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How important is intestinal Cytochrome P450 3A metabolism? 

Antonius E. van Herwaarden, Robert A.B. van Waterschoot and Alfred H. Schinkel 

Division of Molecular Biology, The Netherlands Cancer Institute, Amsterdam. 

ABSTRACT 

CYP3A enzymes metabolize a wide variety of xenobiotics including many drugs. Because 

CYP3A is localized in both liver and intestine, it can make a major contribution to the 

presystemic elimination of substrate drugs after oral administration (‘first-pass 

metabolism’). However, assessments of the relative importance of intestinal versus hepatic 

CYP3A-mediated first-pass metabolism have been difficult to make and are subject to 

extensive discussion. To assess systematically the relative contributions of the intestine and 

liver to first-pass metabolism in vivo, Cyp3a knockout mice expressing human CYP3A4 in 

the liver or intestine have recently been generated. Analysis of these mice, together with 

previous observations in humans, substantiates that intestinal CYP3A4 can operate 

independently of the liver as a highly efficient metabolic barrier during the uptake of 

various drugs from the intestine. We expect that the insights obtained with these mouse 

models will contribute to the development of better oral drugs and treatment regimens.  

GLOSSARY

Anhepatic phase: Time period during which the blood circulation bypasses the liver, in humans usually during 
liver transplantation. 
Enterocyte: Intestinal epithelial cell lining the gut. 
Hepatocyte: Most abundant and metabolically active cell type in the liver. 
Mesenteric vein: Vein that drains blood from the intestines. 
Portal vein: Vein that carries the blood from the mesenteric veins into the liver.  
ATP binding cassette (ABC) transporters: Membrane-spanning efflux pumps driven by ATP hydrolysis that 
can actively extrude their substrates from cells. 
P-gp/ABCB1: P-glycoprotein, multidrug efflux pump occurring in the apical membrane of polarized cells. 
BCRP/ABCG2: Breast cancer resistance protein, multidrug efflux pump occurring in the apical membrane of 
polarized cells. 
MRP2/ABCC2: Multidrug resistance-associated protein 2, multidrug efflux pump occurring in the apical 
membrane of polarized cells. 
ApoE promoter: Promoter region of the ApoE gene, primarily expressed in hepatocytes. 
Villin promoter: Promoter region of the villin gene, primarily expressed in enterocytes. 
Erythromycin breath test: Test in which [14C]erythromycin is intravenously administered followed by 
measurement of [14C]labeled carbon dioxide in the breath to assess the magnitude of hepatic erythromycin 
metabolism. 

Chapter 1 
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INTRODUCTION 

Cytochrome P450 3A (CYP3A) enzymes are heme-containing monooxygenases 

responsible for the oxidative metabolism of approximately 50% of current drugs on the 

market (1). CYP3A enzymes are embedded in the endoplasmic reticulum where they can 

catalyze a wide variety of biochemical reactions, including hydroxylation, N-

demethylation, O-dealkylation, S-oxidation, deamination or epoxidation of substrates. Of 

the four human CYP3A enzymes identified, CYP3A4 and CYP3A5 are primarily relevant 

for drug metabolism. Because CYP3A is localized in both intestine and liver, it can make a 

major contribution to the presystemic metabolic elimination of substrate drugs that can 

occur after oral administration, i.e. first-pass metabolism. Although the liver is usually 

considered to be the major site of CYP3A metabolism, evidence is accumulating that 

intestinal CYP3A activity can also have a profound impact on drug metabolism. 

Importantly, CYP3A levels among human donors can vary as much as 40-fold in both liver 

and small intestine (2). Moreover, CYP3A activity and expression can be profoundly 

influenced by numerous drugs and dietary components, which can either efficiently inhibit 

enzyme activity or strongly induce gene expression (3, 4, 5). Genetic polymorphisms can 

further affect expression of CYP3A enzymes, especially CYP3A5, where carriers of the 

