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Abstract 

P450 reaction phenotyping is a key process toward accurately determining the contribution of 

different P450s to the metabolism of new chemical entities.  The significance of P450s to drug 

disposition has led to the identification of selective chemical and antibody inhibitors for 

individual P450 enzymes.  Despite these advances, the maximum inhibition attainable is limited 

by the use of inhibitor concentrations which maintain selectivity for the individual P450s.  Thus, 

most commercially available inhibitors produce a maximum of inhibition of ~80%.  Herein, the 

combination of chemical plus antibody inhibitors was explored to find P450 3A could be 

selectively and completely (>99%) inhibited with using both inhibitors simultaneously. 
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Introduction 

The majority of marketed drugs are metabolized by members of the cytochrome P450 

superfamily of enzymes (Wienkers and Heath, 2005).  Given the limited number of P450 

enzymes which contribute to the clearance of commercial therapeutics, P450s represent the 

primary source of clinically observed drug interactions in patients.  In vitro techniques have 

evolved to enable the early estimation of drug interaction potential with pre-clinical drug 

candidates either as perpetrator or victim prior to clinical evaluation (Lu et al., 2003).   

The improved extrapolation of in vitro data to humans over the last decade is partially attributed 

to the inclusion of additional parameters which impact the scaling of in vitro data.  For example, 

considering unbound fraction of drug during in vitro microsomal incubations and attempts to 

approximate the most appropriate inhibitor concentration in vivo can improve in vitro 

extrapolations (Margolis and Obach, 2003; Obach et al., 2005; Obach et al., 2006).  Furthermore, 

a retrospective analysis of disparate in vitro estimates of drug interactions compared to clinically 

observed interactions illustrates predictions can be improved when the fraction of drug 

metabolized through individual P450 pathways is accurately determined (Figure 1) (Ito et al., 

2005).   

P450 reaction phenotyping is used to determine fraction of drug metabolized by P450s and is 

possible in part due to the accumulation of compounds identified as selective inhibitors of 

individual P450 enzymes (Cai et al., 2004; Stresser et al., 2004; Walsky et al., 2005b).  

Additionally, the introduction of selective antibody inhibitors has expanded the diversity of 

inhibitors available to determine the involvement of different P450 pathways to a drug’s 

clearance.  However, commercial antibodies and chemical inhibitors typically do not yield 

complete inhibition of the P450 enzymes, especially at concentrations that maintain selectivity for 

the individual P450 enzymes.  In the balance to achieve maximal yet selective inhibition of 

individual P450 enzymes the effective inhibitor concentrations typically results in inhibition up to 

80%.  The remaining 20% activity reduces the predictive nature of in vitro extrapolation 
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techniques and increases the uncertainty regarding the potential activity from other drug 

metabolizing enzymes.  Furthermore, remaining activity can bring into question P450 activity 

from less abundant hepatic P450s such as 2B6 and 2C8 which are showing increased metabolic 

activity toward numerous commercial drugs (Walsky et al., 2005a; Walsky et al., 2006).  The lack 

of selective inhibitory reagents may partially explain the lag in characterization of these P450 

pathways (Bumpus et al., 2006; Walsky et al., 2006; Schoch et al., 2008).  Improved inhibition of 

individual P450s would undoubtedly lead to more accurate estimates of the metabolic pathways 

involved for new chemical entities leading to improved predictions of clinically expected drug 

interactions. 

Highly selective and potent antibodies against the major P450 3A4 have been identified (Gelboin 

et al., 1995; Wang et al., 1999).  However, these reagents are not commercially available and thus 

cannot be routinely used for reaction phenotyping studies.  An alternative approach employed 

here is to utilize a combination of commercially available reagents in an attempt to generate 

superior inhibition profiles. The inhibition of two selective metabolic pathways, 1’-

hydroxymidazolam and 6β-hydroxytestosterone formation were used to illustrate the combination 

of commercial antibody and chemical inhibitor against P450 3A can produce superior selective 

inhibitory profiles compared the use of antibody and chemical inhibitors individually. 

