

within 2-fold of AUCr determined at 72 hr, further emphasizing the utility of this shorter 

incubation for DDI risk assessment. While encouraging for rifampicin-CYP3A4 induction, the 

use of 24 h incubations for induction risk assessment should be considered carefully, since across 

all isoforms and inducers investigated, 68% of mRNA-based determinations of Emax were within 
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2-fold of determinations from 72 h. Additional work is required to further validate the use of 24 

h incubations for quantitative induction DDI risk assessment, in particular for non CYP3A4 

isoforms. 

 

Guidelines on Model Fitting Fold Induction Data 

Initial attempts to collate the large volume of induction time-course data generated by 7 IWG 

laboratories revealed inconsistencies in the approach toward the curve fitting of fold induction 

data. Individual labs had independently developed separate ‘best practices’ around several key 

criteria, such as the choice of non-linear regression model and suitable acceptance criteria for 

parameter estimates. In addition, different strategies were implemented to address incomplete 

concentration-response curves, where the fold induction over the concentration range tested was 

insufficient to define Emax.  Fitting nonlinear models to incomplete curves has been shown to 

generate biased and/or imprecise estimates (Dutta et al., 1996; Schoemaker et al., 1998; Kirby et 

al., 2011). Further, correlated parameter estimates (such as Emax and EC50) complicate simple 

comparisons and have design implications (Sebaugh, 2011). Discriminating between (non)linear 

models is challenging in particular for standard induction experimental designs like those 

evaluated here (see Spiess and Neumeyer (2010) for a critique of R2 in the nonlinear setting, 

Kirby et al (2011) and Brewer (2016) for the use of information theoretic measures in a linear 

regression setting). Kenakin (2009) suggests constraining one or more parameter estimates, if 

necessary, and suggests that the difference between the observed and estimated Emax be less than 

25%. 
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Recognizing the need for consistent data processing and analysis for the present time-course 

analysis the large induction data set was reviewed with the following objectives in mind: 1) 

establish criteria for excluding data points for atypical dose-response curves 2) recommend 

strategies to address incomplete (Emax not achieved) dose-response curves and risk assessment 

for DDI and 3) determine the optimum model(s) for non-linear regression and estimation of 

induction parameters.  

Intra-Sample Assay Variability 

During the initial data review, the % CV was calculated for each set of triplicates. Despite 

varying a large number of conditions (e.g., donor, company, concentration, etc.) the average or 

median fold induction % CV appeared comparable across time, inducers and isoforms 

(Supplemental Figure 3). Considering the large range of measured fold inductions this suggested 

the intra-sample variance was proportional to the average, a common feature of in vitro assays. 

The average % CV differed between mRNA and activity, a potential intrinsic distinction between 

the two assays. For our analyses, these data suggested the use of a combined variability estimate. 

USP <1032> recommends the use of a robust pooled variance estimate when confronted with a 

need to identify, for example, ‘outliers’. Since the majority of the %CV for mRNA and activity 

was below 30%, an approximate average acceptable % CV for triplicate determinations for the 

present studies was set to 30%. Individual laboratories are encouraged to establish their own 

historical estimates. Now, if a known intra-sample variance is assumed, then a large sample two-

sided confidence interval for the true fold induction mean is x-bar ± zα/2 σ/√n. For the largest 

observed average fold induction based on a set of triplicates, and a proxy for Emax, replacing σ 

with its estimate %CV x x-bar and dividing the resulting interval by the observed average yields 

1 ± zα/2 x 0.30/√3. As an approximate illustration, for α=0.10 the right-hand portion simplifies to 
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± 0.28. Subject to the precise choice of α and zα/2 vs tα/2(df), where the degrees of freedom can be 

specified by the design, in addition to refining the %CV estimate, an approximate range of 

plausible average fold inductions, consistent with the observed maximum fold induction, can be 

calculated. While we do not claim these intervals have optimal or desirable coverage properties, 

such an interval allows experimentalists to define a range of values consistent with the largest 

observed fold induction. 

Special Considerations: “Bell-Shaped” and Incomplete Dose-Response Curves with Poorly 

Defined Maximum Fold Induction 

Typical fold induction vs concentration plots resemble classical sigmoidal dose-response curves 

(Figure 6A, rifampicin). Importantly, fold induction is assumed to approximately plateau at high 

concentrations using conventional empirical models. Assuming a constant average at high 

concentration, while incorrect, is preferred to a decreasing non-monotonic relationship. In 

contrast, experimentalists can be confronted with “bell-shaped” curves, characterized by a 

decrease in fold induction at concentrations higher than the observed maximum fold induction 

concentration, creating a “bell” shape (Figure 6B, efavirenz).  The paradoxical decrease at high 

test article concentrations is usually due to cytotoxicity, and assays confirming this loss in 

hepatocyte viability can provide definitive evidence to exclude these data points from curve-

fitting and analysis. However, cytotoxic endpoints are typically indicative of near terminal cell 

death and may not provide enough resolution to identify scenarios where non-selective cellular 

injury obscures CYP induction of mRNA or activity.  In addition, reduced fold induction could 

be due to downregulation of CYP (Hariparsad et al., 2017), or other complex or secondary 

pharmacology effects may be present.  Therefore, cytotoxicity, as determined by standard assay 

endpoints, may not be detected at higher test article concentrations where the fold induction 
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decreases. Incorporating data where fold induction decreases at higher concentrations into the 

curve fit, in the absence of the use of a robust or weighting strategy to mitigate their effect, can 

bias the resulting nonlinear estimates, e.g., underestimate Emax.  

To establish a rationale for excluding (decreasing) fold induction data at higher concentrations 

without accompanying cytotoxicity data prior to curve fitting, the previously stated two-sided 

confidence interval are used to establish a range of acceptable fold induction above or below the 

highest observed fold induction. 

Table 4 summarizes the several two-sided confidence intervals (0.8 to 0.975) and %CV (10 to 

30%) for a plausible lowest and highest fold induction range assuming an observed fold 

induction of 100. For example, assuming an overall %CV of 30% and a two-sided 90% 

confidence interval, a 30% decrease in fold induction is plausible given sampling variability and 

the statistical precision of the observed ‘average’ Emax. Here, it is assumed that the observed Emax 

is representative of the actual unobserved Emax and that the potential for bias is acceptable.  In 

this example, concentrations yielding a decrease in fold-induction above that associated with the 

observed Emax are removed from the analysis when the fold induction is < 70% of the observed 

Emax. This approach provides a potentially conservative criterion to exclude data from curve 

fitting based on a given confidence level and expected variability (%CV).  Individual labs are 

therefore advised to establish their own expectations around variability and a suitable confidence 

interval when setting criteria to exclude points and adequately model non-monotonic data. 