CYP3A5*1 allele express considerable amounts of CYP3A5 but individuals homozygous 

for the CYP3A5*3 allele have low expression of CYP3A5 (6). Consequently, the oral 

availability and systemic clearance of CYP3A substrate drugs can vary extensively among 

and even, over time, within patients, with sometimes dramatic consequences for drug 

efficacy and toxicity. CYP3A is therefore one of the most important factors in variable drug 

exposure, and a major player in drug-drug and drug-food interactions. It is thus important 

to be able to assess systematically the in vivo impact of CYP3A on drug metabolism in 

order to minimize possible toxicity or inefficacy of drugs. Insight into the relative 

contribution of intestinal and hepatic CYP3A to first-pass metabolism would be of great 

help in such efforts. However, assessments of this relative contribution have been difficult 

to make and are subject to extensive discussion.  

Recently, CYP3A knockout and transgenic mouse models have been generated that 

provide well-defined in vivo models to address the relative contribution of intestinal versus 

hepatic metabolism. This opinion review aims to put the new findings in these models in 

the perspective of existing literature data. Collectively, we come to the conclusion that a 

wealth of data in humans and in animal models now supports a prominent role of intestinal 

CYP3A in first-pass metabolism of a range of oral drugs. 
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First-pass metabolism by CYP3A  

When orally administered, a drug has to pass first the intestinal wall and subsequently 

the liver before it reaches the systemic blood circulation (Figure 1). Because CYP3A is 

localized in both intestine and liver, it can make a major contribution to first-pass 

metabolism. The drug is taken up from the intestinal lumen into the enterocyte by passive 

diffusion and/or facilitated or active transport by uptake transporters. While the drug travels 

through the enterocyte, it can be metabolized by CYP3A even before it reaches the 

mesenteric and subsequently portal veins. Part of the residual fraction of the drug that 

reaches the portal blood can be taken up into hepatocytes by passive diffusion and/or 

facilitated or active transport. Binding of the drug to plasma proteins and blood flow are 

also important in these processes: substantial binding to plasma proteins or inefficient 

hepatic blood supply can reduce the fraction of drug available for uptake into hepatocytes. 

Within the hepatocytes, the substrate drug can be metabolized by hepatic CYP3A. 

Consequently, only the fraction of the drug escaping hepatic uptake and metabolism can 

reach the systemic circulation.  

Note that most drugs have to pass primarily through the enterocytes before reaching 

the portal blood, whereas in principle they could bypass the hepatocytes and enter the 

systemic circulation if they manage to escape uptake into the hepatocyte. First-pass 

exposure of most drugs to intestinal CYP3A is therefore nearly unavoidable, whereas first-

pass exposure to hepatic CYP3A will largely depend on the efficiency of hepatocyte 

uptake. Note that the parental drug, as well as metabolites produced in enterocytes or 

hepatocytes, can be transported back into the intestinal lumen or into bile, for instance by 

active apical ATP binding cassette (ABC) transporters such as P-glycoprotein (P-

gp/ABCB1), BCRP/ABCG2 and MRP2/ABCC2 (Figure 1) (23). In this respect it is 

important that there is extensive (albeit incomplete) overlap in drug substrate specificity 

between CYP3A and P-gp (24). Furthermore, some drugs or metabolites may be 

transported back from the hepatocyte into blood, e.g. by MRP3/ABCC3 (Figure 1). Clearly, 

all of these transport processes may affect the rate and extent of first-pass drug metabolism.  

Functional interplay between intestinal CYP3A and P-glycoprotein 

The spatial arrangement of CYP3A and multidrug transporters such as P-gp in 

intestine and liver may play a pronounced role in the first-pass metabolism of drugs. 

Realization of the marked overlap between CYP3A and P-gp in substrate specificity and 

their shared location in enterocytes led to the hypothesis that this enzyme system and 

transporter might act as a coordinated absorption barrier that efficiently restricts oral drug 

and xenobiotic entry (24, 25). Without apical efflux transporter, the usually high 
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concentration of oral drug in the gut might easily saturate CYP3A in the enterocytes, 

resulting in only partial metabolism, and substantial uptake of unchanged drug into the 

blood. By extrusion of the drug out of the enterocyte after absorption (back into the 

intestinal lumen), the transporter reduces the effective drug concentration inside the 

enterocyte. This prevents saturation of intestinal CYP3A and allows for more complete 

metabolism of the drug. Of course, the extruded drug can reenter the enterocytes, but again 

only at low concentration, again resulting in extensive metabolism by intestinal CYP3A 

(Figure 1). The overall result is that very little unchanged drug can enter the blood. 

