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Abstract 

Although many of the clinically significant drug interactions of the anti-HIV 

protease inhibitors (PIs) can be explained by their propensity to inactivate CYP3A 

enzymes, paradoxically these drugs cause (or lack) interactions with CYP3A substrates 

that cannot be explained by this mechanism (e.g. alprazolam), To better understand these 

paradoxical interactions (or lack thereof), we determined the CYPs and transporters 

induced by varying concentrations (0-25 µM) of two PIs, ritonavir and nelfinavir, and 

rifampin (positive control), in primary human hepatocytes.  At 10 µM, ritonavir and 

nelfinavir suppressed CYP3A4 activity, but induced its transcripts and protein expression 

(19- & 12-, and 12- & 6-fold respectively; >2-fold change over control were interpreted 

as induction).  At 10 µM, rifampin induced CYP3A4 transcripts, CYP3A protein and 

activity by 23-, 12- and 13-fold respectively.  Rifampin’s induction of CYP3A activity 

was significantly correlated with its induction of CYP3A4 transcripts (r=0.96, p<0.05) 

and CYP3A protein (r=0.89, p<0.05).  All three drugs (10 µM) induced CYP2B6 activity 

by 2-4 fold, 2C8 and 2C9 activity by 2-4 fold and the transcripts of CYP2B6, 2C8 and 

2C9 by >3-, 5- and 3-fold respectively. CYP2C19 and 1A2 activity and transcripts were 

modestly induced (2-fold), whereas, as expected, CYP2D6 was not induced by any of the 

drugs.   Of the transporters studied, protease inhibitors moderately induced MDR1 

(ABCB1) and MRP2 (ABCC1) transcripts, but had no or minimal effect on the 

transcripts of BCRP (ABCG2), OATP1B1 (SLCO1B1) or OATP1B3 (SLCO1B3).  

Based on these data, we conclude that many of the paradoxical drug interactions (or lack 

thereof) with the PIs are metabolic- rather than transporter-based and are due to induction 

of CYP2B6 and 2C enzymes.   
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Anti-HIV protease inhibitors (PIs) are frontline drugs in the treatment of HIV 

infection, and are routinely administered in combination with additional anti-HIV drugs 

such as other protease inhibitors, nucleosides, e.g. azidothymidine  and non-nucleoside 

reverse transcriptase inhibitors, e.g. delavirdine (Barry et al., 1999).  In addition, HIV-

infected patients are also prescribed medications for other concomitant conditions, 

supportive care, opportunistic infections, and immunomodulation (Yeh et al., 2006).  Due 

to this polytherapy, the potential for clinically significant drug interactions in this patient 

population is high.  This potential is compounded by the fact that PIs are high affinity 

substrates and potent inhibitors of CYP3A enzymes (Ernest et al., 2005) and the multi-

drug resistance (MDR) transporters, encoded by MDR1, P-glycoprotein (P-gp), 

(Bachmeier et al., 2005) and MRP2 (Huisman et al., 2002; Bachmeier et al., 2005) .  As 

many of the PIs, including ritonavir, are inactivators of CYP3A4/5 (Yeh et al., 2006), 

interactions of the PIs with drugs that are cleared predominately by CYP3A enzymes are 

profound and clinically significant (Culm-Merdek et al., 2006).  In fact, ritonavir is now 

almost exclusively used, in combination with other PIs, for its ability to inactivate 

CYP3A enzymes and therefore to “pharmacologically boost” the bioavailability of other 

PIs (e.g. lopinavir, nelfinavir, amprenavir (Zeldin and Petruschke, 2004)).   

Although many of the clinically significant drug interactions of the PIs can be 

explained by their propensity to inactivate CYP3A enzymes, paradoxically these drugs 

cause (or lack) some interactions that cannot be explained by this mechanism.  For 

example, acute administration of ritonavir profoundly decreases the clearance of the 

CYP3A substrate, alprazolam (Greenblatt et al., 1999), but chronic administration has no 

effect on alprazolam clearance (product labeling).  Others have shown that chronic 
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administration of ritonavir increases the oral clearance of methadone (Gerber et al., 

2001), phenytoin (Lim et al., 2004), and ethinyl estradiol (Ouellet et al., 1998).  Likewise, 

nelfinavir, also a PI, increases the oral clearance of ethinyl estradiol and zidovudine 

(Viracept® package insert). These data suggest that the PIs are inducers as well as 

inhibitors of CYP enzymes.  Consequently, package inserts of the PIs suggest no change 

in the dose of some drugs co-administered with PIs while recommending an increase in 

the dose of others (Malaty and Kuper, 1999).   Currently, no logical basis or unifying 

mechanisms exists to predict drug interactions with the PIs.  To more effectively predict 

such interactions due to concurrent inhibition and induction, it is important to determine 

both enzymes and transporters that are induced by these drugs.  Therefore, the primary 

objective of this study was to determine the CYPs and transporters induced by the two 

prototypic PIs, ritonavir and nelfianvir, using primary human hepatocytes.  Also, because 

this study is part of a larger study to determine if in vivo inductive drug interactions 

(Kirby et al., 2006) can be predicted from in vitro studies using human hepatocytes (this 

study) and human intestinal cell lines (Gupta et al., 2006), we included in our study  

rifampin as a prototypic inducer and an internal biological control.  
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Materials and Methods 

Ritonavir and nelfinavir were obtained from NIH AIDS Research and Reference 

Reagent Program. Rifampin was purchased from Bedford laboratories, Bedford OH.  

Bupropion, dextromethorphan, tolbutamide, testosterone, phenacetin, omeprazole, 

acetaminophen, nicotinamine adenine diphosphate (NADPH) were purchased from 

Sigma-Aldrich (St.Louis, MO).  Hydroxybupropion, dextrorphan, and 4-

hydroxytolbutamide, and desethylamodiaquine were purchased from GenTest (Woburn, 

MA).  Hydroxyomeprazole was a gift from AstraZeneca (Mölndal, Sweden).  6-β 

hydroxytestosterone was purchased from Steraloids Inc (Newport, RI).  HPLC grade 

solvents (methanol, acetonitrile and water) were purchased from Fisher Scientific.  