Removing data at  higher concentrations using this approach typically results in an incomplete 

curve where the plateau (Emax) is not adequately described, and strategies to address this scenario 

are reviewed below.  
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In addition to bell-shaped curves, atypical or incomplete fold induction vs concentration 

response curves may also arise when an apparent plateau of maximal induction response is not 

achieved, resulting in poor estimates of Emax. Failure to observe consistent maximal fold 

induction at high concentrations could be due to cytotoxicity or solubility limitations.  Using the 

same confidence interval for the largest observed fold induction, Emax estimates that are 

appreciably larger than the observed maximum fold induction should be interpreted with caution 

or rejected. Confidence intervals/standard error estimates for Emax from nonlinear regression 

models can be highly variable for small samples, especially when Emax is not achieved.  As 

described above, based on a two-sided 90% confidence interval and a CV of 30%, Emax values 

greater than 130 should be treated with suspicion. Although unintentional, this recommendation 

agrees with the suggested guidelines from Kenakin (2009).  

 

Comparison of Non-linear Regression Models For Estimation of Emax and EC50 from Fold 

Induction Data Estimation of Emax and EC50 for rifampicin or efaverinz by fitting fold-induction 

data generated by a single laboratory to 5 commonly used non-linear regression models is 

summarized in Table 5. The rifampicin concentration range tested (0 to 20 M) displayed a 

classical sigmoidal concentration-response curve with well-defined minimum and maximum-fold 

induction, and all 5 models yielded similar estimates of Emax and EC50.  Review of the AICc 

weights for each model fit indicated that the logistic 4P model had the highest probability of 

being the best fitting model (0.94) whereas all other models had very low probabilities (0.00497 

to 0.0286). Remarkably, despite this large difference in AICc weight the induction parameter 

estimates were very similar for all 5 models (17.7 to 19.5 for Emax and 0.287 to 0.340 M for 

EC50). Therefore, assessment of the probability of the best-fitting model for fitting fold induction 
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data using Akaike information criterion has minimal impact on the estimation of Emax and EC50, 

for induction curves that define the maximum fold induction.  In addition, since all 5 models 

provided consistent estimates of Emax and EC50, risk assessment for induction-mediated DDI is 

also unaffected by the choice of model for fitting, for curves resembling this rifampicin dose-

response.  

To further investigate the effect of model selection on induction parameter estimates for other 

CYP inducer and CYP isoforms, fold induction data determined by each laboratory were used to 

fit the 5 models and the Emax and EC50 values were compared (Supplementary Figure 4).  

The absolute average fold error (AAFE) determined for each model’s estimate of Emax and EC50 

was compared to the best model’s estimate, determined by AICc weight. Overall, as was 

observed for rifampicin and CYP3A4, all 5 model fits produced similar estimates of Emax, with  > 

80% of the model fits for all models within ± 20% (AAFE = 1.2) of the best model fit 

(Supplemental Figure 4A). Estimates of EC50 also showed good agreement across all models 

with > 75% between ± 20 and 50% of the best model estimate (Supplemental Figure 4B; AAFE 

= 1.2 to 1.5).  Therefore, as observed for rifampicin-3A4, model selection overall for all isoforms 

and inducers investigated has little impact on the actual estimated induction parameters Emax and 

EC50 for typical fold induction curves.  

The effect of model selection on induction parameter estimates was also investigated for atypical 

dose-response curves (Table 5). In contrast to rifampicin, the 5 models provided different 

induction parameter estimates characterizing the fold induction of CYP3A4 mRNA by efavirenz, 

which displays a “bell-shaped” curve (Figure 6B). The two highest concentrations where the fold 

induction decreased more the 30% compared to the maximum fold induction were excluded from 

the analysis. Consequently, the remaining efavirenz concentrations did not elicit adequate fold 
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induction to define the Emax (i.e., an atypical dose-response where Emax is not achieved). Three of 

the models (logistic 3P, Emax, and hyperbolic fits) estimated Emax values that were > 2-fold higher 

than the observed maximal fold induction (15-fold), and were rejected based on the developed 

criteria (i.e. > 130% of observed Emax; with a maximum observed fold induction of 15,  Emax 

estimates > 19.5, or 130% of 15, would be rejected). Interestingly, comparison of AICc weight 

suggests the best model was the sigmoidal 3P fit (AIC weight = 0.70),  and the next best fit was 

the logistic 4-parameter (AIC weight = 0.297); the estimated Emax using these two models were 

within 130% of the observed maximum fold induction. In contrast, the logistic 3P, Emax, and 

hyperbolic models all exhibited low probability of being the best model (AICc weight < 

0.00327) and provided very high estimates of Emax that were >2-fold higher than the observed 

maximum fold induction. Therefore, for this example of a curve with poorly defined Emax,  

models with higher probability of being the best-fitting model as determined by AICc weight 

also provide Emax estimates that are closer to the observed maximum fold induction.  

Initial Slope as an Estimate of Emax/EC50 

In cases where non-linear regression models fail to provide reliable induction parameter 

estimates the initial slope of the fold induction vs (linear) concentration plot can provide an 

estimation of Emax/EC50, under the assumptions suitable for such a simplified model (Shou et al., 

2008).  To investigate the utility of this approach, the initial slopes for all isoform-inducer pairs 

were calculated by linear regression of the fold induction vs (non-log) concentration at each time 

point, and the AFE of the slope compared to the actual Emax/EC50 (determined at 48 h) is 

summarized in Figure 7. On average, the initial slope underpredicted the actual Emax/EC50 by 

about 2-fold after 48 h incubation, with AFE of 0.45 (mRNA) and 0.63 (activity). Overall, initial 

slopes determined at early time points (6 to 24 h), based on mRNA or activity yielded poor 
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estimates of Emax/EC50 (AFE = 0.11 to 0.29).  In addition, this analysis was repeated (data not 

shown) by comparing initial slope to the Emax/EC50 determined at 72 h, and the AFE was similar 

to that observed after 48 h incubation, with the initial slope (determined at 48 h) underpredicting 

by approximately 2-fold.  