Accordingly, the interplay between CYP3A and P-gp can allow highly efficient intestinal 

metabolism and thus could have a substantial effect on first-pass elimination of drugs. 

Figure 1: Systemic exposure to CYP3A substrate drugs is limited by the intestinal and hepatic localization of 

CYP3A and efflux transporters. Bulk drug flow is indicated by the large open arrows. Metabolism of drug (●) to 

its metabolites (○) by CYP3A is indicated. Thin open arrows indicate transport of drug by uptake or efflux 

transporters (or simple transmembrane diffusion) into the enterocyte or hepatocyte, or towards the portal blood. 

Thin closed arrows indicate transport of drug and/or metabolites by active efflux transporters, usually ABC drug 

transporters, in enterocytes into the mesenteric veins (and hence the portal vein) or back into the lumen of the 

intestine, and in hepatocytes back into the systemic circulation, or into the bile. 
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Contribution of hepatic versus intestinal CYP3A metabolism 

The relative role of hepatic versus intestinal CYP3A activity in the clearance of drugs 

after oral or intravenous administration has been difficult to assess, and such an assessment 

has been usually based on in vitro measurements of CYP3A protein levels or activity in 

intestinal and liver microsomes, or on prediction models incorporating in vitro and/or in 

vivo experimental data. Measurements of CYP3A expression in liver and extra-hepatic 

tissues in Caucasians demonstrated that the concentration of CYP3A4 mRNA was 24-fold 

higher in liver tissue than in small intestinal tissue (7). For CYP3A5 (*1A/*3A) a similar 

proportion was found. In a separate study, microsomal CYP3A content was measured in 

livers and small intestines of Causasians. The median CYP3A microsomal protein level 

was 70.4 (range: 5.6-381) in liver, versus 18.7 (range: 0.5-34.1) pmol/mg microsomal 

protein for the jejunal homogenate (8).  

Of course, isolation methods and the marked difference in tissue homogeneity between 

the liver and intestine are highly relevant for CYP3A expression and/or activity estimates. 

Compared to the hepatocytes in the liver the enterocytes in the intestine also constitute a 

much smaller amount of tissue (wet-weight). Collectively, on the basis of, on average, 

much higher estimates of CYP3A concentrations, and therefore total CYP3A content in 

liver versus intestine, a generally dominant role for the liver in first-pass metabolism has 

been suggested (9).  

Correlations between liver microsomal CYP3A content, or results of the erythromycin 

breath test (a measure of hepatic CYP3A4 activity upon i.v. drug administration), and 

systemic clearance of many CYP3A substrates have further supported an important role of 

liver CYP3A in drug metabolism. However, the role of intestinal CYP3A and more 

specifically its role relative to that of the liver in oral drug metabolism remains difficult to 

determine in vivo. Of note, hepatic and intestinal CYP3A activity do not necessarily 

correlate, and can even be inversely correlated within individuals (10-13). Intestinal 

metabolism can be indirectly assessed by analyzing the correlation between the plasma 

drug levels obtained after oral administration of a CYP3A substrate drug and liver CYP3A4 

activity as judged by the erythromycin breath test (14). A good correlation between the 

erythromycin breath test result (measure of hepatic CYP3A activity) and systemic exposure 

of the test substrate would suggest that the major site of metabolism of the substrate is the 

liver and not the intestine. A poor correlation on the other hand might suggest a role for 

intestinal CYP3A in the metabolism of the test substrate.  