Universal PCR master mix was purchased from Applied Biosystems, Foster city CA.  All 

other chemicals were purchased from Sigma Chemical Company (St. Louis, MO) or 

Fisher Scientific (Pittsburg, PA), and were of highest purity available.  

Hepatocyte cultures and drug treatment:  Primary human hepatocytes, isolated 

from lobes of liver from 4 donors (Table 1), were provided by the Liver Tissue 

Procurement and Distribution System (Pittsburgh, PA), funded by National Institutes of 

Health (NIH) contract N01-DK-9-2310.  

Hepatocytes were plated in collagen-coated T25 cm2 flasks (4×106 cells/flask) for 

the determination of CYP activity and immunoreactive protein concentrations.  In 

parallel, cells were plated in collagen-coated 6-well plates (1 × 106 cells/well) for mRNA 

analysis of CYP enzymes.  Collagen-coated 24-well plates (1.25 x 105) were used for 

toxicity determination by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
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bromide] assay.  Hepatocytes were maintained in Williams’ E medium (Caisson 

Laboratories, Inc.  North Logan, UT) supplemented with 100nM dexamethasone and 

insulin-transferrin-selenium (ITS-G; Invitrogen Corporation). 

Stock drug solutions (1000X) were prepared in dimethyl sulfoxide (DMSO) and 

diluted prior to use.  Forty-eight hours after plating, hepatocytes were treated at 37oC for 

72 hrs with vehicle (DMSO, 0.2% and cyclodextran, 0.05 %), or vehicle containing 

nelfinavir (1-25 µM), ritonavir (1-25 µM), or rifampin (0.1-25 µM).  During this period, 

drug-containing medium was replaced every 24 hrs.  Cell viability was assessed daily 

during the course of drug exposure with the MTT assay (Carmichael and Ozols, 1997).  

No significant difference was observed in the viability of cells treated with the vehicle 

and cells treated with rifampin, ritonavir or nelfinavir.  Previous studies from our 

laboratories (Nallani et al., 2001) and those of others (Kostrubsky et al., 1999) have 

shown that DMSO at concentrations ranging from those in our experiments to 

concentrations twice as high do not alter the expression of CYP enzymes.  At the end of 

the treatment period, using a cell scraper, cells were harvested in phosphate-buffered 

saline (PBS) and fractionated to isolate microsomes.  

CYP activity assays:  Microsomal activities of CYP1A2, 3A4/5, 2B6, 2C8, 2C9, 

2C19, 2D6 were determined using two validated cocktail assays developed in our 

laboratory (Dixit et al., 2007).  We conducted these assays in microsomes, rather than in 

human hepatocytes, to minimize the potential of these drugs to inhibit the enzymes 

competitively or non-competitively. 

Briefly, one assay contained phenacetin (1A2), bupropion (2B6), amodiaquine 

(2C8), and omeprazole (2C19) and the other assay contained testosterone (3A), 
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tolbutamide (2C9), dextromethorphan (2D6) as probe substrates.  Substrates were 

incubated with 0.25 mg/ml of microsomal protein, 0.1 M phosphate buffer, 1mM 

NADPH, 5mM MgCl2 in a final volume of 100 µl.  The incubation reaction was 

quenched with 100 µl of acetonitrile containing the internal standard, deuterated 

midazolam (6 ng/100 µl).  The sample was then vacuum dried (Jouan RC1010), 

reconstituted in 25% acetonitrile (60 µl) and 20 µl was injected onto the LC-MS to 

quantify the concentration of metabolites formed by individual CYP enzymes.  

Calibrators, containing the CYP substrate metabolites in 25% acetonitrile/0.1 M 

phosphate buffer and the internal standard were assayed along with the samples.  Quality 

control samples were processed as described above and consisted of the above 

microsomal mix without NADPH but did contain metabolites of each CYP substrate.   

Quantification of mRNA induction: Total RNA from the hepatocytes was 

isolated using the Qiagen RNeasy mini kit (Qiagen Sciences, MD) according to the 

manufacturer’s instructions.  The concentration of purified RNA was determined by a 

spectrophotometer (SmartSpec Plus Spectrophotometer, BioRad), as was the purity, using 

the 260/280 absorbance ratio (ratio of 1.8 to 2.0).  0.5 µg of the total RNA was reverse 

transcribed into cDNA using Applied Biosystems Taqman reverse transcription reagents 

(Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions.  The 

resulting cDNA was used for real time PCR (qPCR) analysis.   

qPCR assays for CYP enzymes, MDR1, BCRP, MRP2, OATP1A2 were carried 

out using gene-specific primers and FAM-labeled fluorescent MGB probes in an ABI 

7000 Sequence Detection System (Applied Biosystems, Foster City, CA).   hGus was 

used as the endogenous control.  The real-time reaction contained 10 µl 2X TaqMan 
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Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 10 ng of RNA 

equivalent cDNA, and primers (200 nM) and probes (100 nM) in a final volume of 20 µL.  

The reactions were conducted as follows: 95°C hot start for 10 minutes, followed by 40 

cycles at 95°C for 15 sec and then 60°C for 60 seconds.  Quantification of OATP1B1, 

OATP1B3 was conducted using gene specific primers designed by Briz et.al, 2003 (Briz 

et al., 2003) and synthesized by IDT Inc, Coralville.  Detection of the amplification 

products was carried out using SYBR green I.  Non specific products of PCR, as 

determined by melting point curves, were not detected.  Each sample was analyzed in 

duplicate. The mRNA levels of each test gene were normalized to hGus, according to the 

following formula: CT (test gene) - CT (hGus)  = ∆CT.  Thereafter, the relative mRNA 

levels of each gene were calculated using the ∆∆CT method: ∆CT (test gene) - ∆CT (test 

gene in the DMSO control) = ∆∆CT (test gene).  The fold-changes of mRNA levels were 

expressed as the relative expression 2-∆∆C
T. 

