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ABSTRACT 

The accuracy of in vitro inhibition parameters in scaling to in vivo drug-drug interactions (DDI) 

was examined for over 40 drugs using seven human P450 selective marker activities in pooled 

human liver microsomes.  These data were combined with other parameters (systemic Cmax, 

estimated hepatic inlet Cmax, fraction unbound, and fraction of the probe drug cleared by the 

inhibited enzyme) to predict increases in exposure to probe drugs, and the predictions were 

compared to in vivo DDI gathered from clinical studies reported in the scientific literature.  For 

drugs that had been tested as precipitants of drug interactions for more than one P450 in vivo, the 

order of inhibitory potencies in vitro generally aligned with the magnitude of the in vivo 

interactions.   With the exception of many drugs known to be mechanism-based inactivators, use 

of in vitro IC50, fraction of the affected drug metabolized by the target enzyme (fm(CYP)), and an 

estimate of free hepatic inlet Cmax was generally successful in identifying those drugs that cause at 

least a 2-fold increase in the exposure to P450 marker substrate drugs.  For CYP3A, incorporation 

of inhibition of both hepatic and intestinal metabolism was needed for prediction of DDI.  Many 

CYP3A inhibitors showed a different inhibitory potency for three different CYP3A marker 

activities, however, these differences generally did not alter the conclusions regarding whether a 

drug would cause a CYP3A DDI in vivo.  Overall, these findings support the conclusion that 

P450 in vitro inhibition data are valuable in designing clinical DDI study strategies and can be 

used to predict the magnitudes of DDI. 
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INTRODUCTION 

 Drug-drug interactions remain an important issue in clinical practice and the discovery 

and development of new drugs.  With our recently advanced knowledge of the human 

cytochrome P450 enzymes and their roles in drug metabolism, more systematic approaches to the 

study of drug interactions have evolved.  Previous to this knowledge, studies of drug-drug 

interactions for new drugs were carried out empirically; combinations of drugs chosen for 

investigation of drug-drug interactions were selected based on the potential for alteration in the 

pharmacokinetics or dynamics of a narrow therapeutic index drug (e.g. digoxin, theophylline, 

warfarin, phenytoin, etc) or if there was a high likelihood that the new drug would be frequently 

co-prescribed with another agent for a given condition.  However, with an increased 

understanding of drug metabolizing enzymes and their roles in the metabolism of specific drugs, 

a more mechanistic approach to assessing drug-drug interactions can be taken.  The results of 

clinical drug-drug interaction studies with one drug can be extrapolated to other drugs that are 

cleared by the same enzyme.   

 In vitro drug-drug interaction data are necessary for devising mechanistically-based 

clinical drug-drug interaction study strategies.  The effects of new drugs on well-characterized 

drug metabolism reactions known to be specific for various human drug-metabolizing enzymes 

are routinely examined using in vitro approaches.  Frequently, human liver microsomes, a rich 

source of human drug metabolizing enzymes such as cytochrome P450s, are used as an in vitro 

system.  Of the human P450 enzymes, five have been described to contribute to the metabolism 

of the vast majority of drugs compared to other enzymes.  These are CYP1A2, 2C9, 2C19, 2D6, 

and 3A4, albeit some other human P450 enzymes such as CYP3A5, 2B6, and 2C8 have recently 

been gaining increased attention as potentially important drug metabolizing enzymes. 

 In order to utilize in vitro data to develop strategies for in vivo drug interaction studies, a 

great deal of confidence must be placed in the capability to predict in vivo outcomes from in vitro 

information.  Numerous efforts have been made to predict the magnitude of in vivo interactions 
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from in vitro inhibition data, with varying degrees of success and failure.  In principle, this should 

be attainable, since the process of predicting the magnitude in vivo drug-drug interactions from in 

vitro data are founded in well-established pharmacokinetic theory.  Relating in vitro potency for 

inhibition of drug-metabolizing enzymes to in vivo concentrations of the inhibitor, along with 

other information  (e.g. plasma protein binding, dose, etc), should yield projections of the 

magnitudes of drug-drug interactions (Yao and Levy, 2002; Neal, et al., 2003; Venkatakrishnan, 

et al., 2003; Houston and Galetin, 2003; Blanchard, et al., 2004; Shou, 2005).  However, in 

practice this has not necessarily been the case.  Whether our lack of ability to do this for all drugs 

has been due to shortcomings in the gathering of accurate in vitro data or our lack of a complete 

understanding of the impact of in vivo phenomena (e.g. plasma protein binding, transporter 

mediated hepatic uptake, impact of intestinal metabolism, etc) on drug-drug interactions remains 

an active area of research (Venkatakrishnan, et al., 2003; Houston and Galetin, 2003; Benet, et 

al., 2003; Chien, et al., 2003; Ito, et al., 2004).  

 However, even if our present knowledge were not to allow accurate prediction of the 

magnitude of drug-drug interactions from in vitro inhibition data in all cases, at the very least 

these in vitro data should be able to indicate which enzymes will be more affected than others.  

While phenomena such as active uptake into hepatocytes or the relevance of plasma protein 

binding may confound the ability to get an accurate prediction of the magnitude of a drug-drug 

interaction such phenomena should confound this prediction for all of the hepatic drug 

metabolizing enzymes equally.  Therefore, the rank-order of in vitro inhibition potencies and 

magnitudes of in vivo drug-drug interactions should be the same.  If this premise is accepted, then 

by combining in vitro inhibition data with in vivo data targeting the most potently inhibited 

enzyme, the number of clinical drug-drug interaction studies needed to understand the interaction 

potential for a new drug should be able to be reduced.  Such a strategy has been described 

(Huang, et al., 1999).  Regardless of whether quantitative prediction of the magnitude of drug 
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interactions in vivo is possible, such an approach still leverages the mechanistically-based in vitro 

data to reduce the number of in vivo studies required. 

 The primary objectives of this work are to determine whether in vitro inhibition data can 

be used to quantitatively predict the magnitudes of DDI in vivo, and to identify which in vivo 

parameters are needed for accurate prediction.  While such exercises have been described for 

various individual drugs and enzymes, in the present report this was attempted across a wide 

range of drugs and for five different P450 enzymes.  Additionally, since it has been suggested that 

measurement of more than one substrate in vitro activity may be needed to identify CYP3A 

inhibitors (Kenworthy, et al., 1999; Bjornsson, et al., 2003), we sought to determine whether 

inhibition data from one of these in vitro activity assays is superior to the others.   
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METHODS 

Literature In Vivo Drug Interaction Data.  Most of the drugs that were selected for study had been 

tested in vivo in humans with selective probe drugs for at least three out of the following five 

enzymes: CYP1A2, 2C9, 2C19, 2D6, or 3A.  These drugs are well absorbed and have not been 

shown to be profoundly affected by drug transporters; i.e. Biopharmaceutics Drug Disposition 

Class 1 and 2 drugs (Wu and Benet, 2005).  The probes (object drugs) were: theophylline or 

clozapine (CYP1A2), tolbutamide or warfarin (CYP2C9), mephenytoin or omeprazole 

(CYP2C19), desipramine, metoprolol, or dextromethorphan (CYP2D6), midazolam, alprazolam, 

triazolam, buspirone, nifedipine, or simvastatin (CYP3A).  In cases in which the same 

object/precipitant pair was tested in more than one study, the study showing the greatest increase 

was utilized in order to apply the most conservative analysis.  Studies in which systemic AUC 

measurements were made to define the extent of the interaction were preferred followed by those 

reporting changes in other systemic exposure parameters (e.g. Cmax, Cmin, t1/2).  If the only data 

available were urinary activity indices (e.g. dextromethorphan/dextrorphan or S-/R-mephenytoin 

metabolic ratios, or 4’-hydroxymephenytoin urinary recovery) these were utilized.  Whenever 

available, drug interaction data from simultaneous oral administration were preferentially utilized 

vs other modes of administration.  Extensive literature searching yielded 21 precipitant drugs that 

met these criteria.  These were: cimetidine, citalopram, clarithromycin, diltiazem, disulfiram, 

erythromycin, fluconazole, fluoxetine, fluvoxamine, ketoconazole, metronidazole, nefazodone, 

paroxetine, propranolol, ranitidine, risperidone, roxithromycin, sertraline, terbinafine, ticlopidine, 

and troleandomycin.   

 Data for an additional set of 23 drugs that had been tested as potential inhibitors of 

CYP3A in clinical studies were also collected.  These, combined with the aforementioned drugs, 

were used to assess the quantitative prediction of drug interactions occurring at CYP3A4.  

Finally, to increase the number of drugs that cause an interaction in vivo at CYP1A2, 2C9, 2C19, 

and 2D6, in vivo interaction data were gathered for enoxacin (CYP1A2), dicumarol and 
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sulfaphenazole (CYP2C9), moclobemide (CYP2C19), and quinidine and diphenhydramine 

(CYP2D6).  

In Vitro Data.  Since in vitro inhibition constants can differ when measured in different 

laboratories, depending on various experimental details, these data were collected experimentally 

for the precipitant drugs using assays for five human P450s.  The inhibition data were gathered 

using previously described validated methods (Walsky and Obach, 2004) for CYP1A2 

(phenacetin O-deethylase), CYP2C9 (diclofenac 4’-hydroxylase), CYP2C19 (S-mephenytoin 4’-

hydroxylase), CYP2D6 (dextromethorphan O-demethylase), and CYP3A (testosterone 6β-

hydroxylase, midazolam 1’-hydroxylase, and felodipine dehydrogenase).  Human liver 

microsomes pooled from 53 individual donors were used as the source of enzyme activity.  

Protein concentrations employed were at or below 0.03 mg/mL (except for CYP2C19 which was 

run at 0.2 mg/mL) in order to keep non-specific binding to microsomes to a minimum.   IC50 

values were measured using the substrates at a concentration equal to previously determined KM 

values (Walsky and Obach, 2004).  Inhibitors were examined up to a maximum concentration of 

300 µM.  IC50 curves were fit using Sigma Plot (v8; SPSS, Chicago, IL).  Since inhibition 

experiments were conducted at a substrate concentration equal to KM in all cases, IC50 values 

were converted to Ki values by dividing by two and assuming competitive inhibition. 