A thorough and illuminating study based on this approach in human volunteers 

showed that the drug felodipine can undergo substantial metabolism in enterocytes during 

absorption from the lumen of the bowel (15). Oral administration of the CYP3A inhibitor 
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grapefruit juice markedly increased the uptake of oral felodipine (area under the plasma 

concentration-time curve (AUC) 3.1-fold, maximal plasma concentration (Cmax) 4.3-fold 

increased) and caused a concomitant decrease in CYP3A4 content in enterocytes. Because 

the i.v. erythromycin clearance (breath test) was not altered by the coadministration of 

grapefruit juice, it was inferred that the increased oral availability of felodipine was not the 

result of decreased hepatic CYP3A activity, but the result of inhibition of intestinal 

CYP3A4. Apparently, grapefruit juice primarily inhibits CYP3A in the intestine, and not in 

the liver. These findings imply that intestinal CYP3A makes a marked contribution to first-

pass felodipine metabolism.  

Another approach to investigate the relative importance of liver versus intestine in 

first-pass metabolism has been explored with cyclosporine and midazolam in liver 

transplant patients during the anhepatic phase of their operation (16, 17). These patients 

demonstrated an extensive intestinal first-pass metabolism of the drugs; in the case of 

midazolam, approximately 43% of the duodenally administered dose reached the portal 

blood as the primary 1’-OH metabolite (17). Surprisingly, however, on the basis of the 

calculated total amounts of CYP3A protein in the human small intestine or liver, combined 

with in vitro measured hepatic and intestinal midazolam microsomal intrinsic clearances, 

the total intrinsic clearance capacity of the entire small intestine was estimated to be only 

1.4% of an average human liver. This suggested a big apparent discrepancy with the in vivo

results obtained in the anhepatic patients described above, where a very large fraction of the 

drug (e.g., >40% of midazolam) was metabolized by the gut. However, technical 

imperfections in measuring especially the intestinal CYP3A protein and activity cannot be 

excluded. These results illustrate the difficulty of making an appropriate assessment of 

hepatic versus intestinal metabolism based on extrapolation from in vitro data. Most 

probably, factors that are not included in microsomal studies, such as hepatic and intestinal 

blood flow, plasma protein binding of drugs, interactions between drug uptake, efflux and 

metabolizing systems, and the relative positioning of CYP3A in the body are very 

important in determining the relative contribution to first-pass metabolism.  

In conclusion, the above studies and others summarized in (18) provided a number of 

indications that intestinal CYP3A could contribute substantially to first-pass metabolism of 

a range of CYP3A substrate drugs, but a clearly defined and accessible in vivo model to 

assess the relative role of intestine versus liver in CYP3A mediated first-pass metabolism 

of drugs was lacking thus far. As described below, however, new mouse models that may 

fill a large part of this gap have recently been developed. 
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Mouse models for studying first-pass metabolism by CYP3A 

Cyp3a knockout mice  

To investigate the pharmacological and physiological roles of CYP3A, we recently 

generated Cyp3a knockout (Cyp3a-/-) mice lacking all functional Cyp3a genes. These mice 

are viable, fertile, and without marked physiological abnormalities. However, they exhibit 

severely impaired detoxification when exposed to the chemotherapeutic drug and CYP3A 

substrate docetaxel (Taxotere), displaying far higher plasma AUC levels on both oral (18-

fold) and intravenous (7-fold) administration (Figure 2) and increased sensitivity to 

docetaxel toxicity (19). This observation indicates that CYP3A has a primary role in 

detoxification of docetaxel, especially after oral administration of the drug. 

Cyp3a knockout/CYP3A4 transgenic mice 

We recently generated transgenic mice expressing CYP3A4 cDNA under the control 

of an ApoE promoter, resulting in constitutive expression of human CYP3A4 in the liver, 

and transgenic mice expressing CYP3A4 cDNA under the control of the villin promoter, 

resulting in constitutive expression of human CYP3A4 in intestine (19, 20). To avoid 

interference by the inducible endogenous murine Cyp3a genes, the ApoE-CYP3A4 and 

Villin-CYP3A4 transgenes were crossed into a Cyp3a-/- background, yielding clearly 

defined humanized models with expression of human CYP3A4 in either liver or intestine, 

called Cyp3a-/-Tg-3A4Hep (previously Cyp3a-/-A) and Cyp3a-/-Tg-3A4Int (Cyp3a-/-V) mice, 

respectively (19). CYP3A4 in Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Int mice was also 

expressed at low levels in the kidney, but its contribution to overall drug metabolism is 

most likely very modest, as liver or intestine represent a much larger fraction of total body 

weight. 