Quantification of CYP protein by Western blotting:  10 µg of microsomal 

protein was resolved employing a 10% SDS-PAGE and transferred to PVDF membrane.  

The membrane was then blocked with Odyssey blocking reagent (LI-COR biosciences, 

Lincoln NE) for 1 hr, incubated with primary antibodies (1:1000 fold dilution) for 

CYP3A, 2B6, (Gentest, Woburn, MA) and β-actin (Sigma,) overnight.  The membrane 

was then incubated for 1 hr with IRDye secondary antibodies; diluted 1:20000 (Licor 

biosciences, Lincoln, NB) raised against mouse (CYP3A, β-actin) and rabbit (CYP2B6) 

antigens. The blots were washed with TBS containing 0.05% tween for 30 minutes to 

remove excess antibody, followed by a final wash in PBS and then imaged on Odyssey 

Infrared Imaging Systems (Licor biosciences, Lincoln, NB). Integrated intensity of the 
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bands, as calculated by the Odyssey version 2.1, was used for quantification.  Only 

CYP3A and CYP2B6 enzymes were quantified by western blotting due to limited 

quantity of microsomes and the low level of induction of mRNA and activities of the 

remaining CYPs.   

 Statistical and data analysis:  CYP activity, immunoreactive protein content and 

mRNA levels in the treated groups were expressed relative to that observed in the vehicle 

control (negative control).  Although the magnitude of induction of CYPs and 

transporters was large, due to the significant inter-individual variability observed, 

experiments in a large number of human hepatocyte batches would need to be conducted 

to reach statistical significance.  Given the limited availability of hepatocytes, we defined 

a greater than 2-fold change in mRNA, protein or activity, of CYPs and transporters, 

relative to the negative control, to be induction.  We also expressed the data relative to 

the induction produced by the positive control (rifampin).  

To gain insight into whether rifampin, ritonavir and nelfinavir share a common 

mechanism for induction of the highly inducible CYP3A, 2B6 or 2C8 transcripts, we 

examined if the induction of each of these transcripts was correlated across the three 

drugs.  In addition, to explore if each drug induced the three enzymes by a common 

mechanism, we determined the correlation in induction of the three transcripts by each 

drug.  Correlation analysis of data across all concentrations of study drugs was conducted 

using GraphPad Prism version 4.0.  Correlations with r values <0.5 were designated as 

weak or poor, r values of 0.51-0.7 were designated modest, and r values of 0.71-1.0 were 

designated as strong or excellent. 
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Results 

The MTT assay showed that PIs and rifampin were not significantly toxic to the 

hepatocytes; cell viability ranged from 70-100%.   

Induction of CYP3A mRNA, protein and activity:  The magnitude of induction 

of CYP3A4 transcripts and CYP3A protein by the PIs (and rifampin) was large and 

concentration-dependent with potency of induction decreasing in the order rifampin ≈ 

ritonavir > nelfinavir (Fig 1A).  While rifampin induced the CYP3A activity in a 

concentration-dependent manner, the PIs reduced this activity, most likely due to 

inactivation of the enzymes.  At 10 µM, rifampin induced CYP3A4 transcripts, CYP3A 

protein and activity by 23-, 12- and 13-fold respectively.  At the same concentration, 

ritonavir and nelfinavir induced CYP3A4 transcripts and CYP3A protein by 19- and 12-, 

and 13- and 7-fold respectively.  In addition, ritonavir inhibited CYP3A activity by 55% 

while nelfinavir did not appear to affect this activity.  However, at higher concentrations, 

ritonavir further reduced CYP3A activity.  In contrast, nelfinavir appeared to be a weaker 

inactivator of CYP3A activity, as this activity could be measured at all concentrations 

studied but, unlike protein expression, was not induced with increasing concentration of 

the drug.  CYP3A5 transcripts were modestly induced by the three drugs in a 

concentration-dependent manner.   Rifampin’s ability to induce CYP3A activity was 

strongly and significantly correlated with its ability to induce CYP3A4 transcripts 

(r=0.96, p<0.05), and CYP3A protein (r=0.89, p<0.05).  However, the magnitude of 

induction of CYP3A4 transcripts was always larger than the magnitude of induction of 

either protein or activity (Fig 2A).  Ritonavir and nelfinavir inactivated CYP3A activity 
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and hence showed negative or no correlation between induction of activity and 

transcripts.  

Induction of CYP2B6 mRNA, protein and activity:  After CYP3A, the induction 

of CYP2B6 enzyme activity was the next highest.  All the three drugs induced transcripts, 

protein and activity of this enzyme in a concentration-dependent manner (Fig 1B).  At 10 

µM, CYP2B6 transcripts, protein and activity were induced 3-fold, 5-fold and 3-fold by 

ritonavir, 2-fold, 3-fold and 2-fold by nelfinavir and 4-fold, 6-fold and 3-fold by rifampin 

respectively.  Regression analysis of the data showed modest to strong correlation 

between CYP2B6 transcripts and activity for rifampin (r=0.52, p<0.05), ritonavir (r=0.52, 

p<0.05) or nelfinavir (r=0.81, p<0.05).  Activity and protein of 2B6 were strongly 

correlated for rifampin (r=0.81), but modestly correlated for ritonavir (r=0.52, p<0.05) or 

nelfinavir (r=0.65, p<0.05) 

Induction of CYP2C8, 2C9, and 2C19 mRNA and activity:  Except for the effect 

of ritonavir on CYP2C activity, induction of CYP2C transcripts and activity by the three 

drugs was concentration-dependent.  Of the three CYP2C enzymes examined, 2C8 

transcripts (Fig 2C) were induced to a greater extent than those of 2C9 or 2C19 (Fig 1D, 

1E).  At 10 µM, ritonavir, nelfinavir or rifampin caused a 7-, 5-, and 7- fold induction of 

2C8 transcripts respectively.  At the same concentration, ritonavir and nelfinavir induced 

2C8 activity by 2-fold while rifampin induced such activity by 4-fold.  At ritonavir 

concentration of greater than 1 µM, CYP2C8 activity appeared to be inhibited (Fig 1C).   