Predictions of Drug Interactions for CYP1A2, 2C9, 2C19, and 2D6.  For competitive inhibitors, 

the magnitude of the increase in exposure is related to the inhibitory potency (Ki), the 

concentration of inhibitor in vivo ([I]in vivo), and the fraction of the clearance of the affected drug 

that occurs via metabolism by the inhibited P450 enzyme (fm(CYP)).  This relationship has been 

previously described (Rowland and Matin, 1973; Ito, et al., 2005): 
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( )m(CYP)
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K
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AUC

AUC

CL

CL

+





























+

==   (Equation 1) 

Values for fm(CYP) for the standard in vivo probes for CYP enzymes were estimated as follows.  

For CYP2C9, 2C19, and 2D6, studies of exposure differences for probe substrates between 

extensive and poor metabolizers can provide a reasonable estimate of fraction metabolized 

(Scordo, et al., 2002; Kirchheiner, et al., 2002; Yasui-Furukori, et al., 2004; Kupfer, et al., 1984; 

Lennard, et al., 1983; Brosen, et al., 1993).  Values used for fm(CYP) for CYP2C9 were 0.78, 0.91, 

and 0.45 for tolbutamide, S-warfarin, and rac-warfarin, respectively, for CYP2C19 were unity 

and 0.87 for S-mephenytoin and omeprazole, respectively, and for CYP2D6 were 0.9, 0.8, and 

unity for desipramine, metoprolol, and dextromethorphan/dextrorphan urinary ratio, respectively.  

For theophylline and clozapine, estimates of the contribution of CYP1A2 to total clearance (0.8 

and 0.6, respectively) were made using a combination of quantitative human metabolism data 

reported from subjects receiving radiolabelled drugs (Monks, et al., 1979; Dain, et al., 1997) and 

in vitro data describing P450 enzymes involved in metabolic pathways.   

 Four different values for [I]in vivo were tested for each inhibitor to determine which was 

the best value to use.  These were the total systemic Cmax, free systemic Cmax, total hepatic inlet 

Cmax estimated after oral administration, and free hepatic inlet Cmax.  Estimated maximum hepatic 

inlet concentrations for the inhibitors were calculated according to Kanamitsu, et al (2000): 

h

aa
maxinlet max, Q

FkD
 CC

••
+=   (Equation 2) 

in which Fa is the fraction of the inhibitor passing through the intestine unchanged (product of 

fraction absorbed and fraction unmetabolized by the intestine), ka is the absorption rate constant, 

D is dose, and Qh is human hepatic blood flow (21 mL/min/kg).  Values for Fa for each of the 

inhibitors were estimated from literature values of oral bioavailability and hepatic extraction, with 
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the latter value derived from intravenous clearance and hepatic blood flow.  In the absence of 

such data, a value of unity was assumed as the most cautious possibility.  A value of 0.03 min-1 

was used for ka for all drugs. 

Predictions of Drug Interactions for CYP3A.  For the other CYP enzymes described in the 

preceding section only the hepatic contribution was considered, however for CYP3A a 

contribution from gut was also considered.  The relative contributions of intestinal and hepatic 

CYP3A to the extraction of the probe substrates were as follows: midazolam Fg = 0.57, Fh = 0.56; 

triazolam: Fg = 0.64, Fh = 0.25; alprazolam: Fg = 0.99, Fh = 0.89; buspirone: Fg = 0.21, Fh = 0.24; 

simvastatin: Fg = 0.66, Fh = 0.67; nifedipine: Fg = 0.74, Fh = 0.55.  These estimates were made 

from reports on pharmacokinetics after administration to anhepatic patients, or combination of 

clearance from intravenous administration and oral bioavailability, or from estimates of hepatic 

and intestinal intrinsic clearance.  Values used for clearance (CLiv) for midazolam, triazolam, 

alprazolam, nifedipine, simvastatin, and buspirone of 6.6, 5.6, 0.74, 7, 7, and 19 mL/min/kg, 

respectively, along with fu values of 0.02, 0.10, 0.29, 0.04, 0.06, and 0.05, respectively.  The 

amount of CYP3A in the intestine has been reported to be about 1% of that in the liver 

(Thummel, et al., 1997; Yang, et al., 2004).  For all of the CYP3A probe substrates, a value for 

fm(CYP3A) was assumed to be 0.93, except for alprazolam in which a value corrected for the 

percentage excreted unchanged in urine of 20% (Garzone and Kroboth, 1989) was accounted for 

yielding a value for fm(CYP3A) of 0.74.  The 0.93 values were estimated by assuming that 400 

mg/day of ketoconazole causes complete inhibition of CYP3A in vivo, and that the remaining 

capability to clear these drugs is via other processes.  The effect of CYP3A inhibitors on the 

intestinal first-pass intrinsic clearance was estimated from: 

i

gg,int,

inhg,int,

K

[I]
1

1

CL

CL

+
=   (Equation 3) 
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in which the term [I]g refers to the estimated concentration of inhibitor in the intestinal wall 

during the absorption phase and was estimated as the dose given at each occurrence (i.e. dose/day 

divided by the times dosed per day) using a value of 248 mL/min for Qg (Rostami-Hodjegan and 

Tucker, 2004). 

g

aa
g Q

FkD
 [I]

••
= (Equation 4)  

The term CLint,g,inh/CLint,g was entered into the following expression for intestinal extraction ratio 

(Wang, et al., 2004): 

( )













•+

=

gint,

inhg,int,
gg

g

inhg,

CL

CL
F-1F

1

F

F
  (Equation 5) 

 The effect on hepatic intrinsic clearance was predicted as it was done for the other P450s, using 

values for [I]in vivo of systemic or estimated hepatic inlet; total or unbound (Equation 1) and the 

effects on intestinal and hepatic CYP3A mediated metabolism were combined as a product 

(Wang, et al., 2004): 

( )m(CYP3A)

i

in vivo

m(CYP3A)

g

inhg,

control

inhibited

f-1

K

[I]
1

f

1

F

F
   

AUC

AUC

+





























+

•=   (Equation 6) 

Other Calculations.  Mean-fold errors of prediction methods were calculated as: 

sprediction ofnumber 

DDI actual

DDI predicted
log

10 Error  FoldMean 

∑

=










 (Equation 7) 

and 

( )
sprediction ofnumber 

DDI observed-DDI predicted
  RMSE

2
∑=  (Equation 8) 

as measures of bias and precision, respectively. 
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RESULTS 

 Overall Trends.  In vitro inhibition data for all five P450 enzymes are listed in Tables 1 

and 2.  Drugs with the lowest IC50 values include ketoconazole, itraconazole, ritonavir, quinidine, 

terbinafine, and fluvoxamine, which all possessed values below 0.1 µM for one of the P450 

enzymes.  The corresponding in vivo drug interaction data with references are listed in the 

Supplemental Information.   

 A simple relationship between inhibitory potency and the magnitude of the DDI is 

presented in Figure 1.  With two exceptions (disulfiram, dicumarol), all inhibitors possessing in 

vitro potency values (IC50) below 1 µM demonstrate drug interactions of at least 2-fold, a cutoff 

that has been designated as being potentially clinically relevant (Tucker, et al., 2001).  However, 

there were some inhibitors that did not demonstrate high in vitro potency yet still had been shown 

to cause drug interactions of greater than 2-fold.  These include several CYP3A inhibitors known 

to cause irreversible inactivation (e.g. clarithromycin, erythromycin, diltiazem) as well as some 

drugs that attain high concentrations in vivo (e.g. fluconazole, cimetidine).  Thus, while in vitro 

potency can provide some indication of the potential to cause drug interactions in vivo, there are 

clearly exceptions to this.         

  Correspondence of the Order of In Vitro and In Vivo Potencies.  For any single drug, the 

most potently inhibited enzyme in vitro should also be the one most affected in vivo, provided the 

affected drugs are largely cleared by the inhibited enzyme.  In vivo DDI data used for this 

analysis was purposefully selected for probe substrates that are mostly cleared by one P450 

enzyme (e.g. midazolam, tolbutamide, desipramine, etc).  For the total set of inhibitor drugs in 

this analysis, twenty-one had reports in the scientific literature describing DDI data for at least 

three CYP selective probe substrates.  A summary of this analysis is in Table 3.  For small in vivo 

interactions and low potency in vitro interactions, a precise correspondence in order may not be 
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observed, but such minimal interactions are not considered important.   For three of the drugs, 

cimetidine, fluvoxamine, and troleandomycin, the rank order of in vitro potency values were 

incorrect such that a meaningful in vivo DDI (i.e. >2X increase) could have been missed had a 

ranking of potencies been relied upon to design clinical DDI study strategy.  For cimetidine, 

inhibition of CYP2D6 in vitro is greater than for CYP3A, yet the in vivo DDI with the greatest 

magnitude is a 2.2-fold increase in triazolam (a CYP3A probe substrate).  For fluvoxamine, the in 

vitro potency values for CYP1A2 and 2C19 are the reverse of the magnitudes of the interactions 

for theophylline (CYP1A2) and mephenytoin (CYP2C19) and the 2.4-fold increase in buspirone 

(CYP3A) may not have been expected since the in vitro potency of fluvoxamine for CYP2D6 is 

greater than that for CYP3A.  Finally, for troleandomycin, the most potent interaction is with 

CYP3A, consistent with the potent inhibition of midazolam clearance in vivo, but the in vitro and 

in vivo potencies for CYP1A2 and 2C19 are reversed.  However, excepting these three drugs, 

rank orders for in vitro and in vivo potencies matched (18 of 21 drugs assessed).       

 Quantitative Prediction of DDI from In Vitro Data: CYP1A2, 2C9, 2C19, and 2D6.  