 

 

Effect of Model Fitting Approaches on Induction DDI Risk Assessment  

Due to the consistency in the fitted Emax and EC50, DDI risk assessment for inducers displaying a 

typical sigmoidal dose-response (with well-defined maximum fold induction) would be similar 

regardless of the model fitting approach. However, for incomplete dose-response curves (such as 

efavirenz) with poorly defined maximal fold induction, DDI risk assessment would likely be 

dependent on the model selected to estimate Emax and EC50. To further explore the relationship 

between the selection of model to fit induction data and DDI risk assessment for an atypical 

dose-response curve, Table 6 summarizes the model estimates for Emax, EC50 and the 

corresponding F2 and R3 (equation 10) using the logistic 3P, sigmoidal 3P, or a constrained 

logistic 3P fit, for efaverinz-mediated induction of CYP3A4 mRNA. Note that this curve is also 

presented in Figure 6B. Based on our criteria, the estimated Emax using the logistic 3P equation 

would be rejected since it is > 130% above the observed maximum-fold induction, but the 

induction risk assessment was included for comparison using this estimate. Using the logistic 3P 

equation to fit the data yielded a less conservative estimate of R3 (0.27) compared to the other 

approaches, which was mainly due to the decrease in potency (EC50 = 16.5) due to a much higher 

estimate of Emax (38.5).  This example highlights the corresponding right-shift (underestimation 
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of potency) in EC50 when over-estimating Emax. In addition, R3 appears to be more sensitive to 

EC50 than Emax in this example, since even though the logistic 3P estimated a >2-fold Emax than 

the other approaches, the overall predicted in vivo interaction was less, which was primarily 

driven by the decrease in potency (i.e. left-shift and increased EC50). The next approach explored 

was to constrain the Emax to the observed maximum fold induction using the logistic 3P fit, 

which yielded an Emax of 15.1 and an EC50 of 3.1 M. These values were similar to the model 

estimates using the sigmoidal 3P fit (15.1 and 3.6 M, respectively), and the corresponding 

predicted reduction in a victim drug’s exposure was similar for both approaches (R3 = 0.19 to 

0.20).   

Use of Initial Slope for Estimation of Emax/EC50 and DDI Risk Assessment 

Despite a tendency to underpredict the Emax/EC50 by about 2-fold, the utility of using the initial 

slope to assess induction DDI risk for efavirenz was investigated (last row of Table 6). Using the 

initial linear slope of the fold induction vs concentration yielded an estimated Emax/EC50 of 1.5, 

and a corresponding predicted R3 (equation 11) of 0.35 which is an approximate 2-fold 

underprediction compared to assessment based on the sigmoidal-3P fit (0.19). Comparison of 

these two approaches to determine R3 was further investigated using data from all participating 

laboratories and the AFE’s are summarized in Table 7 for omeprazole, efavirenz, and rifampicin. 

Interestingly, the R3 values determined using the initial slope estimation compared to the 

sigmoidal-3P fit exhibited good agreement (AFE = 0.955 and 0.823) for efavirenz-CYP2B6 and 

rifampicin-CYP3A4. Acceptable agreement (within 2-fold) was also observed for omeprazole-

1A2 and efavirenz-3A4 (AFE =  0.685 for both). This agreement to estimate R3 despite a ~2-fold 

underprediction of Emax/EC50 using the initial slope is likely due to the conservative nature of the 

R3 equation which utilizes a 10x factor on the input unbound inducer concentration, which 
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effectively minimizes the underprediction of Emax/EC50. While preliminary, this limited data set 

indicates agreement (overall AFE=0.83) between the R3 estimated using the initial slope and the 

R3 value calculated using Emax and EC50 determined using a sigmoidal 3P fit.  

General Guidelines for Estimation of Emax and EC50 from Fold Induction Data 

A summary of the recommended approach towards model fitting fold induction data is presented 

in Figure 8.   
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Discussion 

Regulatory agencies recommend assessment of induction-mediated DDI using primary human 

hepatocyte cultures for up to 72 h, which has been adopted in industry (Meunier et al., 2000; Chu 

et al., 2009). However, evaluating induction using shorter durations could be advantageous due 

to the potential for cytotoxicity after prolonged exposure to NCE’s, and therefore shorter 

incubation times could enable induction DDI risk assessment that would otherwise not be 

possible. The objective of the present study was to compare the induction response, and 

corresponding DDI risk assessment, in primary human hepatocytes following treatment with 4 

prototypical CYP inducers. This study was designed to systematically evaluate the time course of 

CYP induction using mRNA and enzyme activity endpoints.  Importantly, the study was 

conducted by seven different laboratories, using independent hepatocyte donors, employing their 

own protocols.  

Overall, maximal fold induction of mRNA occurred after shorter duration than that required for 

activity, which is consistent with literature reports. Li et al. (1997) and LeCluyse et al. (2000) 

previously demonstrated that CYP3A activity increases time-dependently up to 72 h, whereas 

maximal CYP3A4 mRNA levels have been observed after 18-24 h (Drocourt et al., 2001), and 

within 24 h for CYP1A2 (Grover et al., 2007). Zhang et al (2010) also reported that CYP1A2, 

2B6, and 3A4 exhibited robust increases in mRNA after 6 h and achieved maximal induction of 

mRNA levels within 24 h. Faucette et al (2004) reported maximal induction of CYP3A4 (by 

rifampicin) within 2 to 4 days, whereas CYP2B6 activity continued to increase until 4 days of 

treatment. In the present study, average maximal fold induction of CYP1A2, CYP2B6, and 

CYP3A4 mRNA occurred after 24 to 48 h incubations (Figure 1A, B, and F), whereas 48 h was 

required to achieve maximal activity (Figure 2).  Estimates of the Emax followed the same trend, 
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with mRNA-based assessments determined at 24 and 48 h exhibiting good agreement with 72 h 

(AFE=0.74 and 0.94, respectively, Figure 4A), whereas assessments based on activity required at 

least 48 h to fall within 2-fold of 72 h.   

 

The utility of earlier assessment of CYP induction based on mRNA was reported by Sane et al. 