The transcripts and activity of CYP2C8 were strongly correlated for rifampin (r=0.81, 

p<0.05), modestly correlated for ritonavir (r=0.61, p<0.05), and weakly correlated for 

nelfinavir (r=0.35, p>0.05). 
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 CYP1A2 and CYP2D6 mRNA and activity:  At 10 µM, CYP1A2 transcripts were 

induced up to 6-fold by rifampin and 4-fold by ritonavir and nelfinavir.  However, 

CYP1A2 activity was only modestly induced (1.5- to 3-fold) by rifampin, ritonavir or 

nelfinavir (Fig 1F).  CYP2D6 was not induced by either the PIs or rifampin (Fig 1G).  

       Induction of transporter mRNA by protease inhibitors and rifampin:  

Induction of MDR1 and MRP2 transcripts by PIs and rifampin was quite variable (Fig 2).  

In general, the magnitude of induction of MDR1 was greater than that of MRP2 and 

occurred at lower concentrations of the drugs.  The magnitude of induction followed the 

order ritonavir > rifampin > nelfinavir.  BCRP, another ABC efflux transporter, was not 

inducible by any of the drugs.  Amongst the hepatic uptake transporters studied, 

OATP1A2, 1B1 and 1B3, only transcripts of OATP1B1 and 1B3 were expressed in 

hepatocytes and the induction of these transcripts was modest (Fig 2).  The magnitude of 

induction of OATP1B3 was greater than that of OATP1B1.   

Correlation Analysis:  The induction of CYP3A4 transcripts was strongly 

correlated between the three drugs (r=0.88-0.95, p<0.05) but modestly to strongly 

correlated for CYP2B6 (r=0.55-0.59, p<0.05) and CYP2C8 (r=0.6-0.8, p<0.05) (Table 

2B).  In addition, the induction of CYP2B6 transcripts by ritonavir was weakly correlated 

with that of 2C8 (r=0.4 p>0.05) and strongly correlated with that of 3A4 (r=0.76, 

p<0.05).  The induction of CYP2C8 transcripts by nelfinavir was strongly correlated with 

that of 2B6 (r=0.82, p<0.05) and with that of 3A4 (r=0.85, p<0.05).  In addition, the 

induction of CYP2B6 transcripts by nelfinavir was weakly correlated with that of 3A4 

(r=0.4, p>0.05).  Similarly, the induction by rifampin of CYP2C8 transcripts was strongly 
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correlated with that of 2B6 (r=0.77, p<0.05) and 3A4 (r=0.88, p<0.05), while that of 2B6 

was weakly correlated with that of 3A4 (r=0.5, p<0.05).   
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Discussion 

In vivo inhibitory drug interactions are now routinely and quantitatively predicted 

using human liver and recombinant enzyme microsomes.  Based on the success of this in 

vitro model, FDA has established guidelines for using this model to predict such 

interactions (http://www.fda.gov/cder/guidance/6695dft.pdf).  However, a validated 

model and methodology to quantitatively predict in vivo inductive drug interactions has 

not been established.  Our long term goal is to validate such a model using human 

hepatocytes. We used primary human hepatocytes to determine the CYPs and 

transporters induced by the PIs as this in vitro model is routinely used to investigate 

induction of CYPs and transporters (Meneses-Lorente et al., 2007).  In addition, to 

determine if induction studies in the human hepatocytes could predict the magnitude of in 

vivo induction of CYPs and transporters, we included in all our experiments, rifampin, a 

prototypical inducer, as our  biological control.  We chose to study the induction of 

ritonavir and nelfinavir as these two protease inhibitors differ in their frequency and 

magnitude of clinical drug interactions (Unadkat and Wang, 2000). Ritonavir produces 

more frequent and profound drug interactions when compared with nelfinavir.  In 

addition, in vivo, nelfinavir appears to be a less potent inducer of CYP enzymes than 

ritonavir.   

  We found that PIs (and rifampin) were potent inducers of CYP3A4 transcripts 

and protein but less potent inducers of CYP3A5 transcripts.  The magnitude of induction 

of the CYP3A4 transcripts was always larger than of CYP3A protein or activity.  The 

discrepancy between transcripts and protein or activity may be due to a time lag between 

the synthesis of transcripts and protein or due to the fact that our assay for quantification 
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of CYP3A proteins and their activities did not distinguish between CYP3A4 and 3A5 due 

to lack of selective substrates for each enzyme. The discrepancy between CYP3A protein 

and activity was the largest for the PIs, because these drugs induced expression of the 

proteins but either reduced their activities or produced no change.  Ritonavir was more 

potent than nelfinavir at reducing this activity. These data are consistent with the 

observation that ritonavir and nelfinavir are both inactivators of CYP3A enzymes in vitro  

and in vivo (Malaty and Kuper, 1999).  Interestingly, ritonavir (200-500 mg bid) induces 

its own clearance (Hsu et al., 1997) and that of others such as ethinyl estradiol (Ouellet et 

al., 1998).  At clinical doses (1200 mg bid), nelfinavir does not induce in vivo CYP3A 

activity (Hsyu et al., 2001).  Yet, it induces its own clearance and that of other drugs such 

as phenytoin and amprenavir (Unadkat and Wang, 2000; Pfister et al., 2002). Our data in 

human hepatocytes and those cited above suggest that this induction of in vivo clearance 

by ritonavir and nelfinavir is NOT due to induction of CYP3A enzymes, but due to 

induction of other enzymes or transporters.   