Comparisons of in vivo DDI to predictions of DDI made from in vitro data for CYP1A2, 2C9, 

2C19, and 2D6 are listed in Tables 4-7, respectively.   

 CYP1A2 Interactions.  Of the 22 drugs examined, fluvoxamine and enoxacin caused the 

largest increase in exposure to a CYP1A2 cleared drug (a 3.3- and 3.7-fold increase in 

theophylline; (Wijnands, et al., 1986; Rasmussen, et al., 1997).  The interaction with fluvoxamine 

was well-predicted from in vitro data (Table 4), but that for enoxacin was not.  Two-fold effects 

caused by propranolol and troleandomycin would not have been expected from in vitro data.  

Using systemic (free or total) or free hepatic inlet concentrations yielded the highest accuracy of 

identifying drugs that could cause a 2-fold increase in CYP1A2 cleared drugs (Table 4).  It is 

interesting to note that CYP1A2 interactions with theophylline and clozapine would be grossly 

over estimated in some cases if the fm(CYP1A2) values were not included in the predictions.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 28, 2005 as DOI: 10.1124/jpet.105.093229

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #93229 

  14

 CYP2C9 Interactions.  Twenty drugs had been tested for effects on warfarin or 

tolbutamide pharmacokinetics, with the only drugs shown to cause a greater than 2-fold increase 

being fluconazole and sulfaphenazole (Table 5).  Fluconazole interactions were predicted to be 5 

to 6-fold, depending on whether systemic or estimated hepatic inlet concentrations were used; 

these predictions were greater than the 4.3-fold decrease in (S)-7-hydroxywarfarin observed with 

coadministration with 300 mg fluconazole.  For sulfaphenazole, predicted interactions were 

mostly independent of which value for [I]in vivo was used (4.5-fold) and were very close to the 

actual interaction (5.0-fold).  This is consistent with a previous report of predictions of drug 

interactions from in vitro data for sulfaphenazole (Komatsu, et al., 2000).  

 CYP2C19 Interactions.  Of the drugs examined eleven were examined in omeprazole or 

mephenytoin interaction studies.  Of these, four had demonstrated interactions resulting in a 2-

fold or greater magnitude.  Three of these, fluconazole, fluvoxamine, and ticlopidine, would have 

been predicted from in vitro data, while the 2.1-fold increase in omeprazole exposure upon 

coadministration of clarithromycin would not have been expected since clarithromycin 

demonstrated little to no effect on CYP2C19 activity in vitro (Table 6).  While this could be due 

to an effect of clarithromycin on the CYP3A catalyzed pathway of omeprazole metabolism, this 

is not likely since ketoconazole, which also potently inhibits CYP3A, did not cause a marked 

effect on omeprazole pharmacokinetics (Bottiger, et al., 1997).  

 CYP2D6 Interactions.  Fourteen drugs in this dataset had been tested as inhibitors of 

CYP2D6 in vivo (Table 7).  Of these, the prediction of interactions greater than 2-fold was 

scattered.  The 10-fold increase in desipramine caused by fluoxetine was not well-predicted.  

However, in other work, we have shown that fluoxetine demonstrates substantial non-specific 

binding in vitro, even at low concentrations of microsomes such as that used in this study, which 

can yield overestimates of inhibition constants (Margolis and Obach, 2003).  Correction for this 

factor can substantially improve the prediction accuracy.  For paroxetine, inhibition is known to 

be irreversible and mechanism-based (Bertelsen, et al., 2003), and application of the equations for 
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reversible inhibition would be inappropriate (see discussion below).  In fact, in a recent analysis, 

application of a prediction model that accounts for mechanism-based inhibition yields an 

excellent prediction of drug interactions caused by paroxetine on CYP2D6 cleared drugs 

(Venkatakrishnan and Obach, 2005).  Terbinafine and quinidine were the other known CYP2D6 

inhibitors tested, and the in vitro data yielded good predictions of the magnitude of effect on 

desipramine exposure caused by these drugs. 

 Overall, these data suggest that for P450s predominantly residing in the liver, in vitro 

data can be used to predict the magnitude of drug interactions in vivo.  Exceptions to this include 

those drugs known to be mechanism-based inactivators, which would be expected to require 

appropriate in vitro inactivation data for accurate prediction rather than simple reversible 

inhibition data.  The average fold-error of prediction of drug interaction magnitude ranged from 

1.33 to 1.52 fold (Table 8), irrespective of which value was used for [I]in vivo, however this could 

be misleading as many of the interactants tested demonstrate less than 2-fold increases.  If only 

those interactants causing a greater than 2-fold increase are included, the mean-fold error ranges 

from 1.70-2.28. These measures of bias (MFE) along with a comparison of precision values 

(RMSE) support the use of estimated free hepatic inlet Cmax as the best value used for [I]in vivo 

(Table 8), however, total systemic Cmax performed almost equally well.  Use of total hepatic inlet 

Cmax or unbound systemic Cmax generally yielded over- and underpredictions, respectively.  Plots 

of predicted DDI using various values for [I]in vivo vs actual DDI are in Figure 2. 

 Quantitative Prediction of DDI from In Vitro Data: CYP3A.  Table 9 lists the in vitro 

inhibition data for 42 drugs for three CYP3A activities along with predictions of in vivo 

interactions and the actual interaction.  The most potent of the three in vitro interactions was used 

to make the prediction.  As with the other P450s, four possibilities for [I]in vivo were tested for the 

component of hepatic inhibition and combined with estimated inhibitor concentrations in the 

intestine, yielding four predictions of CYP3A interactions.  Of the 42 drugs, there were sixteen 

that caused interactions of 2-fold or greater and 26 that did not.  Several of these interactions were 
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profound, such as 18X, 17X, and 20X interactions caused by itraconazole, ketoconazole, and 

ritonavir, respectively. 

 Four values for [I]in vivo were used for prediction of the hepatic CYP3A component, and 

combined with the intestinal component in predicting the magnitude of CYP3A mediated 

interactions.  Of these four, use of the unbound estimated hepatic inlet Cmax values was generally 

most accurate (Table 8).  While mean fold errors (bias) were similar for predictions made using 

total systemic Cmax or unbound hepatic inlet Cmax, the RMSE values (precision) for prediction 

showed an advantage of using the unbound hepatic inlet Cmax for the prediction.  These latter 

values were superior to those obtained when using other values for [I]in vivo.  Also, ignoring the 

contribution of inhibition of intestinal CYP3A in the prediction of the magnitude of drug 

interactions yielded less accurate predictions; the mean-fold error for interactions >2X rose from 

1.87 to 2.61 and the root mean squared error (RMSE) increased from 4.13 to 5.76, when using 

unbound hepatic inlet Cmax for [I]in vivo.  When the total hepatic inlet Cmax value was used for [I]in 

vivo, ignoring the contribution of the intestine was not detrimental, likely due to two errors in 

calculation compensating each other, i.e. employing an unrealistically high value for [I]in vivo 

available to inhibit the hepatic CYP3A balanced by ignoring the effect on intestinal CYP3A. 

 The use of estimated total hepatic inlet concentrations clearly yielded many gross over-

predictions of the magnitude of interaction, and this approach is not recommended.  However, 

other approaches, such as the use of estimated free hepatic inlet concentrations which performed 

reasonably with the other P450 enzymes, failed to predict several important CYP3A interactions.  

Many of the drugs that cause interactions with CYP3A substrates are mechanism based 

inactivators, such as clarithromycin and diltiazem (Jones, et al., 1999; Mayhew, et al., 2000; Ito, 

et al., 2003), erythromycin (Ito, et al., 2003; McConn, et al., 2004), mibefradil (Prueksaritanont, 

et al., 1999), nefazodone (Kalgutkar, et al., 2005), nelfinavir, ritonavir, and saquinavir (Ernest, et 

al., 2005; Koudriakova, et al., 1998), and verapamil (Wang, et al., 2004).  With some exceptions, 

drug interactions caused by these inactivators tended to be under predicted using estimates of free 
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hepatic inlet concentrations.  Also, for itraconazole, an unusual phenomenon, the inhibition of 

CYP3A caused by metabolites prior to release, has been reported to confound the prediction of 

the magnitude of drug interactions caused by this drug (Isoherannen, et al., 2004).  Drugs that do 

not cause CYP3A interactions in vivo were well-predicted using systemic Cmax or free hepatic 

inlet concentrations.  The most successful approach overall for predicting CYP3A interactions 

was through the use of estimated free hepatic inlet Cmax concentrations.  However, this is limited 

since reversible inhibition data for known mechanism-based inactivators was used in the 

predictions.  

  A comparison of inhibition of testosterone, midazolam, and felodipine activities was also 

made.  Many of the inhibitors showed a large difference in inhibitory potency for the different 

activities.  Most notable was cyclosporin, for which IC50 values of 4.5, 1.4, and >300 µM for 

testosterone, midazolam, and felodipine activities were measured, respectively (Table 2).  Other 

drugs for which there was at least a 4-fold spread between the highest and lowest IC50 values for 

CYP3A inhibition included atorvastatin, buspirone, erythromycin, nefazodone, omeprazole, 

quinidine, fluoxetine, clarithromycin, diltiazem, troleadomycin, itraconazole, and roxithromycin.  