(2016), with maximal induction occurring between 8 and 12 h and corresponding DDI risk 

assessment consistent with assessments at 48-72 h. Zhang et. al (2010) also concluded that 24 or 

48 hour assessments based on mRNA are suitable for routine testing without sacrificing assay 

robustness.  An additional factor supporting shorter durations for assessment of induction is the 

reported loss in enzyme activity in cultured primary hepatocytes resulting in lower basal CYP 

activity compared to freshly isolated hepatocytes (Hamilton et al., 2001; Rodriguez-Antona et 

al., 2002; Elaut et al., 2006).  Hepatic dedifferentiation and the contribution of micro-RNA have 

been proposed drivers for this loss in activity (Bell et al., 2016; Lauschke et al., 2016), but the 

precise mechanism has yet to be determined. Nevertheless, these decreases in CYP activity in 

hepatocyte culture further support the use of shorter incubations to assess the risk for induction-

mediated DDI.  

The time to achieve maximum-fold induction can also be considered in context with respect to 

the reported degradation rates (kdeg) for CYP protein or mRNA. The time to maximum induction 

is analogous to achieving a new steady-state concentration and is therefore intrinsically related to 

the kdeg. Recent reports (Ramsden et al., 2015; Takahashi et al., 2017) using long term 

hepatocyte co-cultures have estimated kdeg for CYP3A4 protein to be ~0.02 h
-1

 (T1/2=~30 h) 

which is consistent with values determined in hepatocytes (Maurel, 1996; Yang et al., 2008) and 

liver slices (Renwick et al., 2000). A similar kdeg value has been reported for CYP3A4 mRNA 
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(Yamashita et al., 2013). In order to achieve “true’ steady-state kinetics and a maximum fold 

induction, 5 half-lives (150 h) would be required – within 2-fold of the 3-day period  reported by 

LeCluyse et al. (2000) and ~3-fold higher than our data (suggesting 48 h is sufficient). However, 

after a single half-life (~ 30 h), induction should be within 50% of steady-state, and after 2 half-

lives it would be within 75%. Therefore, similar maximal-fold induction after 48 and 72 h is 

consistent with achieving between 50 and 75% of Emax after 1.5 half-lives.  

 

Previously, the IWG reported weak and variable induction of CYP2C8, CYP2C9, and CYP2C19 

(Hariparsad et al., 2017). In the present study, phenobarbital and rifampicin elicited 

concentration-dependent increases in CYP2C9 and CYP2C19 mRNA, but the maximum fold 

induction was weak (< 2-fold; Figure 3C,E). Induction of CYP2C8 mRNA displayed minimal 

time-dependence, with near maximal induction occurring after 12 to 24 h, with minimal 

increases after 48 or 72 h (Figure 1D). These data suggest that longer incubation times are not 

required to achieve maximal fold induction of CYP mRNA, even for weak induction (i.e. 

CYP2C8). Therefore, conclusions around agreement between Emax and EC50 estimates at 24 or 

48 h and estimates after 72 h are likely applicable to both weak and strong inducers.  

General Recommendations on Incubation Duration for Induction Risk Assessment and 

Model Fitting 

1. 48-hour and 72-hour incubations in primary hepatocytes provide equivalent 

assessment of CYP induction, based on mRNA or CYP activity.   

Across all donors, CYP isoforms, and inducers, Emax and EC50 estimates demonstrated excellent 

agreement (AFE > 0.87) between 48 and 72 h incubations, based on both mRNA and activity. In 
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addition, 72 h incubations provided no improvement over 48 h for predicting the likelihood of a 

rifampicin-mediated DDI (AFE = 0.92 to 1.3). The IWG recommends incubations of 48 h for 

assessing the risk for induction-mediated DDI for CYP inducers using mRNA or activity as the 

endpoint.  

2. Assessment of CYP induction after 24 h, based on mRNA, but not activity, provides 

reliable determination of induction parameter estimates and DDI risk.   

Incubations for 24 h yielded mRNA-based induction estimates of Emax/EC50 that were similar to 

72 h (AFE=0.0.55, 1.8-fold underpredicted; Figure 4), whereas activity-based assessments 

underpredicted by 2.8-fold. Risk assessment for rifampicin-mediated DDI based on CYP3A4 

mRNA determined after 24 h also exhibited good agreement with 72 h (AFE = 0.92, Figure 

5A,C), with 6/7 laboratories (86%) predicting within 2-fold,  supporting the utility of 24 h 

incubations. However, when considering the variability in mRNA response across all isoforms 

and inducers (68% of Emax determinations were within 2-fold of 72 h), induction assessment after 

24 h should be interpreted carefully, in particular for non-CYP3A4 interactions.  

3. Compounds causing less than 2-fold induction of mRNA, and no concentration 

dependence, after 12 h can be classified as negative for CYP induction 

Previously, IWG recommended that compounds demonstrating < 2-fold induction of CYP3A4 

mRNA (48 or 72 h) and no evidence of concentration-response be classified as negative for 

induction when the corresponding rifampicin response in the same donor is ≥ 10-fold (Kenny et 

al., 2018). In the present study 6/7 labs reported >10-fold CYP3A4 induction with rifampicin 

after 12 h, and all labs were > 10-fold for durations ≥ 24 h. Therefore, compounds demonstrating 
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<2-fold induction (and no concentration-dependent response) of mRNA after 12 or 24 h can be 

classified as negative for CYP3A4 induction.  

4. Atypical concentration vs fold induction responses (i.e. ‘Bell-Shaped” curves or 

failure to achieve Emax) can be addressed by removing points outside an established 

confidence interval with an expected %CV. 

With an expected estimate of variability (30% CV) and a two-sided confidence interval of 0.95,  

concentrations above that associated with the Emax exhibiting a paradoxical decrease in fold 

induction are removed from induction curve fitting when the fold induction is < 70% of the 

observed Emax. Similarly, estimates of Emax that are > 130% of the observed maximum-fold 

induction are interpreted with caution, based on the same estimates of variability and assumed 

confidence interval. The estimate of 30% is based on the overall triplicate variability observed 

across all 7 labs participating in this study; investigators are encouraged to leverage their own 

estimates of variability to establish individual guidelines. 

5. When the maximum and minimum fold induction are well defined by the 

concentration range tested, selection of the best fitting model using AICc criteria 

has little impact on the estimated Emax and EC50   

For fold induction curves demonstrating classical sigmoidal kinetics, all 5 non-linear regression 

models provided similar estimates of Emax and EC50 with > 75% falling within ± 20 to 50% of the 

best estimate as determined by the highest AICc weight. This consistency suggests that AICc 

criteria provides limited value to determine the best model with respect to the estimates of Emax 

and EC50 and DDI risk assessment.  
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6. When the maximum-fold induction is not well defined, conservative estimates of 

Emax and EC50 can be obtained using sigmoidal-3P fit or constraining logistic 3/4P 

fits to the maximum observed fold induction. 