In investigating other enzymes induced by the PIs, we found that CYP2B6 and 

CYP2C8 enzymes were the second most induced enzymes by the PIs (and rifampin).  

The induction potency of CYP2B6 decreased in the order rifampin > ritonavir ≈ 

nelfinavir.  In contrast to CYP3A enzymes, the magnitude of induction of CYP2B6 

transcripts, protein and activity correlated for all three drugs.  Indeed clinical studies have 

shown that ritonavir enhances the clearance of drugs such as methadone, a drug which is 

cleared in part by CYP2B6 (Beauverie et al., 1998).  The role of CYP2B6 in the 

clearance of drugs which are metabolized by both CYP3A4 and 2B6, such as meperidine 

(Ramirez et al., 2004), will increase when CYP3A is inactivated by the protease 
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inhibitors.  If, upon chronic administration of the PIs, the induction of CYP2B6 is 

significant, it could nullify the inactivation of CYP3A enzymes by the PIs and therefore 

result in no change in the clearance of the drug.   

Since the CYP2C family is important in metabolizing a wide variety of drugs, we 

also investigated the induction of CYP2C8, 9 and 19 by the PIs (and rifampin).  Except 

for the effect of ritonavir on CYP2C8 activity, the induction of transcripts and activity of 

all three isoforms was concentration-dependent and decreased in the order 

CYP2C8>2C9≈2C19.    For all three isoforms, induction of transcripts was greater than 

that of activity.  Even though the activity of each of the CYP2C isoforms is modestly 

induced in vivo by the PIs, if a drug is metabolized by more than one of these isoforms or 

the drug has a narrow therapeutic window, the degree of induction observed here could 

lead to clinically significant inductive drug interactions.  This may explain the 

observation that lopinavir/ritonavir (400/100 mg bid) and nelfinavir (750 mg tid) have 

been observed to induce the clearance of warfarin (Knoell et al., 1998; Newshan and 

Tsang, 1999) and phenytoin (Honda et al., 1999; Lim et al., 2004).   

The least inducible enzyme was CYP1A2 while CYP2D6 was not inducible.  

Consistent with this observation, lopinavir-ritonavir (400/100 mg bid) modestly induced 

CYP1A2 (43%) activity in vivo (Yeh et al., 2006).  CYP1A isoforms are primarily 

regulated by the AhR receptor (Li et al., 1998).  However, rifampin and ritonavir have 

not been shown to be ligands of AhR.  These data are consistent with the very modest 

induction of CYP1A2 observed in our human hepatocytes most likely due to the indirect 

cross-talk between AhR and PXR (Maglich et al., 2002).  Based on these data, we predict 

that the PIs will not produce clinically significant interactions with drugs that are 
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predominantly cleared by CYP1A2. We included CYP2D6 in this study as a negative 

control since CYP2D6 is not induced by xenobiotics, including rifampin.  Consistent with 

these data, we did not observe induction of transcripts or activity of this enzyme by the 

PIs or rifampin.   

  The recent FDA draft guidelines 

(http://www.fda.gov/cder/guidance/6695dft.pdf) suggest that “a drug that produces a 

change that is equal to or greater than 40% of the positive control” (e.g. rifampin) “can be 

considered as an enzyme inducer and in vitro and in vivo evaluation is warranted”.  Based 

on these guidelines, both ritonavir and nelfinavir would be classified as inducers of 

CYP2B6 and 2C enzymes (Fig 2H).   

PXR has been shown to be important in xenobiotic (including rifampin) induction 

of several CYPs, such as CYP3A4, 2B6 and 2C8, and transporters such as MDR1, 

OATP1B1(Xu et al., 2005).  Both ritonavir and rifampin are known ligands of PXR 

(Dussault et al., 2001).  If the PIs and rifampin also induce enzymes and transporters via 

a similar mechanism, the concentration dependent induction (but not necessarily the 

magnitude) of a given gene product should be correlated across the three drugs.  

Therefore, we investigated the correlation between the three drugs in their propensity to 

induce the transcripts of the highly inducible genes, CYP2B6, 3A4 or 2C8.     

The induction of transcripts was strongly correlated between the three drugs for 

CYP3A4, and modestly correlated for CYP2B6 and CYP2C8 (Table 2B).  These data 

corroborate previous evidence that these drugs induce CYP3A4 by a common 

mechanism, most likely transcriptional activation of PXR.  These data also suggest that 

divergent mechanisms (e.g other transcriptional factors) are likely involved in the 
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induction of CYP2B6 and 2C8 by the three compounds.  Indeed, evidence in the 

literature suggests that CAR is another nuclear receptor important in the induction of 

CYP2B6 and 2C8 (Ferguson et al., 2005). To gain further insight into this possible 

mechanism, we also determined if the induction of the three transcripts by a single drug 

was correlated.  For ritonavir, there was strong correlation between CYP2B6 and 3A4 

transcripts.  However, for nelfinavir and rifampin, although induction of CYP2C8 and 

2B6 transcripts was strongly correlated, induction of CYP2B6 and 3A4 transcripts was 

poorly correlated. These data are consistent with the notion that induction of CYP2B6 

and 3A4 transcripts by the PIs and rifampin appears to occur via different mechanism(s), 

perhaps one predominantly via CAR while the other predominately via PXR. The 

induction of CYP2C8 transcripts showed good to excellent correlation with 2B6 

transcripts for rifampin and nelfinavir suggesting that these genes share common 

induction mechanism(s).  However, activation studies of PXR and CAR need to be 

conducted to definitively test these hypotheses.  