Of these drugs that showed such a difference, midazolam hydroxylase appeared to be most 

frequently the most potently inhibited activity followed by testosterone and felodipine.  While 

there were a few cases in which felodipine was the most potently inhibited activity (e.g 

saquinavir), in none of these cases was the IC50 for felodipine activity uniquely low compared to 

the other two.  While some differences can be observed in in vitro inhibition potency for the three 

CYP3A activities, there were very few cases in which the in vitro CYP3A inhibition data yielded 

predictions of drug interaction magnitudes that would be interpreted differently.  Clearly, if 

felodipine activity were the one used to judge whether cyclosporine would cause drug 

interactions with CYP3A cleared drugs it would be predicted that no interaction would occur 

(AUCi/AUC = 1.02), while a 2.55-fold interaction with simvastatin caused by cyclosporine has 

been reported.  However, the use of the IC50 for midazolam using the unbound hepatic inlet or 
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total systemic concentration of cyclosporine yields a predicted increase of 1.7-2.5 fold for 

simvastatin exposure (Table 9).  The only other drugs for which IC50 values were different for the 

three CYP3A activities such that it would be possible to predict a different outcome for in vivo 

drug interactions (i.e. interaction of >2X vs <2X) were fluvoxamine, erythromycin, nefazodone, 

and mibefradil.  Overall, midazolam 1’-hydroxylase and testosterone 6β-hydroxylase appeared to 

be slightly more predictive of CYP3A mediated drug interactions than felodipine dehydrogenase 

(Table 10).  
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DISCUSSION 

 In the past fifteen years, our understanding of the human cytochrome P450 enzymes has 

increased to the point where the mechanistic underpinnings of drug-drug interactions are well 

understood.  Specific drug metabolism reactions are attributed to specific P450 enzymes and 

several drugs have been identified as having a substantial fraction of total clearance catalyzed by 

a single enzyme.  Gathering in vitro inhibition data using human liver microsomes has become a 

commonplace activity in the search for new drugs that will not cause serious pharmacokinetic 

drug-drug interactions.  However, to date a broadly applicable method whereby quantitative 

predictions of the magnitude of drug interactions can be made has remained elusive.  A general 

observation that drugs which have Ki values below 1 µM tend to cause DDI in vivo has been 

made (Wrighton, et al, 2000).   Some reports exist wherein a correlation was made between in 

vivo DDI and in vitro inhibition data for one or a few drugs.  However, broad and comprehensive 

analyses have not been routinely reported.  Ito et al., (2004) compared a literature database of in 

vitro inhibition data and in vivo DDI data and found a general correlation, but actual predictions 

of the magnitudes of DDI were not made.        

 The greatest uncertainty in predicting the magnitude of in vivo drug interactions resides 

in the values used for [I]in vivo.  The most appropriate value would be the concentration available 

to the enzyme in the liver, however such a value cannot be determined in vivo.  Possibilities of 

surrogate in vivo concentrations that could be used include the free or total systemic 

concentrations, or free or total estimated hepatic inlet concentrations estimated to occur during 

the absorption phase after oral administration.  Classic pharmacologic theory would favor the 

“unbound drug hypothesis;” drawing analogy to CYP enzymes being pharmacological targets no 

different from others.  However, others have pointed toward the usefulness of estimated total 

hepatic concentrations as being of use in making in vitro-in vivo correlations for metabolic drug 

interactions (Von Moltke, et al., 1994).  The possibility of discordance between free systemic (or 

hepatic inlet) and free intra-hepatic concentrations arising from active uptake processes, which 
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would complicate the prediction of magnitudes of drug interactions from in vitro inhibition data, 

is likely to be important, however incorporating such a possibility was beyond the scope of this 

treatment.  In the present analysis, systemic and estimated hepatic inlet concentrations, along with 

free and total concentrations, were considered for [I]in vivo (Figure 2).  Overall, the use of 

estimated unbound hepatic inlet Cmax during the absorptive phase yielded the most accurate 

predictions of the magnitudes of DDI.  However, even this likely represents an oversimplification 

of the actual situation since concentrations of both substrate and inhibitor would be constantly 

changing over time and for many inhibitors active uptake and efflux processes in hepatocytes will 

influence the intracellular concentration of the inhibitor.   

 Unlike CYP1A2, 2C9, 2C19, and 2D6, CYP3A offers other complicating factors.  First, 

CYP3A activities measured in human liver microsomes actually comprise a composite of two 

enzymes: CYP3A4 and 3A5.  While some work has been reported regarding the activities of 

these two enzymes for various CYP3A substrates, a clear understanding of the contribution of 

each in pooled human liver microsomes is not yet available.  Second, from a comprehensive 

dataset, it has been proposed that CYP3A4 possesses three substrate binding types (Kenworthy, et 

al., 1999) such that inhibitors may act differently toward some CYP3A substrates and not others.  

From this phenomena, the question arises as to whether in vitro inhibition data gathered using one 

substrate are different from data gathered using another with regard to prediction of in vivo drug 

interactions.  To address this question, inhibition data were gathered for the same set of inhibitors 

on three CYP3A activities: testosterone 6β-hydroxylase, midazolam 1’-hydroxylase, and 

felodipine dehydrogenase activities which represent the aforementioned three substrate binding 

types.  Third, CYP3A4 is present in the intestine and this tissue has been demonstrated to 

contribute a substantial portion to first-pass extraction of some CYP3A cleared drugs.  The 

methods employed for predicting drug interactions from in vitro data for the other P450 enzymes 

only considered the liver.  However, the in vivo probe substrates: midazolam, triazolam, 

alprazolam, nifedipine, simvastatin, and buspirone, all have different relative contributions of gut 
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and liver to exposure after oral administration.  By applying equation 6 (Wang, et al., 2004), the 

effect of inhibitors on CYP3A in the intestine can be included for drugs like midazolam and 

buspirone, which undergo considerable intestinal metabolism after oral administration, while the 

effect on intestinal metabolism for drugs like alprazolam will be blunted since the intestine plays 

a more minor role than the liver in the metabolic clearance of alprazolam.  This is important when 

considering CYP3A cleared drugs. 

 Accounting for these complexities, particularly the effect of the intestine, appeared to 

improve the DDI predictions for CYP3A inhibitors.  However, several were still underpredicted, 

likely due to the fact that several are CYP3A mechanism based inactivators.  With some 

exceptions, drug interactions caused by these inactivators tended to be under predicted using 

estimates of free hepatic inlet concentrations.  For mechanism-based inactivators, it has been 

shown that other in vitro drug interaction parameters (i.e. kinact and KI) and equations are 

necessary (Mayhew, et al., 2000; Wang, et al., 2004).  Preliminary data have shown that a simple 

measurement of IC50 after a 30-minute preincubation of inactivator with microsomes and 

NADPH yields values that predict the magnitude of drug interactions caused by mechanism-

based inactivators (data not shown).  A comprehensive investigation of inactivators (for CYP3A 

and other P450 enzymes) and prediction of drug interactions is presently underway and will be 

reported in due course. 

 A comprehensive in vitro assessment of substrate specificity of CYP3A inhibitor effects 

(Kenworthy, et al., 1999) has provided evidence in support of the concept of different 

testosterone-like dihydropyridine-like and benzodiazepine-like substrate classes.  Consistently, 

meaningful differences in potency between the three index reactions for several inhibitors were 

observed in our study.  However, in this reasonably sized dataset (N = 42 drugs with 16 drugs 

producing a >2-fold interaction magnitude), it was not clear that one substrate provided 

substantially superior performance in predicting DDI (Table 10).  Analysis of the DDI predictions 

made from in vitro data from the three different substrates suggested different conclusions 
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depending on the statistical approach employed.  For example, if categorizing DDI on the basis of 

a 2-fold cutoff, midazolam data provided the greatest percentage of success followed by 

testosterone then felodipine.  But if using MFE, testosterone was best followed by midazolam 

then felodipine and if using RMSE, testosterone was best but midazolam was worst.  Since these 

data are limited to 16 drugs for which >2X interactions are observed, and since many of these are 

mechanism-based inactivators, it cannot be concluded that one CYP3A activity is vastly superior 

to the others and the continued monitoring of the prediction accuracy of the three in vitro 

activities is warranted.  This is similar to other recently reported findings (Galetin, et al., 2005).   

 Summary.  The following overall conclusions can be made from this analysis:  (1) A 

crude comparison of in vitro inhibition potency and magnitude of drug interactions demonstrated 

that in almost all cases, if the inhibitory potency was ≤ 1 µM, an in vivo drug-drug interaction 

would be observed, however if the inhibitory potency was >10µM there still is the possibility that 

the drug could cause an interaction (Figure 1).  Thus, predicting drug-drug interactions from in 

vitro potency data alone is not advocated.  (2) For any given drug, the order of potency values for 

different P450 enzymes generally lines up with the magnitude of DDI in vivo with selective 

probe substrates for these enzymes.  Out of 21 drugs, 18 demonstrated this relationship.  (3) 

Through the use of Equation 1 which includes fm(CYP) as an important component (Ito, et al., 

2005), in vitro inhibition data can be reliably used to identify those drugs likely to cause in vivo 

drug interactions with CYP1A2, 2C9, 2C19, and 2D6.  However, this requires several 

simplifications: an assumption that the estimated unbound hepatic inlet Cmax value is the most 

meaningful in vivo concentration to use in the equation, the mechanism of inhibition is not 

irreversible mechanism-based inactivation, there are no metabolites of the inhibitors that also 

possess inhibitory activity, and that the magnitude of non-specific binding in vitro under the 

conditions used to measure the marker substrate activities is negligible and hence does not affect 

the measurement of inhibitory potency value.  Furthermore, our analysis has ignored the potential 

impact of active uptake and efflux by the liver since the in vitro system used was liver 
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microsomes.  For some compounds, the interplay between metabolism and transport would be 

expected to have an impact on the magnitude of DDI if the drugs under consideration are 

substrates/inhibitors for both processes.   It could be proposed that intact hepatocytes would be a 

superior system to use for prediction of DDI from in vitro inhibition experiments because this 

system would have uptake/efflux mechanisms.  However the data presented in this report suggest 

that liver microsomal systems yield acceptable inhibition data for prediction of DDI as shown in 

the plot of the predicted DDI (using unbound hepatic inlet Cmax) vs actual DDI in Figure 2.  (4) 

For CYP3A inhibitors, effects on both hepatic and intestinal metabolism should be considered.  