The sigmoidal 3P fit and constraining logistic 3- or 4-parameter fits to the maximum observed 

fold induction underestimates the Emax and provide an over-estimation of potency (right-shifted 

EC50). Therefore, sensitivity analysis assuming Emax > the fitted Emax and EC50< the fitted EC50 

using the constrained logistic 3P/4P or sigmoidal 3P fits provide a conservative approach to DDI 

risk assessment.  

7. Preliminary data suggest initial slope of fold induction data may approximate 

Emax/EC50 and enable DDI risk assessment in scenarios where Emax and EC50 cannot 

be reliably estimated. 

Importantly, the experimental design was not optimized to characterize the initial slope, and 

evaluation of induction response at concentrations below the EC50 would enable more accurate 

characterization. Recognizing these limitations, additional work is needed to further validate this 

approach for induction based DDI assessment, as it could provide a valuable approach when 

induction parameters cannot be derived experimentally. Encouragingly, preliminary analysis 

indicated the initial slope estimate of R3 for omeprazole, efavirenz or rifampicin was in good 

agreement (AFE=0.83) with R3 determined using Emax and EC50 (using a sigmoidal-3P fit). 

Further investigation of this approach is ongoing.  

 

The IWG has presented a data-driven evaluation of the time course for CYP induction by 4 

prototypical inducers (omeprazole, phenobarbital, efavirenz, and rifampicin). Although there was 
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variability in induction response across different human hepatocyte donors and laboratories, 

consistent analysis using our model-fitting guidelines allowed several recommendations to be 

made regarding the appropriate incubation duration to obtain reliable induction parameter 

estimates. A key conclusion from this analysis is that 48 h incubations provide equivalent 

assessment of induction response and corresponding in vivo DDI risk assessment compared to 72 

h incubations, indicating that longer incubations provide little benefit.  
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Footnotes 

1 
In Vitro Drug Interaction Studies – Cytochrome P450 Enzyme- and Transporter- Mediated 

Drug Interaction Guidance for Industry (Final Guidance, January 2020). 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/vitro-drug-

interaction-studies-cytochrome-p450-enzyme-and-transporter-mediated-drug-interactions 

2 
 Guidance on the investigation of drug interactions (EMA, June 2012). 

https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-drug-

interactions_en.pdf 

3 
Pharmaceutical and Medical Devices Agency (PMDA) 2014 guidance [Drug Interaction 

Guideline for Drug Development and Labeling Recommendations (The Japanese Ministry of 

Health, Labour, and Welfare MHLW), updated 2017, English translation not yet available] 
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FIGURE LEGENDS 

Figure 1: Summary of fold induction of CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, or 

CYP3A4 mRNA following treatment of human hepatocytes with omeprazole (100 M), 

phenobarbital (3000 M), efavirenz (30 M), or rifampicin (20 M) for 6, 12, 24, or 72 h. Each 

circle represents the mean fold induction from a single laboratory (i.e triplicate determination 

from a single experiment). 

Figure 2: Summary of fold induction of CYP1A2, CYP2B6, or CYP3A4 activity following 

treatment of human hepatocytes with omeprazole (100 M) , phenobarbital (3000 M), 

efavirenz(30 M), or rifampicin (20 M ) for 6, 12, 24, or 72 h. Each bar represents the mean of 

7 labs with standard deviation. 

Figure 3: Summary of concentration-dependent increases in fold induction of mRNA (CYP1A2, 

CYP2B6, CYP2C8, CYP2C9, CYP2C19, or CYP3A4) or activity (CYP1A2, CYP2B6, or 

CYP3A4) following treatment of human hepatocytes with phenobarbital, efavirenz, or rifampicin 

for 72 hours. 

Figure 4: Comparison of overall fold error of parameter estimates Emax (A), EC50 (B) or 

Emax/EC50 (C) determined at 6, 12, 24, or 48 hours compared to the corresponding parameters 

determined at 72 hours.  AFE was calculated for all inducers (omeprazole, phenobarbital, 

efavirenz, or rifampicin) and CYP isoforms (CYP1A2, CYP2B6 or CYP3A4)  across all 

hepatocyte donors in a paired analysis, where parameters generated at the same laboratory were 

compared.  

Figure 5: Comparison of predicted CYP3A in vivo DDI (AUCr) after rifampicin treatment based 

on mRNA (A) or activity (B) at 6, 12, 24, 48 or 72 hours. Corresponding average fold error 
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(AFE) between AUCr determined at 6, 12, 24, or 48 hours compared to 72 hours is summarized 

in for mRNA (C) or activity (D). Note that there was insufficient induction of CYP3A activity 

after 6 h to determine Emax, EC50 and calculate AUCr. 

Figure 6: Comparison of non-linear regression model fitting for A) rifampicin or B) 

efavirenz(“Bell shaped” Curve) induction of CYP3A4 mRNA. Shaded grey circles indicate data 

points removed form curve fitting based on an 30% CV and a two-sided 95% confidence 

interval. These concentrations, above that associated with the observed Emax, exhibit fold 

induction that is < 70% of the observed Emax (i.e. < 30% decrease). 

Figure 7: Comparison of fold error of initial slope at 6, 12, 24, 48, or 72 hours compared to the 

Emax/EC50 determined at 72 hours. 

Figure 8: Recommend guidelines for model fitting fold induction data.  

1
Assessment of Non-Zero Slope: Standard linear regression or Spearman’s nonparametric rank 

correlation coefficient used to confirm concentration dependence with non-zero slope or positive 

correlation.  

2
Exclude data points (Bell-Shaped Curves) Based on Expected %CV and Confidence Level: 

Concentrations, above that associated with the observed Emax, that exhibit fold induction that is < 

70% of the observed Emax (i.e. > 30% decrease) can be excluded from curve fitting, assuming 

30% CV and a 95% 2-sided confidence interval. Excluding these data points converts a “bell-

shaped” curve to a curve where Emax is not achieved (See footnote 5, below). Note: in general, 

excluding “outliers”  using traditional tests (e.g. Grubb’s) is not recommended for triplicate data 

due to the small sample size (Laio, 2010). 
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3
Fit fold Induction Data with Model of Choice: 3 or 4-parameter logistic, Emax, hyperbolic, 

and sigmoidal 3-parameter models all provide similar estimates of Emax and EC50 when the 

concentration range tested adequately characterizes the minimum and maximum fold induction. 