Methods 

Pooled and individual human liver microsomes and the CYP2C9 monoclonal inhibitory antibody 

were purchased from Xenotech (Lenexa, KS).  CYP selective monoclonal inhibitory antibodies 

(except CYP2C9) were purchased from BD Biosciences (San Jose, CA), as were 4’-hydroxy-(S)-

mephenytoin and 4’-hydroxydiclofenac.  Phenacetin, acetaminophen, bupropion, diclofenac, 

dextromethorphan, dextrorphan, midazolam, 1’-hydroxymidazolam, and tolbutamide were 

purchased from Sigma Chemical Co. (St. Louis, MO).  Paclitaxel was purchased from MP 

Biomedicals (Solon, OH).  (S)-mephenytoin was purchased from Biomol International (Plymouth 

Meeting, PA).  6α-hydroxypaclitaxel and reduced β-NADPH were purchased from Calbiochem 
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(San Diego, CA).  Testosterone was purchased from Steraloids (Newport, RI) and 

hydroxybupropion from Alltech (State College, PA).  Human liver microsomes were incubated 

with the P450 3A antibody as previously recommended (Gelboin et al., 1995) and per vendor 

specifications.  For example, 18 μL of pooled human liver microsomes (20 mg/mL) was 

incubated with 18 μL of the antibody for 30 minutes on ice.  The incubation was then diluted to 

0.2 mg/mL microsomal protein in 0.1 mM potassium phosphate buffer (pH 7.4) at which point 0-

500 nM ketoconazole was added followed by the addition of the appropriate P450 probe substrate 

and 1 mM NADPH to initiate the reaction.  The final organic content was kept below <0.2% to 

maintain the highest achievable enzyme activities.  All reactions were run under linear rate 

conditions and terminated by the addition of an equal volume of acetonitrile containing 1 µM 

tolbutamide as the internal standard.  Concentrations (µM) of probe substrates were as follows, 

with KM value reported first, followed by our Vmax value for the P450 3A substrates; phenacetin 

(30), bupropion (80), paclitaxel (7), diclofenac (6), S-mephenytoin (18), dextromethorphan (6), 

midazolam (2 and 20), and testosterone (50 and 200).  Quantitation of probe substrate activities 

was conducted by LC-MS/MS analysis using an Applied Biosystems 4000 Q-trap mass 

spectrometer (Foster City, CA) equipped with an electrospray ionization source.  The MS system 

was coupled to two LC-20AD pumps with an in-line CMB-20A controller and DGU-20A5 

solvent degasser and a LEAP CTC HTS PAL autosampler (Carrboro, NC) equipped with a dual-

solvent self-washing system.  For all probe substrates utilized, separation was achieved using a 

Phenomenex Gemini C18 column (2.00 mm × 30 mm, 5 μm, 110Å).  The mobile phase consisted 

of 5 mM aqueous ammonium formate with 0.1% formic acid (solvent A) and acetonitrile with 

0.1% formic acid (solvent B) at a constant flow of 0.5 mL/min.  The solvent gradient used was as 

follows: 95% A for 0.5 min then ramped to 95% B in 0.5 min and held for 0.75 min and then 

returned to 95% A in 0.25 min.  The column was subsequently equilibrated for 0.5 min prior to 

the injection of the next sample.  MS/MS conditions were optimized for each analyte measured.  

Generic parameters included the curtain gas (10 arbitrary units), CAD gas (medium), ionspray 
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voltage (4500 V), source temperature (450ºC) and ion source gas 1 and gas 2 (40 arbitrary units, 

each). 

Results 

Drug interaction estimates can be dramatically impacted by the fraction metabolized as estimated 

from Figure 1.  A significant interaction is often determined by a two fold increase in AUC in the 

presence of inhibitor as indicated in Figure 1.  The uncertainty of accurately predicting a clinical 

drug interaction increases for modest inhibitors (I/Ki <10 but >2) where changes in the fraction 

metabolized through a single pathway can influence the prediction.  Of interest, the cutoff shown 

in Figure 1 is conspicuously close to the maximal inhibition achieved with current antibody or 

chemical inhibitor techniques.   

Pooled human liver microsomes were used to assess the turnover and inhibition of 1’-

hydroxymidazolam and 6β-hydroxytestosterone, two metabolic processes with known selectivity 

for P450 3A.  The results indicate the combination of the commercially available P450 3A 

antibody with the P450 3A chemical inhibitor, ketoconazole, elicited additive inhibition yielding 

complete inhibition (<1% remaining activity) of metabolism of both probe substrates (Figure 2A 

and 2B).  Conversely, the independent use of chemical and antibody inhibitors both yielded 

maximum of 80% inhibition for 6β-hydroxytestosterone formation and 85% and 60% inhibition 

of 1’-hydroxymidazolam by chemical and antibody inhibitors, respectively.  Furthermore, 

combining chemical and antibody inhibitors yields maximal inhibition at concentrations which 

remain highly selective for the inhibition of P450 3A (Figure 2C).  Another benefit of combining 

antibody and chemical inhibitors is that the combination yields results that are less sensitive to 

substrate concentration due to the increased inhibition by this technique (Figure 2A and 2B).  