While differences in in vitro inhibitory potency were observed for different CYP3A substrates for 

many of the inhibitors tested in this study, few of these resulted in a different prediction of the 

magnitude of CYP3A mediated drug interactions.       
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FIGURE LEGENDS 
 
Figure 1.  Bar graph of the magnitude of drug interactions vs in vitro inhibitory potency. 

Figure 2.  Predicted magnitude of DDI vs actual DDI magnitude.  The values used for [I]in vivo 

were total systemic Cmax (upper left), unbound systemic Cmax (upper right), estimated total hepatic 

inlet Cmax (lower left) and estimated unbound hepatic inlet Cmax (lower right).  Symbols: 

reversible inhibitors: Ο; known mechanism-based inactivators: ∇; inhibitors with known 

inhibitory metabolites: �.  Dashed lines represent the boundaries of 2-fold interactions and the 

solid diagonal line is a line of unity. 
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TABLE 1.  Summary of In Vitro Inhibition Data for CYP1A2, 2C9, 2C19, and 2D6 for 27 Drugs.  

Values represent the mean +/- SE.  When IC50 was greater than 300 µM, the percent inhibition 

value at 300µM was included (in parentheses).   ND, not determined. 

 

 

 

 

 

 

 IC50 (µM) 
Drug CYP1A2 CYP2C9 CYP2C19 CYP2D6 
cimetidine >300 (16%) >300 (22%) 100 ± 10 130 ± 10 
citalopram >300 (7%) >300 (20%) >300 (41%) 30 ± 3 
clarithromycin >300 (8%) >300 (4%) >300 (11%) >300 (6%) 
dicumarol ND 0.21 ± 0.01 ND ND 
diltiazem >300 (4%) 330 ± 15 170 ± 10 >300 (43%) 
diphenhydramine ND ND ND 12 ± 1 
disulfiram 1.3 ± 0.3 0.96 ± 0.32 5.5 ± 1.1 12 ± 2 
enoxacin 220 ± 20 ND ND ND 
erythromycin >300 (9%) >300 (6%) >300 (16%) >300 (4%) 
fluconazole >300 (17%) 11 ± 1 5.8 ± 0.2 170 ± 20 
fluoxetine 240 ± 70 33 ± 6 14 ± 2 0.27 ± 0.02 
fluvoxamine 0.035 ± 0.003 6.1 ± 0.2 0.35 ± 0.01 5.2 ± 0.7 
ketoconazole 25 ± 9 5.9 ± 0.6 9.4 ± 1.2 28 ± 6 
metronidazole >300 (12%) >300 (0%) >300 (1%) >300 (0%) 
moclobemide ND ND 160 ± 5 ND 
nefazodone 52 ± 15 17 ± 2 20 ± 5 11 ± 2 
paroxetine 8.4 ± 0.5 130 ± 20 22 ± 4 0.32 ± 0.02 
propranolol 17 ± 2 >300 (18%) 79 ± 16 6.6 ± 0.2 
quinidine ND ND ND 0.058 ± 0.004 
ranitidine >300 (0%) >300 (5%) >300 (8%) >300 (16%) 
risperidone >300 (3%) 280 ± 20 290 ± 30 12 ± 1 
roxithromycin >300 (4%) >300 (1%) >300 (5%) 250 ± 50 
sertraline 13 ± 2 81 ± 19 4.2 ± 0.6 1.8 ± 0.1 
sulfaphenazole ND 0.28 ± 0.03 ND ND 
terbinafine 12 ± 1 >300 (33%) 17 ± 4 0.041 ± 0.002 
ticlopidine 11 ± 1 110 ± 10 0.78 ± 0.15 4.0 ± 0.5 
troleandomycin >300 (10%) >300 (16%) >300 (17%) >300 (16%) 
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TABLE 2.  Summary of In Vitro Inhibition Data for CYP3A for 42 Drugs.  Values represent the 

mean +/- SE.  When IC50 was greater than 300 µM, the percent inhibition value at 300µM was 

included (in parentheses).  

 IC50 (µM) 
 testosterone midazolam felodipine 
alprazolam >300(34%) >300(45%) >300(17%) 
atenolol >300(-3%) >300(6%) >300(-20%) 
atorvastatin 300 (48%) 16 ± 1 36 ± 7 
azithromycin >300(-4%) >300(9%) >300(-10%) 
buspirone 70 ± 14 59 ± 8 >300(36%) 
caffeine >300(6%) >300(5%) >300(3%) 
cimetidine 230 ± 30 >300(47%) >300(46%) 
citalopram >300(48%) >300(29%) >300(29%) 
clarithromycin >300(46%) 99 ± 7 >300(22%) 
cyclosporin 4.5 ± 1.0 1.4 ± 0.1 300 ± 50 
digoxin >300(8%) >300(-5%) >300(-17%) 
diltiazem 60 ± 4 83 ± 17 >300(49%) 
disulfiram 6.9 ± 1.0 3.6 ± 0.9 7.9 ± 1.6 
erythromycin 220 ± 20 18 ± 2 16 ± 7 
fluconazole 17 ± 1 6.8 ± 0.2 23 ± 5 
fluoxetine 16 ± 2 36 ± 4 88 ± 15 
fluvoxamine 28 ± 2 43 ± 6 62 ± 18 
gatifloxacin >300(5%) >300(6%) >300(7%) 
gemfibrozil >300(13%) >300(-1%) >300(7%) 
itraconazole 0.010 ± 0.001 0.045 ± 0.007 0.021 ± 0.003 
ketoconazole 0.012 ± 0.001 0.011 ± 0.001 0.019 ± 0.003 
metoprolol >300(11%) >300(5%) >300(-5%) 
metronidazole >300(0%) >300(25%) >300(0%) 
mibefradil 0.33 ± 0.04 0.19 ± 0.03 0.68 ± 0.14 
nefazodone 1.4 ± 0.1 0.90 ± 0.21 8.6 ± 1.1 
nelfinavir 0.65 ± 0.07 0.17 ± 0.02 0.18 ± 0.03 
omeprazole 110 ± 29 68 ± 8 >300(24%) 
paroxetine 23 ± 4 23 ± 2 17 ± 4 
propoxyphene 72 ± 7 84 ± 17 140 ± 20 
propranolol 140 ± 30 >300(47%) >300(45%) 
quinidine 140 ± 40 58 ± 17 >300(43%) 
ranitidine >300(0%) >300(29%) >300(0%) 
repaglinide 180 ± 30 >300(45%) 120 ± 20 
ritonavir 0.0088 ± 0.0014 0.0042 ± 0.0008 0.0037 ± 0.0015 
roxithromycin >300(40%) 68 ± 11 >300(41%) 
saquinavir 2.0 ± 0.2 0.82 ± 0.15 0.51 ± 0.02 
sertraline 8.6 ± 1.0 16 ± 4 18 ± 6 
simvastatin 2.0 ± 0.4 0.77 ± 0.07 2.6 ± 0.7 
terbinafine >300(42%) >300(-41%) >300(38%) 
troleandomycin 9.3 ± 0.4 2.6 ± 0.0 12 ± 3 
venlafaxine >300(23%) >300(30%) >300(3%) 
verapamil 23 ± 2 23 ± 1 50 ± 10 
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TABLE 3  Comparison of the order of in vitro inhibition potency and magnitude of in vivo DDI for 21 drugs. 

Drug In Vitro Potency Rank Order In Vivo Potency Rank Ordera Rank-Order Correspondence? 
cimetidine 2D6>3A>2C9≈1A2 3A>1A2≈2C9≈2D6 No 
citalopram 2D6>3A≈2C19>2C9>1A2 2D6>3A≈2C19≈2C9≈1A2 Yes 
clarithromycin 3A>2C19≈1A2≈2C9 3A>2C19>2C9≈1A2 Yes 
diltiazem 3A>2C9≈2D6>1A2 3A>2D6≈1A2≈2C9 Yes 
disulfiram 2C9≈1A2>3A≈2C19>2D6 1A2≈2D6≈2C19≈2C9≈3A Yes 
erythromycin 3A>1A2≈2C9 3A>1A2≈2C9 Yes 
fluconazole 2C19≈3A≈2C9>1A2 2C19>2C9≈3A>1A2 Yes 
fluoxetine 2D6>3A>1A2 2D6>1A2≈3A Yes 
fluvoxamine 1A2>2C19>2D6≈2C9>3A 2C19>1A2>3A>2C9≈2D6 No 
ketoconazole 3A>2C9≈2C19>1A2≈2D6 3A>2C9>2C19≈1A2≈2D6 Yes 
metronidazole 3A≈1A2≈2C9 2C9≈1A2≈3A Yes 
nefazodone 3A>2C9>1A2 3A>2C9≈1A2 Yes 
paroxetine 2D6>1A2>2C19≈3A>2C9 2D6>1A2≈2C9≈2C19≈3A Yes 
propranolol 1A2>3A>2C9 1A2>3A≈2C9 Yes 
ranitidine 3A≈2D6>2C9≈1A2 3A≈2D6>2C9≈1A2 Yes 
risperidone 2D6>2C19>1A2 2C19≈1A2≈2D6 Yes 
roxithromycin 3A>2C19≈1A2≈2C9 3A≈2C19≈1A2≈2C9 Yes 
sertraline 2D6>3A≈1A2>2C9 2D6≈1A2≈2C9≈3A Yes 
terbinafine 2D6>1A2>3A≈2C9 2D6>1A2≈2C9≈3A Yes 
ticlopidine 2C19>1A2>3A 2C19>1A2>3A Yes 
troleandomycin 3A>2C19≈1A2 3A>1A2>2C19 No 
aBold typeface designates those in vivo DDI in which the increase in exposure to the probe substrate was >2-fold 
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TABLE 4.  Summary of predictions of drug-drug interactions for cytochrome P4501A2 