4
Reject Estimated Emax values > 130% of the Maximum Observed Emax: Assuming 30% CV 

and a one-sided 95% confidence interval, Emax estimates > 130% of the maximum observed fold 

induction are rejected. 

5
Recommended Approaches for Addressing Curves where Maximum Fold induction is Not 

Achieved: Four methods are proposed for estimating induction parameters where the maximum 

fold induction is not achieved (defined as the fitted Emax > 130% of observed maximum fold 

induction: 1) Constrain fit to observed Emax and report Emax and EC50 as > fitted values; 2) Fit 

data using Sigmoidal 3P fit, which approximates Emax to observed Emax and over-estimates 

potency, and report Emax and EC50 as > fitted values; 3) Use the initial slope to estimate 

Emax/EC50 and DDI risk using R3 equation; 4) Utilize shorter incubation duration (24 h). A 

shorter incubation may alleviate tolerability issues following prolonged exposure to test article at 

high concentrations and enable better characterization of the concentration-response curve.
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Tables 

Table 1: Summary of EC50 and Emax estimates determined by 7 IWG member laboratories following treatment of human hepatocytes 

with prototypical CYP inducers for 6, 12, 24, 48 or 72 hours. ND = not determined. 

      Median and Range (Max to Min) EC50 and Emax Estimates at Each Time Point  

Isoform INDUCER Parameter 

6 12 24 48 72 

mRNA Activity mRNA Activity mRNA Activity mRNA Activity mRNA Activity 

CYP1A2 

Omeprazole 

Median EC50 (M) (n) 

Max – Min 

6.2 (3) 

3.9 - 9.1 

6.0 (4) 

2.1 - 12 

10.2 (4) 

4.9 - 20 

5.9 (3) 

4.6 - 7.8 

15 (6) 

7.0 - 62 

6.6 (5) 

5.8 - 13 

13 (6) 

9.1 - 36 

13 (6) 

5.7 - 200 

14 (7) 

7.1 - 35 

40 (7) 

3.8 - 100 

Median Emax (fold)  

Max - Min 

8.2  

1.9 - 20 

1.6 

1.4 - 2.7 

8.5  

3.9 - 47 

4.0 

1.9 - 5.5 

35  

12 - 133 

6.8 

6.6 - 23 

57 

17 - 170 

13 

9.4 - 59 

45 

28 - 76 

18 
9.5 - 59 

Phenobarbital 

Median EC50 (M) (n) 

Max – Min 

644 (3) 

530 - 850 

1200 (2)  

160 - 2100 

724 (5) 

150 - 1300 

1500 (4) 

760 - 6100 

966 (5) 

430 - 1400 

880 (4) 

680 - 6200 

924 (5) 

91 - 1100 

820 (7) 

170 - 4400 

1090 (5) 

120 - 1470 

1200 (6) 

90 - 1800 

Median Emax (fold) 

Max - Min 

1.8 

1.3 - 2.5 

1.80 

1.4 -2.2 

2.3 

1.8 – 2.7 

2.7 

1.9 - 5.7 

2.0 

1.5 – 2.5 

2.7 

1.6 - 3.0 

2.3 

1.7 - 2.8 

3.3 

2.5 - 5.2 

2.9 

1.7 - 3.7 

3.3 

1.8 - 8.0 

CYP2B6 

Efavirenz 

Median EC50 (M) (n) 

Max – Min 

3.6 (7) 

1.3 – 5.8 

1.6 (1) 

ND 

2.9 (5) 

0.40 - 23 
ND (0) 

1.9 (5) 

0.6 - 7.5 
ND (0) 

1.4 (6) 

0.4 – 3.1 

0.76 (2) 

0.5 - 1 

1.1 (6) 

0.5 - 8.4 

4.0 (2) 

3.9 - 4.0 

Median Emax (fold)  

Max - Min 

6.4 

1.3 - 18 

0.63 

ND 

9.3 

3.1- 21 
ND 

7.6 

2.8 - 32 
ND 

9.5 

4.2 - 21 

3.7 

2.4 - 5 

9.4 

1.6 - 21 

5.3 

3.8 - 6.8 

Phenobarbital 

Median EC50 (M) (n) 

Max – Min 

450 (7) 

120 - 1600 
380 (4) 

160 - 25000 
340 (6) 

127 - 1460 

560 (5) 

310 - 800 

260 (7) 

120 - 1900 

630 (5) 

410 - 1400 

230 (6) 

150 - 560 

510 (6) 

140 - 4700 

305 (7) 

28 - 1100 

500 (5) 

62 - 3500 

Median Emax (fold)  

Max - Min 

12 

1.3 - 22 

2.0 

1.5 - 2.8 

14 

5.1 - 33 

2.6 

1.3 - 10 

18 

2.6 - 58 

8.1 

2.2 - 29 

25 

6.4 - 49 

27 

10 - 40 

19 

8.4 - 61 

40 

7.7 - 41 

Rifampicin 

Median EC50 (M) (n) 

Max – Min 

1.5 (6) 

0.2 - 2.3 

2.0 (4) 

0.2 - 3.9 

1.1 (1) 

NA 

2.9 (4) 

0.2 - 4.3 

0.80 (6) 

0.1 - 1.3 

1.2 (6) 

0.18 - 3.5 

0.65 (6) 

0.3 - 1.8 

1.8 (6)  

0.73 - 3.7 

0.62 (6) 

0.5 - 1.4 

1.1 (6) 

0.5 - 7.8 

Median Emax (fold)  

Max - Min 

4.8 

1.3 - 15 
1.2 - 2.3 

8.75 

5.3 - 17 

4.9 

1.4 - 8.9 

6.9 

1.9 - 17 

3.7 

1.6 - 14 

9.3 

5.9 - 13 

11 

5.6 - 16 

11 

5.1 - 15 

11 

8.1 - 13 

CYP2C9 Rifampicin 

Median EC50 (M) (n) 

Max – Min 

0.2 (1) 

NA 
- 

0.29 (3) 

0.1 - 0.4 
- 

1.2 (3) 

0.11 - 8.7 
- 

0.20 (4) 

0.07 - 0.9 
- 

0.10 (6) 

0.08 - 1.1 
- 

Median Emax (fold)  

Max - Min 

1.3 

1.3 - 1.4 
- 

1.9 

1.8 - 5.5 
- 

2.7 

1.8 - 7.8 
- 

3.0 

2.2 - 6.6 
- 

3.3 

2.2 - 4.2 
- 

CYP3A4 

Efavirenz 

Median EC50 (M) (n) 