Besides CYP enzymes, drug transporters can significantly affect drug disposition 

such as hepatic uptake and biliary clearance.  Protease inhibitors are transported by efflux 

transporters such as P-gp (Bachmeier et al., 2005) and MRP2 (Huisman et al., 2002) and 

possibly by uptake transporters such as OATPs (Su et al., 2004).  At 10 µM, the PIs (and 

rifampin) induced OATP1B1 and OATP1B3 modestly.  At this concentration, MDR1 

transcripts were induced to a greater extent by ritonavir and rifampin, but nelfinavir was a 

weaker inducer.  Correlation analysis showed a poor correlation between induction of 

MDR1 gene transcripts by rifampin and ritonavir (r=0.19, p>0.05) and by rifampin and 

nelfinavir (r=0.23, p>0.05).  This may be due to the significant variability in the data, or 
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perhaps due to different mechanisms of induction of these drugs.  We did not measure the 

activities of P-gp or MRP2 as our experiments did not use the sandwich-cultured 

hepatocytes necessary for targeting P-gp and MRP2 transporters to the canalicular 

membrane (Kipp and Arias, 2000; Hoffmaster et al., 2004).   

In conclusion, our data show that despite induction of CYP3A transcripts and 

protein, CYP3A activity is suppressed by the PIs or unchanged, most likely due to 

inactivation of these enzymes.  However, the PIs do induce several other CYPs with 

potency comparable to that of rifampin.  Of these, the most inducible are CYP2B6 and 

2C8.  While the hepatic basal expression of these CYPs is highly variable and on average 

lower than that of other major CYP enzymes, they are highly inducible (Gerbal-Chaloin 

et al., 2001; Wang and Negishi, 2003).  After induction, they are likely to play a 

significant role in metabolism of substrates that are cleared by these enzymes.  Based on 

these data we predict that many of the paradoxical interactions observed of the PIs with 

CYP3A substrates (i.e. induction rather than inhibition) are due to induction of these two 

enzymes.  While the PIs are more modest inducers of CYP2C9 and 2C19, collectively the 

induction of these enzymes could also play a role in some of these paradoxical 

interactions.    Our data also suggest that inductive drug interactions with ritonavir and 

nelfinavir are likely to be metabolic-based rather than transporter-based.  Studies are 

presently ongoing on our laboratory to determine the in vivo induction of CYPs and 

transporters by these PIs and rifampin (Kirby et al., 2006).  Preliminary data obtained 

from these studies show excellent agreement between the data obtained in human 

hepatocytes and in vivo.   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 16, 2007 as DOI: 10.1124/dmd.107.016089

 at A
SPE

T
 Journals on D

ecem
ber 6, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD #16089 

 21

Acknowledgements: We thank Brian Kirby and Anshul Gupta for helpful scientific 

discussions and help in troubleshooting technical problems.  We also thank Dr. Edward 

LeCluyse for helpful suggestions and for generating some of the preliminary data for this 

study. We also acknowledge Astrazeneca for providing us with 5-hydroxy omeprazole. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 16, 2007 as DOI: 10.1124/dmd.107.016089

 at A
SPE

T
 Journals on D

ecem
ber 6, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD #16089 

 22

 References 
 
Bachmeier CJ, Spitzenberger TJ, Elmquist WF and Miller DW (2005) Quantitative 

assessment of HIV-1 protease inhibitor interactions with drug efflux transporters 
in the blood-brain barrier. Pharm Res 22:1259-1268. 

Barry M, Mulcahy F, Merry C, Gibbons S and Back D (1999) Pharmacokinetics and 
potential interactions amongst antiretroviral agents used to treat patients with HIV 
infection. Clin Pharmacokinet 36:289-304. 

Beauverie P, Taburet AM, Dessalles MC, Furlan V and Touzeau D (1998) Therapeutic 
drug monitoring of methadone in HIV-infected patients receiving protease 
inhibitors. Aids 12:2510-2511. 

Briz O, Serrano MA, MacIas RI, Gonzalez-Gallego J and Marin JJ (2003) Role of 
organic anion-transporting polypeptides, OATP-A, OATP-C and OATP-8, in the 
human placenta-maternal liver tandem excretory pathway for foetal bilirubin. 
Biochem J 371:897-905. 

Carmichael J and Ozols RF (1997) Topotecan, an active new antineoplastic agent: review 
and current status. Expert Opin Investig Drugs 6:593-608. 

Culm-Merdek KE, von Moltke LL, Gan L, Horan KA, Reynolds R, Harmatz JS, Court 
MH and Greenblatt DJ (2006) Effect of extended exposure to grapefruit juice on 
cytochrome P450 3A activity in humans: comparison with ritonavir. Clin 
Pharmacol Ther 79:243-254. 

Dixit V, Niresh Hariparsad, Desai P and Unadkat J (2007) In vitro LC-MS Cocktail 
Assays to Determine Simultaneously Human Cytochrome P450 Activities. 
Biopharmaceutics and Drug Disposition 28. 

Dussault I, Lin M, Hollister K, Wang EH, Synold TW and Forman BM (2001) Peptide 
mimetic HIV protease inhibitors are ligands for the orphan receptor SXR. J Biol 
Chem 276:33309-33312. 

Ernest CS, 2nd, Hall SD and Jones DR (2005) Mechanism-based inactivation of CYP3A 
by HIV protease inhibitors. J Pharmacol Exp Ther 312:583-591. 

Ferguson SS, Chen Y, LeCluyse EL, Negishi M and Goldstein JA (2005) Human 
CYP2C8 is transcriptionally regulated by the nuclear receptors constitutive 
androstane receptor, pregnane X receptor, glucocorticoid receptor, and hepatic 
nuclear factor 4alpha. Mol Pharmacol 68:747-757. 

Gerbal-Chaloin S, Pascussi JM, Pichard-Garcia L, Daujat M, Waechter F, Fabre JM, 
Carrere N and Maurel P (2001) Induction of CYP2C genes in human hepatocytes 
in primary culture. Drug Metab Dispos 29:242-251. 

Gerber JG, Rosenkranz S, Segal Y, Aberg J, D'Amico R, Mildvan D, Gulick R, Hughes 
V, Flexner C, Aweeka F, Hsu A and Gal J (2001) Effect of ritonavir/saquinavir on 
stereoselective pharmacokinetics of methadone: results of AIDS Clinical Trials 
Group (ACTG) 401. J Acquir Immune Defic Syndr 27:153-160. 