    Predicted Magnitude of Drug Interaction Actual Drug  
Inhibiting Drug IC50 (µM)a fu Affected Drug [I]=Csys [I]=fu•Csys [I]=Chep,inlet(est) [I]=fu• Chep,inlet(est) Interaction 
cimetidine >300 0.79 theophylline 1.02 1.01 1.12 1.09 1.63 
citalopram >300 0.20 theophylline 1.00 1.00 1.00 1.00 1.04 
clarithromycin >300 0.30 theophylline 1.01 1.00 1.08 1.02 1.05 
diltiazem >300 0.22 theophylline 1.00 1.00 1.01 1.00 1.28 
disulfiram 1.3 0.04 theophylline 1.00 1.00 4.58 2.02 1.44 
enoxacin 220 0.45 theophylline 1.06 1.03 1.39 1.19 3.67 
erythromycin >300 0.16 theophylline 1.01 1.00 1.04 1.01 1.38 
fluconazole >300 0.89 theophylline 1.03 1.02 1.05 1.04 1.19 
fluoxetine 240 0.05 clozapine 1.00 1.00 1.01 1.00 1.58 
fluvoxamine 0.035 0.23 theophylline 4.08 2.74 4.95 4.79 3.33 
ketoconazole 25 0.01 theophylline 1.19 1.00 1.92 1.01 1.11 
metronidazole >300 0.89 theophylline 1.14 1.13 1.35 1.31 0.96 
nefazodone 52 0.009 theophylline 1.11 1.00 1.57 1.01 0.97 
paroxetine 8.4 0.05 clozapine 1.02 1.00 1.31 1.02 1.31 
propranolol 17 0.10 theophylline 1.05 1.00 3.31 1.48 2.08 
ranitidine >300 0.85 theophylline 1.00 1.00 1.03 1.03 1.00 
risperidone >300 0.11 clozapine 1.00 1.00 1.00 1.00 0.92 
roxithromycin >300 0.14 theophylline 1.02 1.00 1.03 1.00 1.16 
sertraline 13 0.02 clozapine 1.02 1.00 1.45 1.01 1.11 
terbinafine 12 0.01 theophylline 1.65 1.01 2.56 1.03 1.16 
ticlopidine 11 0.02 theophylline 1.44 1.01 3.43 1.12 1.58 
troleandomycin >300 0.15b theophylline 1.00 1.00 1.04 1.01 2.00 
aUsed a value of IC50 = 1000 µM for those drugs for which the measured value was greater than 300 µM.  Used an estimated fraction unbound 
value for troleandomycin of 0.15.   
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TABLE 5.  Summary of predictions of drug-drug interactions for cytochrome P4502C9 

    Predicted Magnitude of Drug Interaction Actual Drug  
Inhibiting Drug IC50 (µM)a fu Affected Drug [I]=Csys [I]=fu•Csys [I]=Chep,inlet(est) [I]=fu• Chep,inlet(est) Interaction 
cimetidine >300 0.79 tolbutamide 1.03 1.02 1.22 1.18 1.61 
citalopram >300 0.20 warfarin 1.00 1.00 1.01 1.00 1.00 
clarithromycin >300 0.30 tolbutamide 1.00 1.00 1.01 1.00 1.26 
dicumarol 0.21 0.0025 tolbutamide 4.38 1.17 4.42 1.22 1.76 
diltiazem 330 0.22 tolbutamide 1.00 1.00 1.01 1.00 1.10 
disulfiram 0.96 0.04 tolbutamide 1.00 1.00 4.23 2.03 0.99 
erythromycin >300 0.16 warfarin 1.01 1.00 1.04 1.01 1.16 
fluconazole 11 0.89 warfarin 5.65 5.36 6.48 6.18 4.33 
fluvoxamine 6.1 0.23 tolbutamide 1.11 1.03 2.50 1.51 1.50 
ketoconazole 5.9 0.01 tolbutamide 1.68 1.01 2.60 1.03 1.77 
metronidazole >300 0.89 warfarin 1.31 1.27 1.46 1.41 1.56 
nefazodone 17 0.009 warfarin 1.39 1.00 2.87 1.02 1.02 
paroxetine 130 0.05 warfarin 1.00 1.00 1.01 1.00 1.07 
propranolol >300 0.10 tolbutamide 1.00 1.00 1.04 1.00 1.05 
ranitidine >300 0.85 warfarin 1.00 1.00 1.09 1.08 0.98 
roxithromycin >300 0.14 warfarin 1.01 1.00 1.02 1.00 1.00 
sertraline 81 0.02 tolbutamide 1.01 1.00 1.25 1.01 1.19 
sulfaphenazole 0.28 0.32 tolbutamide 4.52 4.46 4.52 4.47 5.00 
terbinafine >300 0.01 warfarin 1.01 1.00 1.02 1.00 1.03 
ticlopidine 110 0.02 warfarin 1.06 1.00 1.66 1.01 1.01 
aUsed a value of IC50 = 1000 µM for those drugs for which the measured value was greater than 300 µM.   
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TABLE 6.  Summary of predictions of drug-drug interactions for cytochrome P4502C19. 

    Predicted Magnitude of Drug Interaction Actual Drug  
Inhibiting Drug IC50 (µM)a fu Affected Drug [I]=Csys [I]=fu•Csys [I]=Chep,inlet(est) [I]=fu• Chep,inlet(est) Interaction 
citalopram >300 0.20 mephenytoin 1.00 1.00 1.01 1.00 1.00 
clarithromycin >300 0.30 omeprazole 1.00 1.00 1.04 1.01 2.12 
disulfiram 5.5 0.04 mephenytoin 1.00 1.00 6.08 1.20 1.00 
fluconazole 5.8 0.89 omeprazole 3.93 3.73 4.47 4.28 6.29 
fluvoxamine 0.35 0.23 mephenytoin 2.67 1.38 35.2 8.87 9.89 
ketoconazole 9.4 0.01 omeprazole 1.54 1.01 2.10 1.01 1.36 
moclobemide 160 0.50 omeprazole 1.14 1.07 1.37 1.19 1.96 
paroxetine 22 0.05 mephenytoin 1.04 1.00 1.50 1.02 1.00 
risperidone 290 0.11 mephenytoin 1.00 1.00 1.00 1.00 1.09 
roxithromycin >300 0.14 omeprazole 1.04 1.01 1.08 1.01 1.31 
ticlopidinec 0.78 0.02 omeprazole 4.37 1.13 7.01 2.01 2.39 
troleandomycin >300 0.15b omeprazole 1.01 1.00 1.05 1.01 1.26 
aUsed a value of IC50 = 1000 µM for those drugs for which the measured value was greater than 300 µM.  bUsed an estimated fraction unbound 
value for troleandomycin of 0.15.  cTiclopidine is a known mechanism-based inactivator of CYP2C19. 
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TABLE 7.  Summary of predictions of drug-drug interactions for cytochrome P4502D6 

    Predicted Magnitude of Drug Interaction Actual Drug  
Inhibiting Drug IC50 (µM)a fu Affected Drug [I]=Csys [I]=fu•Csys [I]=Chep,inlet(est) [I]=fu• Chep,inlet(est) Interaction 
cimetidineb 130 0.79 desipramine 1.14 1.11 2.29 2.05 1.56 
citalopram 30 0.20 desipramine 1.02 1.00 1.17 1.04 1.50 
diltiazem >300 0.22 metoprolol 1.00 1.00 1.01 1.00 1.33 
diphenhydramine 12 0.22 metoprolol 1.03 1.01 2.17 1.33 1.61 
disulfiram 12 0.04 desipramine 1.00 1.00 3.86 1.16 1.32 
fluoxetinec 0.27 0.05 desipramine 5.20 1.38 8.14 2.45 10.1 
fluvoxamine 5.2 0.23 desipramine 1.10 1.02 2.87 1.51 1.14 
ketoconazole 28 0.01 desipramine 1.20 1.00 1.66 1.01 1.02 
paroxetineb 0.32 0.05 desipramine 1.87 1.05 6.06 1.54 5.21 
quinidine 0.058 0.13 desipramine 8.86 5.26 9.83 8.82 6.70 
ranitidine >300 0.85 metoprolol 1.00 1.00 1.03 1.03 1.50 
risperidone 12 0.11 dextromethorphan 1.01 1.00 1.04 1.00 1.03 
sertraline 1.8 0.02 desipramine 1.34 1.01 5.84 1.21 1.54 
terbinafine 0.041 0.01 desipramine 9.69 3.00 9.90 5.35 4.90 
aUsed a value of IC50 = 1000 µM for those drugs for which the measured value was greater than 300 µM.  bParoxetine and cimetidine are  
mechanism-based inactivators of CYP2D6.  cDoes not include the effect of norfluoxetine. 
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TABLE 8.  Summary comparison of accuracy of drug interactions prediction methods using various values for [I]in vivo. 

 [I]in vivo 
 [I]=Csys [I]=fu•Csys [I]=Chep,inlet(est) [I]=fu• Chep,inlet(est) 
CYP1A2, 2C9, 2C19, and 2D6:     

Geometric Mean Fold Error (All DDI) 1.33 1.39 1.52 1.29 
Geometric Mean Fold Error (DDI ≥ 2X only) 1.90 2.28 1.75 1.70 
RMSE (All DDI) 1.48 1.70 3.47 1.22 
RMSE (DDI ≥ 2X only) 3.13 3.69 7.18 2.62 
Identification of True Positives (DDI ≥ 2X) 9 of 14 6 of 14 11 of 14 9 of 14 
Identification of True Negatives (DDI < 2X) 53 of 54 54 of 54 39 of 54 51 of 54 
Overall Success Rate (%)a 91 88 74 88 

     
CYP3A:     

Geometric Mean Fold Error (All DDI) 1.44 1.54 1.67 1.44 
Geometric Mean Fold Error (DDI ≥ 2X only) 1.91 2.25 2.36 1.87 
RMSE (All DDI) 7.25 3.21 9.57 2.57 
RMSE (DDI ≥ 2X only) 11.74 5.18 15.16 4.13 
Identification of True Positives (DDI ≥ 2X) 12 of 16 9 of 16 14 of 16 11 of 16 
Identification of True Negatives (DDI < 2X) 26 of 26 26 of 26 23 of 26 25 of 26 
Overall Success Rate (%)a 90 83 88 86 

     
All P450s     

Geometric Mean Fold Error (All DDI) 1.37 1.44 1.58 1.35 
Geometric Mean Fold Error (DDI ≥ 2X only) 1.90 2.26 2.05 1.79 
RMSE (All DDI) 4.63 2.39 6.51 1.86 
RMSE (DDI ≥ 2X only) 8.83 4.55 12.11 3.51 

aThe term “Overall Success Rate” refers to the percentage of times that predictions of drug interactions from in vitro data are properly categorized 
as greater than or less than 2-fold. 
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  TABLE 9.  Summary of predictions of drug-drug interactions for cytochrome P4503A. 
 