Metabolism by CYP3A is a major clearance route for docetaxel. M-2 is the primary 

metabolite formed by CYP3A and it can subsequently be further oxidized by the enzyme to 

several secondary metabolites. An in vitro analysis with human and murine wild-type, 

Cyp3a-/-, Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Int liver and intestinal microsomes 

demonstrated that, in contrast to the wild-type situation, formation of the primary docetaxel 

metabolite M2 was completely lost in Cyp3a-/- microsomes. Moreover, liver microsomes of 

Cyp3a-/-Tg-3A4Hep and intestinal microsomes of Cyp3a-/-Tg-3A4Int mice did metabolize 

docetaxel to its M2 metabolite. Importantly, their Km, Vmax and intrinsic clearance values 

were in the same order as those of the wild-type murine and human microsomes of these 

organs, indicating physiologically relevant transgenic expression levels. These findings 
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suggest that these mice are appropriate “humanized” models for studying CYP3A4-

mediated metabolism in vivo.  

The intravenous and oral pharmacokinetics of docetaxel were subsequently analyzed 

in the transgenic strains. Strikingly, after oral administration of docetaxel, intestinal activity 

of CYP3A4 in Cyp3a-/-Tg-3A4Int mice decreased the docetaxel plasma exposure 16.6-fold 

(i.e. practically back to wild-type levels), as compared to the levels obtained in Cyp3a-/-

mice. This observation demonstrates that intestinal CYP3A4 activity by itself can function 

as an extremely efficient barrier to docetaxel entry, even without the contribution of liver 

CYP3A4. This finding adds a very strong argument to the previous results indicating that 

the intestine makes a considerable contribution to the first-pass metabolism of certain 

drugs, as discussed above. In contrast, exclusive liver activity of CYP3A4 in Cyp3a-/-Tg-

3A4Hep mice decreased docetaxel plasma exposure after oral administration by only 2.2-

fold. Comparing docetaxel levels in the blood compartment after intravenous 

administration, exclusive liver CYP3A4 activity decreased the plasma exposure 5.4-fold, 

whereas intestinal CYP3A4 activity had only a minimal effect (Figure 2). Collectively, 

these experiments demonstrated that whereas liver expression of CYP3A4 is the main 

contributor to systemic clearance of docetaxel, intestinal expression of CYP3A4 is the 

primary determinant for preventing docetaxel from entering the systemic circulation after 

oral administration (19).  

Docetaxel can also be transported by the drug transporter P-glycoprotein (P-gp), a 

feature that might well contribute to the efficiency of CYP3A-mediated docetaxel 

metabolism in the intestine (see above). Interestingly, plasma docetaxel exposure does not 

differ between wild-type and P-gp deficient (Mdr1a/b-/-) mice after intravenous 

administration, but P-gp does decrease plasma docetaxel exposure by about six-fold after 

oral administration (21). This finding suggests that intestinal P-gp is particularly important 

in decreasing the oral availability of docetaxel. We note, however, that the CYP3A 

substrates midazolam and felodipine also undergo extensive intestinal metabolism in 

humans (as discussed earlier) and are not, or very weak, substrates of P-gp. This 

observation indicates that involvement of P-gp is not essential for efficient intestinal 

metabolism of these CYP3A substrates. Unfortunately, useful analysis of midazolam 

pharmacokinetics in our mouse models was precluded by the upregulation of (midazolam-

metabolizing) mouse CYP2C in the Cyp3a-/- mice (22). Clearly, it will be of great interest 

to extend the docetaxel studies above to other drugs in order to assess how general the 

impact of intestinal CYP3A metabolism is.  

Whether indeed for clearance of some drugs there is a need for synergy in the shared 

substrate handling by P-gp and CYP3A can be further assessed more specifically by 
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comparing the plasma docetaxel exposure after administration of docetaxel in combined P-

gp and Cyp3a knockout mice, versus wild-type and ‘single’ P-gp and Cyp3a knockout 

mice. 