This becomes more important when multiple P450 enzymes are involved in the metabolism of the 

test article, as each individual enzyme will have a different KM for the compound. .  

Discussion 
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The complexities of P450 reaction phenotyping can lead to misinterpretation of the key P450s 

involved in the metabolism of clinical drug candidates (Venkatakrishnan et al., 2001).  Many of 

the key experiments and details have been reviewed (Lu et al., 2003; Zhang et al., 2007; 

McGinnity et al., 2008).  However, even with the application of careful technique, the current 

practices are hindered by the incomplete P450 inhibition obtained with commercial antibodies.  

While some chemical inhibitors can achieve greater inhibition compared to antibodies they do so 

at concentration non-selective for individual P450 isoforms.  Incomplete inhibition complicates 

the interpretation of reaction phenotyping studies since it cannot be determined if the remaining 

activity is a result of another metabolic route or simply incomplete inhibition.  This exact scenario 

confounds the accurate determination of fraction of drug metabolized by a particular pathway and 

thus introduces error into key in vitro-in vivo predictions such as DDI and is especially poignant 

for investigational drugs with intermediate I/Ki ratios between 10 and 1 for which the uncertainty 

regarding the manifestation of a DDI in vivo is increased (Bachmann and Lewis, 2005). 

The combination of chemical and antibody inhibition provides an improved inhibition profile 

(Figure 2) for in vitro determination of fraction metabolized and more generally speaking can 

improve the results of reaction phenotyping studies primarily via three paths; (1) complete 

inhibition reduces the uncertainty of the potential minor contribution of additional P450s to a 

metabolic pathway, (2) the inhibition offered by ~Ki concentrations of inhibitor reduces the 

propensity for non-selective inhibition of other hepatic P450 enzymes, (3) the combination of 

inhibitors appears to minimize the changes in inhibition which result from different substrates as 

indicated by the partial inhibition at 100 nM ketoconazole leading to 71 and 52% inhibition of 

midazolam and testosterone, respectively whereas the combination of 100 nM ketoconazole and 2 

μL of antibody yielded complete inhibition of both substrates.  

The superior inhibition may be attributed to a modified mechanism(s) of inhibition of 

ketoconazole in the presence of anti-P450 3A as determined by visible binding spectra which 

showed a decrease in KD from 500 nM to 45 nM (data not shown).  This is currently being 
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explored further to elucidate the nature and mechanism of this interaction.  A similar combined 

approach was used with anti-P450 2C9 and a 2C9 selective chemical inhibitor, sulfaphenazole, to 

yield the complete inhibition of S-warfarin oxidation and 4’-hydroxydiclofenac formation 

indicating the methodology of using both chemical and antibody inhibitors may be suitable for 

other hepatic P450s beyond P450 3A.  One drawback to this methodology is that the use of 

antibodies relinquishes this technique to microsomes as hepatocyte inhibition with antibodies is 

seemingly not effective.  However, with microsomes the effect of this combination may be used 

to generate improved inhibition profiles and selectivity across additional P450s.  

In summary, this technique can be utilized to obtain superior inhibition of P450 3A in reaction 

phenotyping studies leading to improved estimates of the fraction of drug metabolized by P450 

3A based upon the complete and selective inhibition achieved with the combination of antibody 

and chemical inhibitors leading to more accurate phenotyping results for new drug candidates. 

The generalization of this technique across additional hepatic P450 enzymes is currently 

underway. 
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Figure Legend                                                                                                        DMD 23572    

 

Figure 1.  Simulated effect of fraction metabolized (fm) on the change in AUC ratio (change in 

AUC in the presence of an inhibitor).  Three different scenarios are presented to illustrate the 

resultant impact of fm on the AUC ratio a) [I]/Ki of 10, b) [I/]Ki of 5 and c) [I]/Ki of 2. 

 

Figure 2.  A) 1’-hydroxymidazolam formation with midazolam incubated at the Km and Vmax in 

the presence of chemical, antibody or combination of inhibitors.  B) 6β-hydroxytestosterone 

formation with midazolam incubated at the Km and Vmax in the presence of chemical, antibody or 

combination of inhibitors. C) Selectivity offered by the combination of ketoconazole at 200 and 

500 nM and 10 μL of anti-P450 3A inhibitors.  The remaining activity was determined based 

upon the lower limit of quantitation which was determined to be 1 ng/mL under the current 

conditions.  All results are reported from experiments performed in triplicate.  Errors are reported 

as standard deviation. 
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