Inhibiting 
 

IC50 (µM)a  Affected Largest Predicted Magnitude of Drug Interactionb 
Actual 
Drug 

Drug testosterone midazolam felodipine fu Drug [I]=Csys [I]=fu•Csys [I]=Chep,inlet(est) [I]=fu• Chep,inlet(est) Interaction 
alprazolam >300 >300 >300 0.29 buspirone 1.00 1.00 1.00 1.00 1.29 
atenolol >300 >300 >300 1 nifedipine 1.02 1.02 1.03 1.03 0.98 
atorvastatin 300 16 36 0.02 midazolam iv 1.00 1.00 1.07 1.00 1.41 
azithromycin >300 >300 >300 0.12 midazolam 1.05 1.05 1.07 1.05 1.27 
buspirone 70 59 >300 0.05 alprazolam 1.00 1.00 1.04 1.00 1.08 
caffeine >300 >300 >300 0.64 alprazolam 1.02 1.01 1.03 1.02 1.08 
cimetidinec 230 >300 >300 0.79 triazolam 1.29 1.27 1.75 1.64 2.20 
citalopram >300 >300 >300 0.20 alprazolam 1.00 1.00 1.00 1.00 1.02 
clarithromycinc >300 99 >300 0.30 midazolam 1.42 1.36 2.00 1.54 9.61 
cyclosporin 4.5 1.4 300 0.07 simvastatin 2.52 1.54 4.83 1.74 2.55 
digoxin >300 >300 >300 0.75 nifedipine 1.00 1.00 1.00 1.00 0.98 
diltiazemc 60 83 >300 0.22 buspirone 1.40 1.39 1.76 1.48 5.33 
disulfiram 6.9 3.6 7.9 0.04 midazolam 1.74 1.74 13.8 2.70 0.94 
erythromycinc 220 18 16 0.16 buspirone 4.64 3.42 12.2 4.95 5.91 
fluconazole 17 6.8 23 0.89 midazolam 7.64 7.15 10.5 9.86 3.60 
fluoxetine 16 36 88 0.05 alprazolam 1.04 1.01 1.16 1.01 1.32 
fluvoxamine 28 43 62 0.23 buspirone 2.41 2.38 3.40 2.61 2.40 
gatifloxacin >300 >300 >300 0.80 midazolam iv 1.02 1.01 1.06 1.05 1.08 
gemfibrozil >300 >300 >300 0.03 simvastatin 1.31 1.15 1.51 1.15 1.43 
itraconazole 0.010 0.045 0.021 0.002 buspirone 59.5 5.56 67.3 14.3 18.2 
ketoconazole 0.012 0.011 0.019 0.01 midazolam 24.5 8.50 25.0 18.2 17.0 
metoprolol >300 >300 >300 0.89 nifedipine 1.02 1.02 1.05 1.05 1.05 
metronidazole >300 >300 >300 0.89 midazolam 1.39 1.36 1.59 1.55 0.93 
mibefradilc 0.33 0.19 0.68 0.005 midazolam 10.3 1.82 20.0 2.16 8.86 
nefazodonec 1.4 0.90 8.6 0.009 midazolam 10.3 1.87 19.6 2.42 5.44 
nelfinavirc 0.65 0.17 0.18 0.015 simvastatin 19.3 3.54 21.4 12.7 6.07 
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omeprazole 110 68.4 >300 0.05 nifedipine 1.05 1.04 1.08 1.04 1.25 
paroxetine 23 23 17 0.05 alprazolam 1.02 1.01 1.12 1.01 0.99 
propoxyphene 72 84 140 0.24 alprazolam 1.01 1.01 1.31 1.08 1.60 
propranolol 140 >300 >300 0.10 alprazolam 1.01 1.00 1.26 1.03 1.38 
quinidine 140 58 >300 0.13 nifedipine 1.31 1.24 2.69 1.44 1.37 
ranitidine >300 >300 >300 0.85 midazolam 1.05 1.05 1.09 1.08 1.69 
repaglinide 180 >300 120 0.026 nifedipine 1.00 1.00 1.01 1.00 1.09 
ritonavirc 0.0088 0.0042 0.0037 0.015 triazolam 22.2 17.0 22.3 20.3 20.3 
roxithromycin >300 68 >300 0.14 midazolam 1.53 1.24 1.74 1.27 1.47 
saquinavirc 2.0 0.82 0.51 0.02 midazolam 16.9 2.58 24.4 10.9 5.17 
sertraline 8.6 16 18 0.02 alprazolam 1.05 1.01 1.52 1.02 1.00 
simvastatin 2.0 0.77 2.6 0.06 midazolam 1.65 1.49 2.32 1.53 1.13 
terbinafine >300 >300 >300 0.01 midazolam 1.07 1.06 1.10 1.06 0.75 
troleandomycinc 9.3 2.6 12 0.15 midazolam 3.72 2.05 14.8 5.54 4.10 
venlafaxine >300 >300 >300 0.73 alprazolam 1.00 1.00 1.02 1.01 0.98 
verapamilc 23 23 50 0.10 midazolam 1.45 1.40 2.62 1.52 2.91 
aUsed a value of IC50 = 1000 µM for those drugs for which the measured value was greater than 300 µM.  bPrediction is made from the most 
potent in vitro IC50 of the three activities.  cDenotes mechanism-based inactivators of CYP3A. 
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TABLE 10.  Summary comparison of accuracy of drug interactions prediction for CYP3A using 
testosterone, midazolam, and felodipine activity assays.   
 [I]=Csys [I]=fu•Chep,inlet(est) 
   
Testosterone 6β-Hydroxylase:   

Geometric Mean Fold Error (All DDI) 1.47 1.45 
Geometric Mean Fold Error (DDI ≥ 2X only) 2.00 1.89 
RMSE (All DDI) 6.87 2.18 
RMSE (DDI ≥ 2X only) 11.12 3.50 
Identification of True Positives (DDI ≥ 2X) 10 of 16 9 of 16 
Identification of True Negatives (DDI < 2X) 26 of 26 25 of 26 
Overall Success Rate (%)a 86 81 

   
Midazolam 1’-Hydroxylase:   

Geometric Mean Fold Error (All DDI) 1.44 1.48 
Geometric Mean Fold Error (DDI ≥ 2X only) 1.91 1.99 
RMSE (All DDI) 4.90 2.95 
RMSE (DDI ≥ 2X only) 7.93 4.74 
Identification of True Positives (DDI ≥ 2X) 12 of 16 11 of 16 
Identification of True Negatives (DDI < 2X) 26 of 26 25 of 26 
Overall Success Rate (%)a 90 86 

   
Felodipine Dehydrogenase:   

Geometric Mean Fold Error (All DDI) 1.52 1.53 
Geometric Mean Fold Error (DDI ≥ 2X only) 2.19 2.16 
RMSE (All DDI) 6.27 2.76 
RMSE (DDI ≥ 2X only) 10.15 4.44 
Identification of True Positives (DDI ≥ 2X) 10 of 16 8 of 16 
Identification of True Negatives (DDI < 2X) 26 of 26 25 of 26 
Overall Success Rate (%)a 86 79 

   
Most Potently Inhibited Activity:   

Geometric Mean Fold Error (All DDI) 1.44 1.44 
Geometric Mean Fold Error (DDI ≥ 2X only) 1.91 1.87 
RMSE (All DDI) 7.25 2.57 
RMSE (DDI ≥ 2X only) 11.74 4.13 
Identification of True Positives (DDI ≥ 2X) 12 of 16 11 of 16 
Identification of True Negatives (DDI < 2X) 26 of 26 25 of 26 
Overall Success Rate (%)a 90 86 

aThe term “Overall Success Rate” refers to the percentage of times that predictions of drug 
interactions from in vitro data are properly categorized as greater than or less than 2-fold.  
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Supplemental Information.  Summary of in vivo drug-drug interactions utilized in this analysis. 