As always, results obtained in mouse models should be extrapolated with caution to 

the human situation. However, the qualitative concordance between earlier studies in 

humans and our studies in mice indicate that the principles elucidated with these mouse 

models are highly relevant to the human situation (15-19). Extensive further analyses using 

other drugs are planned in order to establish the true value of the models.       
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Figure 2: CYP3A limits docetaxel exposure in a tissue- and administration route dependent manner. Wild-type 

mice, mice deficient for murine CYP3A (Cyp3a-/-f), or mice deficient for murine CYP3A and with human 

transgenic CYP3A4 present in liver (Cyp3a-/-Tg-3A4Hep) or in intestine (Cyp3a-/-Tg-3A4Int) were administered 

docetaxel orally or intravenously. Shown are plasma concentration versus time curves of docetaxel after oral (A) 

or i.v. (B) docetaxel administration (10 mg/kg). Expression of CYP3A4 in intestine almost blocks docetaxel entry 

after oral administration, whereas liver CYP3A4 expression predominantly limits systemic exposure after i.v. 

administration. In contrast, hepatic CYP3A has only a modest effect on oral docetaxel, and intestinal CYP3A has 

only a small effect on intravenous docetaxel. Note differences in time and concentration scales between A and B. 

Inset in B shows the semi-log plot of the data. Reproduced from (19).
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Conclusion and outlook  

The highly defined model with Cyp3a-/- mice and the CYP3A4 humanized transgenic mice 

with intestinal or hepatic expression of CYP3A4 in a murine Cyp3a-/- background has 

allowed unequivocal demonstration of the principle that the intestine can operate as a major 

functional barrier to oral drug absorption, independent from the liver. This finding 

substantiates earlier observations in humans from which a high impact of intestine in first-

pass metabolism was proposed. The models generated will further help in elucidating the 

impact of intestinal and hepatic CYP3A on metabolism of a range of other drugs. 

Moreover, by combining these models with existing ABC transporter knockout mouse 

models (especially P-gp), we also expect to gain more insight into the relevance of 

interactions between drug efflux transporters and CYP3A. We therefore hope and expect 

that the insights and models obtained will contribute greatly to the development of 

improved oral drugs and oral drug treatment regimens.      
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ABSTRACT 

 

The drug-metabolizing enzyme cytochrome P450 3A (CYP3A) and the drug transporter P-

glycoprotein (P-gp) are two important detoxifications systems. While CYP3A and P-gp 

have a fundamentally different mode of action (drug metabolism vs drug transport), their 

activities determine the oral bioavailability and elimination of numerous administered 

substrate drugs. Both CYP3A and P-gp have a very broad substrate spectrum and it is 

noteworthy that there is extensive overlap between their substrates. In view of this, it has 

been hypothesized that CYP3A and P-gp work synergistically in lowering oral drug 

bioavailability. While this concept has received considerable attention in recent years, it has 

been difficult to obtain unambiguous in vivo evidence for a functional collaboration 

between these two important detoxifying systems. To get more insight into the functional 

interplay between CYP3A and P-glycoprotein, Cyp3a/P-gp-/- mice have recently been 

generated. Insights obtained from studies with these mice are discussed in this review. 
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INTRODUCTION 

The cytochrome P450 enzymes (CYPs) play a pivotal role in the metabolism of drugs and 

other xenobiotics. Members of the cytochrome P450 3A (CYP3A) subfamily are of 

particular interest because of their broad substrate specificity and their high inter- and intra-

individual variation in expression and activity levels. Since the CYP3A enzymes are 

strategically located in the liver and intestinal wall, they have a strong effect on the first-

pass metabolism, oral bioavailability, and elimination of administered drugs. Furthermore, 

the induction and inhibition of CYP3A enzymes are considered to be important 

determinants in the therapeutic efficacy and toxicity of numerous drugs (1, 2). Accordingly, 

interactions at the CYP3A level are often the cause of pronounced drug-drug interactions (3). 