Max – Min 

4.6 (4) 

3.5 - 6.5 

2.3 (3) 

2.0 - 6.5 

8.4 (4) 

5.1 - 18 

11 (4) 

3.5 - 16 

7.2 (6) 

3.1 - 62 

13 (4) 

4.6 - 42 

8.2 (4) 

1.0 - 18 

4.77 (4) 

0.78 – 13.5 

3.9 (5) 

2.0 - 19 

7.90 (4) 

0.34 - 11 

Median Emax (fold)  

Max - Min 

2.2 

1.2 - 25 

1.8 

1.7 - 2.9 

8.8 

3.5 - 39 

5.9 

2.7 - 16 

11 

4.8 - 30 

13 

4.7 - 42 

14 

3.7 - 31 

11.6 

10 - 120 

15 

9.7 - 38 

13.1 

6.1 - 140 

Rifampicin 

Median EC50 (M) (n) 

Max – Min 

0.49 (5) 

0.06 - 0.76 
ND (0) 

0.50 (6) 

0.38 - 3.8 

0.7 (5) 

0.12 - 10 

0.65 (7) 

0.14 - 1.6 

0.37 (6) 

0.10 - 40 

0.43 (6) 

0.08 - 1.1 

0.28 (6) 

0.06 - 2 

0.38 (7) 

0.04 - 9.1 

0.23 (6) 

0.02 - 0.77 

Median Emax (fold)  

Max - Min 

5.7 

2.3 - 31 

1.5 

ND 

15 

3.5 - 44 

3.5 

1.1 - 6.6 

21 

4.8 - 50 

5.0 

2.2 – 15 

21 

10 - 50 

8.2 

5.4 - 29 

20 

5.8 - 67 

10.2 

5.3 - 31 
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Table 2: Summary of  % Positive Induction Response (> 2-fold Emax) at 6, 12, 24, 48, or 72 hours following 

treatment with prototypical inducers. Each value represents the % of donors yielding an Emax > 2-fold at each 

time point. 

 
 

% of Donors with > 2 –Fold Induction At Each Time Point 
 

ISOFORM INDUCER 6 12 24 48 72 

  
mRNA Activity mRNA Activity mRNA Activity mRNA Activity mRNA Activity 

CYP1A2 
Omeprazole 67 25 75 67 100 100 100 100 100 100 

Phenobarbital 40 50 80 75 60 75 67 100 57 86 

CYP2B6 

Efavirenz 86 0 100 0 100 0 100 100 83 100 

Phenobarbital 86 50 100 60 100 100 100 100 100 100 

Rifampicin 67 50 100 75 83 83 100 100 100 100 

CYP2C9 Rifampicin 0 ND 33 ND 75 ND 100 ND 100 ND 

CYP3A4 

Efavirenz 60 33 100 100 100 100 100 100 100 100 

Rifampicin 100 0 100 80 100 100 100 100 100 100 

 % Donors with > 10 –Fold Induction At Each Time Point 

Rifampicin 20 0 83 0 100 33 86 17 86 50 
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Table 3: Summary of Average Fold Error (AFE) Comparing Emax, EC50, or Emax/EC50 at Earlier 

Timepoints (6, 12, 24, or 48) to 72 hr.  AFE’s were summarized for each CYP isoform and 

respective inducers: CYP1A1 (omeprazole, phenobarbital), CYP2B6 (efavirenz, phenobarbital, 

rifampicin), CYP2C9 (rifampicin), CYP3A4 (efaverinz, rifampicin).  

Average Fold Error (AFE) of Parameter Estimate (Emax, EC50, or Emax/EC50) determined at 6, 12, 24, or 48hr  

Compared to Estimate at 72hr 

Parameter 

Estimate 

CYP 

Isoform 

6hr 12hr 24hr 48hr 

mRNA Activity mRNA Activity mRNA Activity mRNA Activity 

Emax 

AFE (n) 

CYP1A2  0.33 (7) 0.10 (6) 0.42 (8) 0.35 (7) 0.77 (10) 0.48 (8) 0.89 (10) 0.81 (13) 

CYP2B6 0.42 (20) 0.10 (7) 0.59 (15) 0.21 (9) 0.64 (18) 0.45 (10) 0.96 (18) 0.90 (13) 

CYP2C9 0.49 (2) - 0.84 (3) - 0.94 (4) - 1.0 (4) - 

CYP3A4 0.29 (9) 0.22 (4) 0.76 (9) 0.30 (9) 0.90 (12) 0.55 (10) 0.97 (12) 0.90 (10) 

Overall 

AFE (n) 
0.36 (38) 0.13 (17) 0.60 (35) 0.27 (25) 0.76 (44) 0.50 (28) 0.95 (44) 0.87 (36) 

% Within 

2-fold (n) 
39 (15)  0 (0) 51 (18) 28 (7) 68 (30) 36 (10) 86 (38) 89 (32) 

EC50 

AFE (n) 

CYP1A2 0.93 (5) 0.32 (6) 0.64 (8) 1.1 (7) 1.24 (10) 0.56 (7) 0.75 (10) 0.94 (12) 

CYP2B6 1.82 (19) 1.2 (8) 1.99 (12) 1.3 (9) 1.30 (18) 1.0 (11) 1.07 (18) 1.0 (12) 

CYP2C9 2.0 (1) - 1.1 (3) ND 2.4 (3) - 0.70 (4) ND 

CYP3A4 1.8 (8) 1.1 (3) 2.0 (9) 4.1 (9) 1.6 (12) 2.7 (10) 1.1 (10) 1.5 (10) 

Overall 

AFE (n) 
0.36 (38) 0.13 (17) 0.60 (35) 0.27 (25) 0.76 (44) 0.50 (28) 0.95 (44) 0.87 (36) 

% Within 

2-fold (n) 
42 (14) 35 (6) 44 (14) 32 (8) 49 (21) 21 (6) 70 (30) 44 (15) 

Emax/ 

EC50 

AFE (n) 

CYP1A2 0.32 (5) 0.34 (4) 0.32 (8) 0.54 (5) 0.35 (10) 0.68 (7) 0.45 (8) 0.84 (11) 

CYP2B6 0.21 (18) 0.083 (8) 0.20 (11) 0.16 (9) 0.52 (17) 0.42 10) 0.95 (16) 0.94 (13) 

CYP2C9 0.19 (1) - 0.77 (3) - 0.43 (3) - 1.4 (4) - 

CYP3A4 0.22 (7) 0.071 (2) 0.37 (9) 0.076 (8) 0.55 (12) 0.20 (10) 0.94 (10) 0.60 (10) 

Overall 

AFE (n) 
0.36 (38) 0.13 (17) 0.60 (35) 0.27 (25) 0.76 (44) 0.50 (28) 0.95 (44) 0.87 (36) 

% Within 

2-fold (n) 
19 (6) 14 (2) 48 (15) 18 (4) 55 (23) 41 (11) 87 (33) 59 (20) 
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Table 4: Two-sided large confidence intervals, based on a known %CV, for an observed Emax of 

100 (n=3).  