Inhibitor Drug Inhibitor Dose/Regimen Affected Drug Target 
Enzyme 

% Increase 
in Exposure 

Reference 

alprazolam 3 mg/day, TID buspirone CYP3A  29 Buch, et al., 1993 
atenolol 100 mg/day, QD nifedipine CYP3A  -2 Kendall, et al., 1984 
atorvastatin 15 mg/day, QD midazolam (IV) CYP3A  41 McDonnell, et al., 2003 
azithromycin 500 mg/day, QD midazolam CYP3A  27 Zimmermann, et al., 1996 
buspirone 30 mg/day, TID alprazolam CYP3A  8 Buch, et al., 1993 
caffeine 100 mg/day, QD alprazolam CYP3A 8 Schmider, et al., 1999 
cimetidine 800 mg/day; BID theophylline CYP1A2 63 Naline, et al., 1998 
 1600 mg/day tolbutamide CYP2C9 61 Back, et al., 1988 
 1200 mg/day; TID desipramine CYP2D6 56 Steiner, et al., 1987 
 600 mg/day; TID triazolam CYP3A 120 Pourbaix, et al., 1985 
citalopram 40 mg/day; QD theophylline CYP1A2 4 Moller, et al., 2000 
 40 mg/day; QD S-warfarin CYP2C9 0.5 Priskorn ,et al., 1997 
 80 mg/day; QD mephenytoin CYP2C19 0 Jeppesen, et al., 1996 
 40 mg/day; QD desipramine  CYP2D6 50 Gram, et al., 1993 
 20 mg/day; QD alprazolam CYP3A 1.7 Hall, et al., 2003 
clarithromycin 2000 mg/day; BID theophylline CYP1A2 5 Gillum, et al., 1996 
 250 mg/day; QD tolbutamide CYP2C9 26 Jayasagar, et al., 2000 
 800 mg/day; BID omeprazole  CYP2C19 112 Furuta, et al., 1999 
 1000 mg/day; BID midazolam CYP3A 861 Gorski, et al., 1998 
cyclosporin 171 mg/day, QD simvastatin CYP3A 155 Arnadottir, et al., 1993 
digoxin 0.25 mg/day, QD nifedipine CYP3A -2 Koren, et al., 1986 
dicumarol 50 mg/day tolbutamide CYP2C9 73 Solomon and Schrogie, 1967 
diltiazem 180 mg/day; TID theophylline CYP1A2 28 Soto, et al., 1994 
 60 mg/day; single dose tolbutamide CYP2C9 10 Dixit and Rao, 1999 
 90 mg/day; TID metoprolol CYP2D6 33 Tateishi , et al., 1989 
 180 mg/day; TID buspirone CYP3A 433 Lamberg, et al., 1998 
diphenhydramine 150 mg/day; TID metoprolol CYP2D6 61 Hamelin, et al., 2000 
disulfiram 500 mg/day; QD theophylline CYP1A2 44 Loi, et al., 1989 
 400 mg/day; QD tolbutamide CYP2C9 -1.5 Svendsen, et al., 1976 
 250 mg/day; QD mephenytoin CYP2C19 0 Frye and Branch, 2002 



 500 mg/day; QD desipramine  CYP2D6 32 Ciraulo, et al., 1985 
 500 mg/day; QD midazolam CYP3A -6 Kharasch, et al., 1999 
enoxacin 800 mg/day, BID theophylline CYP1A2 267 Wijnands, et al., 1986 
erythromycin 1000 mg/day QID theophylline CYP1A2 38 Prince, et al., 1981 
 1000 mg/day; QID S-warfarin CYP2C9 16 Weibert, et al., 1989 
 1500 mg/day; TID buspirone CYP3A 491 Kivisto, et al., 1997 
fluconazole 200 mg/day; BID theophylline CYP1A2 19 Konishi, et al., 1994 
 300 mg/day, QD S-warfarin CYP2C9 331b Neal, et al., 2003 
 100 mg/day; single dose omeprazole  CYP2C19 529 Kang, et al., 2002 
 200 mg/day; QD midazolam CYP3A 260 Olkkola, et al., 1996 
fluoxetine 20 mg/day; QD clozapine CYP1A2 58 Spina, et al., 1998 
 60 mg/day; QD desipramine CYP2D6 907 Bergstrom, et al., 1992 
 20 mg/day; QD alprazolam CYP3A 32 Hall, et al., 2003 
fluvoxamine 100 mg/day; QD theophylline CYP1A2 233 Rasmussen, et al., 1997 
 150 mg/day; QD tolbutamide CYP2C9 50 Madsen, et al., 2001 
 87.5 mg/day; QD mephenytoin CYP2C19 889 Yao, et al., 2003 
 100 mg/day; QD desipramine CYP2D6 14 Spina, et al., 1993 
 100 mg/day; QD buspirone CYP3A 140 Lamberg, et al., 1998 
gatifloxacin 400 mg/day, QD midazolam (IV) CYP3A  2 Grasela, et al., 2000 
gemfibrozil 1200 mg/day, BID simvastatin CYP3A  43 Backman, et al., 2000 
itraconazole  200 mg/day, BID buspirone CYP3A  1720 Kivisto, et al., 1997 
ketoconazole  400 mg/day; BID theophylline CYP1A2 11 Naline, et al., 1998 
 200 mg/day; QD tolbutamide CYP2C9 77 Krishnaiah, et al., 1994 
 100 mg/day; QD omeprazole  CYP2C19 36 Bottiger, et al., 1997 
 200 mg/day; QD desipramine CYP2D6 2 Spina, et al., 1997 
 400 mg/day; QD midazolam CYP3A 1600 Olkkola, et al., 1994 
metoprolol 200 mg/day; BID nifedipine CYP3A 5 Kendall, et al., 1984 
metronidazole  1200 mg/day; TID theophylline CYP1A2 -4 Adebayo and Mabadeje, 1987 
 750 mg/day; TID S-warfarin CYP2C9 56 O'Reilly, 1976 
 800 mg/day; BID midazolam CYP3A -7 Wang, et al., 2000 
mibefradil 100 mg/day, QD midazolam CYP3A 786 Veronese, et al., 2003 
moclobemide 300 mg/day, QD omeprazole  CYP2C19 96 Cho, et al., 2002 
nefazodone 400 mg/day; BID theophylline CYP1A2 -3 Dockens, et al., 1995 
 400 mg/day; BID S-warfarin CYP2C9 2 Salazar, et al., 1995 



 400 mg/day; BID midazolam CYP3A 444 Lam, et al., 2003 
nelfinavir 2500mg/day; BID simvastatin CYP3A 507 Hsyu, et al., 2001 
omeprazole  20 mg/day, QD nifedipine CYP3A 25 Soons, et al., 1992 
paroxetine 40 mg/day; QD clozapine CYP1A2 31 Spina, et al., 2000 
 30 mg/day; QD rac-warfarin CYP2C9 7 Bannister, et al., 1989 
 80 mg/day; single dose mephenytoin CYP2C19 0a Jeppesen, et al., 1996 
 30 mg/day; QD desipramine CYP2D6 421 Alderman, et al., 1997 
 20 mg/day; QD alprazolam CYP3A -1 Calvo, et al., 2004 
propoxyphene 260 mg/day; QID alprazolam CYP3A 60 Abernethy, et al., 1985 
propranolol 720 mg/day; TID theophylline CYP1A2 108 Miners, et al., 1985 
 320 mg/day; BID tolbutamide CYP2C9 5 Miners, et al., 1984 
 320 mg/day; QID alprazolam CYP3A 38 Ochs, et al., 1984 
quinidine 200 mg/day, QD desipramine CYP2D6 570 Brosen and Gram, 1989 
 600 mg/day, TID nifedipine CYP3A 37 Bowles, et al., 1993 
ranitidine 300 mg/day; BID theophylline CYP1A2 0 Breen, et al., 1982 
 300 mg/day; QD S-warfarin CYP2C9 -2 Toon, et al., 1987 
 300 mg/day; BID metoprolol CYP2D6 50 Kirch, et al., 1984 
 300 mg/day; BID midazolam CYP3A 69 Elwood, et al., 1983 
repaglinide 6 mg/day, TID nifedipine CYP3A 9 Hatorp, et al., 2003 
risperidone 2.9 mg/day; QD clozapine CYP1A2 -8 Raaska, et al., 2002 
 2-6 mg/day; QD mephenytoin CYP2C19 9 Eap, et al., 2001 
 2-6 mg/day; QD dextromethorphan CYP2D6 3a Eap, et al., 2001 
ritonavir 400 mg/day, BID triazolam CYP3A 1930 Greenblatt, et al., 2000 
roxithromycin 300 mg/day; BID theophylline CYP1A2 16 Saint-Salvi, et al., 1987  
 300 mg/day; BID rac-warfarin CYP2C9 0 Paulsen, et al., 1988 
 600 mg/day; BID omeprazole  CYP2C19 31 Kees, et al., 2000 
 300 mg/day; BID midazolam CYP3A 47 Backman, et al., 1994 
saquinavir 3600 mg/day, TID midazolam CYP3A 417 Palkama, et al., 1999 
sertraline 92 mg/day; QD clozapine CYP1A2 30 Centorrino, et al., 1996 
 200 mg/day; QD tolbutamide CYP2C9 19 Tremaine, et al., 1997 
 150 mg/day; QD desipramine CYP2D6 54 Kurtz, et al., 1997 
 50 mg/day; QD alprazolam CYP3A 0 Preskorn, et al., 2000 
simvastatin 80 mg/day; QD midazolam CYP3A 13 Prueksaritanont, et al., 2000 
sulfaphenazole  1000 mg/day; BID tolbutamide CYP2C9 410 Veronese, et al., 1990 



terbinafine 250 mg/day; QD theophylline CYP1A2 16 Trepanier, et al., 1998 
 250 mg/day; QD rac-warfarin CYP2C9 3 Guerret, et al., 1997 
 250 mg/day; QD desipramine CYP2D6 390 Madani, et al., 2002 
 250 mg/day; QD midazolam CYP3A -25 Ahonen, et al., 1995 
ticlopidine 500 mg/day; BID theophylline CYP1A2 58 Colli, et al., 1987 
 500 mg/day; BID S-warfarin CYP2C9 1 Gidal, et al., 1995 
 300 mg/day; TID omeprazole  CYP2C19 139 Tateishi, et al., 1999 
troleandomycin 1000 mg/day; QID theophylline CYP1A2 100 Weinberger, et al., 1977 
 500 mg/day; QD omeprazole  CYP2C19 26 He, et al, 2003 
 1000 mg/day; BID midazolam CYP3A 310 Kharasch, et al., 1997 
venlafaxine 150 mg/day, QD alprazolam CYP3A  -2 DeVane, et al., 2004 
verapamil 240 mg/day, TID midazolam CYP3A  191 Backman, et al., 1994 
aUrinary ratio measurement.  For the effect of resperidone on dextromethorphan, the urinary ratio went from 0.01 to 0.018 (while the ratio in 
CYP2D6 poor metabolizers = 0.3), thus the interaction is calculated at only 3%.  bInteraction measured for formation clearance to 7-
hydroxywarfarin only. 
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