Greenblatt DJ, von Moltke LL, Daily JP, Harmatz JS and Shader RI (1999) Extensive 
impairment of triazolam and alprazolam clearance by short-term low-dose 
ritonavir: the clinical dilemma of concurrent inhibition and induction. J Clin 
Psychopharmacol 19:293-296. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 16, 2007 as DOI: 10.1124/dmd.107.016089

 at A
SPE

T
 Journals on D

ecem
ber 6, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD #16089 

 23

Gupta A, Thummel KE and Unadkat JD (2006) Induction of CYP3A4 and MDR1 by 
anti-HIV protease inhibitors in intestinal human adenocarcinoma cell line, LS180. 
Drug Metabolism Reviews 38:111. 

Hoffmaster KA, Turncliff RZ, LeCluyse EL, Kim RB, Meier PJ and Brouwer KL (2004) 
P-glycoprotein expression, localization, and function in sandwich-cultured 
primary rat and human hepatocytes: relevance to the hepatobiliary disposition of a 
model opioid peptide. Pharm Res 21:1294-1302. 

Honda M, Yasuoka A, Aoki M and Oka S (1999) A generalized seizure following 
initiation of nelfinavir in a patient with human immunodeficiency virus type 1 
infection, suspected due to interaction between nelfinavir and phenytoin. Intern 
Med 38:302-303. 

Hsu A, Granneman GR, Witt G, Locke C, Denissen J, Molla A, Valdes J, Smith J, 
Erdman K, Lyons N, Niu P, Decourt JP, Fourtillan JB, Girault J and Leonard JM 
(1997) Multiple-dose pharmacokinetics of ritonavir in human immunodeficiency 
virus-infected subjects. Antimicrob Agents Chemother 41:898-905. 

Hsyu PH, Schultz-Smith MD, Lillibridge JH, Lewis RH and Kerr BM (2001) 
Pharmacokinetic interactions between nelfinavir and 3-hydroxy-3-methylglutaryl 
coenzyme A reductase inhibitors atorvastatin and simvastatin. Antimicrob Agents 
Chemother 45:3445-3450. 

Huisman MT, Smit JW, Crommentuyn KM, Zelcer N, Wiltshire HR, Beijnen JH and 
Schinkel AH (2002) Multidrug resistance protein 2 (MRP2) transports HIV 
protease inhibitors, and transport can be enhanced by other drugs. Aids 16:2295-
2301. 

Kipp H and Arias IM (2000) Intracellular trafficking and regulation of canalicular ATP-
binding cassette transporters. Semin Liver Dis 20:339-351. 

Kirby B, Collier A, Thummel KT, Kharasch ED and Unadkat JD (2006) Effect of 
multiple dose administration of nelfinavir or rifampin on in-vivo CYP1A2, 2C9, 
2D6, 3A, and P-gp activity In HIV-negative volunteers. Drug Metabolism 
Reviews 38:110. 

Knoell KR, Young TM and Cousins ES (1998) Potential interaction involving warfarin 
and ritonavir. Ann Pharmacother 32:1299-1302. 

Kostrubsky VE, Ramachandran V, Venkataramanan R, Dorko K, Esplen JE, Zhang S, 
Sinclair JF, Wrighton SA and Strom SC (1999) The use of human hepatocyte 
cultures to study the induction of cytochrome P-450. Drug Metab Dispos 27:887-
894. 

Li W, Harper PA, Tang BK and Okey AB (1998) Regulation of cytochrome P450 
enzymes by aryl hydrocarbon receptor in human cells: CYP1A2 expression in the 
LS180 colon carcinoma cell line after treatment with 2,3,7,8-tetrachlorodibenzo-
p-dioxin or 3-methylcholanthrene. Biochem Pharmacol 56:599-612. 

Lim ML, Min SS, Eron JJ, Bertz RJ, Robinson M, Gaedigk A and Kashuba AD (2004) 
Coadministration of lopinavir/ritonavir and phenytoin results in two-way drug 
interaction through cytochrome P-450 induction. J Acquir Immune Defic Syndr 
36:1034-1040. 

Maglich JM, Stoltz CM, Goodwin B, Hawkins-Brown D, Moore JT and Kliewer SA 
(2002) Nuclear pregnane x receptor and constitutive androstane receptor regulate 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 16, 2007 as DOI: 10.1124/dmd.107.016089

 at A
SPE

T
 Journals on D

ecem
ber 6, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD #16089 

 24

overlapping but distinct sets of genes involved in xenobiotic detoxification. Mol 
Pharmacol 62:638-646. 

Malaty LI and Kuper JJ (1999) Drug interactions of HIV protease inhibitors. Drug Saf 
20:147-169. 

Meneses-Lorente G, Pattison C, Guyomard C, Chesne C, Heavens R, Watt AP and Sohal 
B (2007) Utility of long-term cultured human hepatocytes as an in vitro model for 
cytochrome p450 induction. Drug Metab Dispos 35:215-220. 

Nallani SC, Genter MB and Desai PB (2001) Increased activity of CYP3A enzyme in 
primary cultures of rat hepatocytes treated with docetaxel: comparative evaluation 
with paclitaxel. Cancer Chemother Pharmacol 48:115-122. 

Newshan G and Tsang P (1999) Ritonavir and warfarin interaction. Aids 13:1788-1789. 
Ouellet D, Hsu A, Qian J, Locke CS, Eason CJ, Cavanaugh JH, Leonard JM and 

Granneman GR (1998) Effect of ritonavir on the pharmacokinetics of ethinyl 
oestradiol in healthy female volunteers. Br J Clin Pharmacol 46:111-116. 