2-Sided 

Confidence 

Interval 

Level 

% CV 
Observed Emax 

Fold induction 

Lower Limit 

(Observed Fold 

Induction) 

Higher Limit (Fitted 

Emax) 

0.95 

0.1 100 88 112 

0.2 100 76 124 

0.3 100 67 133 

0.900 

0.1 100 90 110 

0.2 100 80 120 

0.3 100 72 128 

0.800 

0.1 100 92 108 

0.2 100 85 115 

0.3 100 78 122 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on November 2, 2020 as DOI: 10.1124/dmd.120.000055

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


56 “The paper received no external funding” 
 

Table 5: Comparison of AICc, Emax, and EC50 estimates determined for CYP3A4 induction 

mediated by rifampicin or efavirenz. Fold induction data was fitted from representative mean 

data generated from a single laboratory.  The corresponding plots for these fits are shown in 

Figure 9A (rifampicin) and 9B (efavirenz). 3P = Logistic 3-Parameter; 4P = Logistic 4-

Paramater; SIG = Sigmoidal 3-Parameter; Emax = Emax (Hill); HYP = Hyperbolic (One-Site) 

Rifampicin  

  3P 4P SIG 3P Emax HYP 

Emax 19.5 18.5 17.7 18.8 19.5 

EC50 (M) 0.340 0.328 0.287 0.303 0.328 

AICc 20.99 10.51 19.52 17.49 18.26 

AICc Delta  

From 

Lowest 

10.5 0.0 9.0 7.0 7.8 

AICc 

Weight 
0.00497 0.937 0.0104 0.0286 0.0194 

Efavirenz 

 
3P 4P SIG Emax HYP 

Emax 35.9 19.2 15.1 49.1 30.4 

EC50 (M) 14.5 4.94 3.60 26.5 10.2 

AICc -4.18 -13.2 -14.9 1.28 -1.36 

AICc Delta  

From 

Lowest 

10.7 1.7 0.0 16.2 13.6 

AICc 

Weight 
0.00327 0.296 0.700 0.000213 0.000799 
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Table 6: Comparison of DDI risk assessment for efavirenz using various approaches to estimate 

Emax and EC50. F2 = concentration that elicits 2-fold induction. R3 was calculated using equation 

10 (for logistic and sigmoidal 3P fits) or equation 11 (initial slope method). 

Modeling Approach Emax EC50 Emax/EC50 F2 R3  

Logistic 3P 38.5 16.5 2.327 0.45 0.27 

Sigmoidal 3P 15.1 3.60 4.197 0.62 0.20 

Logistic 3P with Emax 

Constrained to 

Observed Emax 

15.1 3.1 > 4.87 > 0.24 0.19 

Initial Slope  NA NA 1.5 ND 0.35 
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Table 7: Summary of average fold error of R3 determined using Emax and EC50 (Equation 10) 

estimated using Sigmoidal-3-Parameter fit compared to initial slope estimation of Emax/EC50 

(Equation 11)  

 

Inducer CYP 

R3 

(Emax and EC50 

R3 

(Initial Slope) 

Average Fold 

Error 

Omeprazole 1A2 0.226 ± 0.104 0.333 ± 0.145 0.685 

Efavirenz 3A4 0.202 ± 0.030 0.298 ± 0.0657 0.685 

Efavirenz 2B6 0.243 ± 0.161 0.249 ± 0.168 0.955 

Rifampicin 3A4 0.249 ± 0.223 0.201 ± 0.0733 0.823 

Overall   0.830 
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Figure 2 
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Figure 8 
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Supplemental Figure 1: Box and Whisker plots of model estimates of Emax for mRNA(A) or 

activity (B) following treatment of human hepatocytes with omeprazole, phenobarbital, 

efavirenz, or rifampicin for 6, 12, 24, 48, or 72 hr. Each solid circle represents the mean of 

triplicate determinations from a single experiment conducted at each laboratory.  
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Supplemental Figure 2: : Box and Whisker plots of model estimates of EC50 for mRNA(A) or 

activity (B) following treatment of human hepatocytes with omeprazole, phenobarbital, 

efavirenz, or rifampicin for 6, 12, 24, 48, or 72 hr. Each solid circle represents the mean of 

triplicate determinations from a single experiment conducted at each laboratory. 
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Supplemental Figure 3: Overall average %CV (for triplicate fold induction, across all donors)  

for each prototypical inducer at each time point, for mRNA and activity. Dotted line illustrates 

30% CV. 
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Supplemental Figure 4: Comparison of the absolute average fold error (AAFE) between the best 

model estimates (determined using the model with the lowest AICc) for Emax (A) or EC50 (B) and 

each respective model fit, for all CYP inducers and isoforms. 

  



Supplementary Tables 

Supplemental Table 1.  Donor demographics for human hepatocyte donors  

Hepatocyte 

donor # 

Vendor Gender/Age 

(yrs) 

Matrigel 

overlay 

(Y/N) 

385 Corning Male/39 Y 

Hu8123 Cellz Direct/In vitro life 

technologies 

Male/48 N 

HUM4080 Lonza Female/47 Y 

FOS BioIVT Male/34 Y 

YEM BioIVT Female/46 N 

BHL BioIVT Male/28 N 

NHI BioIVT Male/48 N 

Hu1624 Thermo Fisher Female/72 N 

BPB BioIVT Female/42 N 

 

 

Supplemental Table 2.  Inducer Test Concentrations 

Inducer Test Concentrations (µM) 

efavirenz 0.1 0.3, 1, 3, 5, 10, 20, 30 

omeprazole 1, 3, 10, 20, 30, 50, 100 

phenobarbital 10, 30, 100, 300, 900, 1500, 3000 

rifampicin 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 20 
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