Pfister M, Labbe L, Lu JF, Hammer SM, Mellors J, Bennett KK, Rosenkranz S and 
Sheiner LB (2002) Effect of coadministration of nelfinavir, indinavir, and 
saquinavir on the pharmacokinetics of amprenavir. Clin Pharmacol Ther 72:133-
141. 

Ramirez J, Innocenti F, Schuetz EG, Flockhart DA, Relling MV, Santucci R and Ratain 
MJ (2004) CYP2B6, CYP3A4, and CYP2C19 are responsible for the in vitro N-
demethylation of meperidine in human liver microsomes. Drug Metab Dispos 
32:930-936. 

Su Y, Zhang X and Sinko PJ (2004) Human organic anion-transporting polypeptide 
OATP-A (SLC21A3) acts in concert with P-glycoprotein and multidrug resistance 
protein 2 in the vectorial transport of Saquinavir in Hep G2 cells. Mol Pharm 
1:49-56. 

Unadkat JD and Wang Y (2000) Antivirals, in: Metabolic Drug Interactions (R. H. Levy 
KET, W. F. Trager, P. D. Hansten and M. Eichelbaum ed), pp 421-433, ppincott 
Williams & Wilkins, Philadelphia. 

Wang H and Negishi M (2003) Transcriptional regulation of cytochrome p450 2B genes 
by nuclear receptors. Curr Drug Metab 4:515-525. 

Xu C, Li CY and Kong AN (2005) Induction of phase I, II and III drug 
metabolism/transport by xenobiotics. Arch Pharm Res 28:249-268. 

Yeh RF, Gaver VE, Patterson KB, Rezk NL, Baxter-Meheux F, Blake MJ, Eron JJ, Jr., 
Klein CE, Rublein JC and Kashuba AD (2006) Lopinavir/ritonavir induces the 
hepatic activity of cytochrome P450 enzymes CYP2C9, CYP2C19, and CYP1A2 
but inhibits the hepatic and intestinal activity of CYP3A as measured by a 
phenotyping drug cocktail in healthy volunteers. J Acquir Immune Defic Syndr 
42:52-60. 

Zeldin RK and Petruschke RA (2004) Pharmacological and therapeutic properties of 
ritonavir-boosted protease inhibitor therapy in HIV-infected patients. J 
Antimicrob Chemother 53:4-9. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 16, 2007 as DOI: 10.1124/dmd.107.016089

 at A
SPE

T
 Journals on D

ecem
ber 6, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD #16089 

 25

 
Footnotes 
This work was supported by NIH GM032165 

Address correspondence to: Dr Jashvant D Unadkat, Department of Pharmaceutics, 

University of Washington, Box 357610 Seattle, WA 98195.                                            

Email: jash@u.washington.edu 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 16, 2007 as DOI: 10.1124/dmd.107.016089

 at A
SPE

T
 Journals on D

ecem
ber 6, 2023

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD #16089 

 26

Figure Legends 
 
 
Fig 1:  Except for CYP3A and 2C8 activity, induction of CYP2B6, 2C9, 2C19 activity, 

protein and/or transcripts by ritonavir (Rit), nelfinavir (Nel) or rifampin (Rif) was 

concentration-dependent.  All the three drugs were potent inducers of 3A4 transcripts and 

protein. The potency of induction decreased in the order Rif > Rit > Nel.   While Rif 

induced CYP3A activity, Rit and Nel inhibited it (A).  Induction of 2B6 activity and 

protein by Rit and Rif was similar but greater than that by Nel (B). Rit and Nel were less 

potent in inducing 2C8 activity (C).  All the 3 drugs modestly induced 2C9, 2C19 and 

1A2 activity (D, E and F) but did not affect 2D6 activity or transcripts (G).  When 

expressed relative to the corresponding concentration of rifampin, except for CYP3A and 

2C8 activity, Rit and Nel were almost as potent as Rif in inducing CYP transcripts, 

protein and activity (H). In all instances, except for panel H, only changes greater than 2-

fold over negative control were considered as induction. N=4, mean±SEM.  

 

Fig 2: MDR1 transcripts were more inducible by the PIs and Rif than MRP2 transcripts.   

OATP1B3 and 1B1 transcripts were only modestly induced by the PIs.  OATP1A2 

transcripts were not detected. BCRP transcripts were not induced by either PIs or 

rifampin. Only changes greater than 2-fold over negative control were considered 

induction.  N=4 except for BCRP where N=3,  mean±SEM.   
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Table 1: Demographic characteristics of the liver donors. 

 

Patient Age Sex Disease Status Medication Source Cause of 
Death 

HL1247 3 M Maple syrup urine disease NA Liver transplant NA 
HL1233 32 M Diabetes, steatosis, bipolar 

disorder 
Insulin, nor 
epinephrine 

Organ donor Gun shot 

HL1294 14 M Depression NA Organ donor Anoxia 
HL1298 78 M NA NA Liver resection NA 

 

NA – not available 
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Table 2:  (A) Correlation (r) between induction of CYP3A4, CYP2B6, CYP2C8 transcripts by ritonavir (Rit), nelfinavir (Nel) or 

rifampin (Rif). (B) Correlation (r) between drugs in their ability to induce CYP3A, 2B6 and 2C8 transcripts. 

 
A                                                                                                            B 
 
mRNA  Rif  Rit  Nel  

  2B6 2C8 2B6 2C8 2B6 2C8 
Rif 2B6  0.77*     
 3A4 0.50* 0.88*     
        

Rit 2B6    0.4   
 3A4   0.76* 0.85*   
        

Nel 2B6      0.76* 
 3A4     0.40 0.8*  

mRNA  3A4  2B6  2C8  
  Rif  Rit Rif Rit Rif Rit 

3A4 Rif  0.91*     
 Nel 0.95* 0.88*     
        

2B6 Rif    0.55*   
 Nel   0.56* 0.59*   
        

2C8 Rif      0.80* 
 Nel     0.78* 0.59*  

 
* p<0.05 
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