In humans, four CYP3A enzymes have been identified, but in adults CYP3A4 and 

CYP3A5 are primarily relevant for drug metabolism. In general, CYP3A4 and CYP3A5 

have similar substrate specificities (4). However, there are some notable exceptions such as 

quinine and erythromycin which are good substrates for CYP3A4, but not for CYP3A5 (5). 

Importantly, CYP3A enzymes are involved in the metabolism of roughly 50% of the 

currently marketed drugs (6). In addition to drugs and other xenobiotics, CYP3A enzymes 

are also involved in the synthesis and metabolism of a broad range of endogenous 

substrates, including cholesterol, steroid hormones (e.g. testosterone), bile acids and 

vitamin D (7-10). The first two (ligand-free) CYP3A4 crystal structures indicated that the 

enzyme’s active site was relatively small with respect to the large substrates that CYP3A4 

is known to metabolize (11, 12). However, more recent CYP3A4 crystal structures have 

revealed a high degree of flexibility of the protein’s active site (13). For example, it was 

indicated that upon ligand binding the active site volume can increase with more than 90% 

(13). This high flexibility of the ligand binding site of CYP3A4 helps to explain the 

promiscuous behavior of the enzyme.  

In addition to CYP3A-mediated metabolism, many drugs are subject to active efflux 

by drug-transporting proteins of which P-glycoprotein (P-gp; MDR1) is one of the most 

important (14). P-gp belongs to the family of ATP-binding cassette (ABC) transporters and 

has a very broad substrate specificity. Activity of P-gp in the intestine can strongly restrict 

the uptake of substrates from the gut whereas in liver and kidney it facilitates the excretion 

of substrates into bile and urine, respectively. In addition, P-gp is known to be expressed at 

tissue sanctuary sites, such as the blood-brain, blood-placenta and blood-testis barrier, 

where its activity prevents accumulation of potentially harmful compounds in these organs. 

Furthermore, expression of P-gp in tumor cells is known to confer drug resistance by 

extrusion of anti-cancer drugs out of the tumor cell (15, 16). 
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Both CYP3A and P-gp are known to be major determinants of low and variable oral 

drug bioavailability. Oral drug administration is more patient-friendly, cost-effective and 

safer than intravenous administration. In addition, oral drug administration could also result 

in more favorable pharmacokinetics and allowing more chronic administration regimens. 

Given these advantages, enhancing oral bioavailability by inhibiting CYP3A or P-gp has 

received considerable interest in recent years (17-19). For example, the widely used anti-

cancer drug docetaxel has a very low oral bioavailability and is therefore only administered 

intravenously in the clinic. It is considered that the low oral bioavailability can for a large 

part be attributed to the fact that the drug is a very good substrate for CYP3A and P-gp. 

Accordingly, in a recent clinical proof-of-concept study it was demonstrated that 

simultaneous oral co-administration of docetaxel with the CYP3A inhibitor ritonavir 

resulted in an docetaxel exposure that was in the same range as achieved after intravenous 

administration (without ritonavir) (19). 

While the individual contributions of CYP3A4 and P-gp to pharmacokinetics can be 

assessed reasonably well in model systems, it has been difficult to examine the effect of 

both systems functioning together. In this review we will discuss recent insights obtained 

from studies with Cyp3a-/- and CYP3A4 transgenic mice. Special attention will be given to 

recent studies that have utilized Cyp3a/Mdr1a/1b-/- knockout mice, which were generated to 

obtain a better understanding of the functional interplay between CYP3A and P-gp. In 

addition to the fundamental insights, important clinical implications for strategies to 

improve oral drug bioavailability and reduce adverse effects will be discussed. 

Role of CYP3A in drug-drug interactions 

Given the plethora of drugs that are substrates and/or inhibitors for CYP3A, it is not 

surprising that the enzyme is an important determinant of many drug-drug interactions (1, 3). 

The most common type of CYP3A-mediated drug-drug interaction is that one drug inhibits 

CYP3A-mediated metabolism of another drug, resulting in higher exposure levels of this 

second drug, that are potentially toxic. The majority of inhibitors are competitive inhibitors 

that bind reversibly to CYP3A. In addition, mechanism-based (suicide) inhibitors require 

CYP3A-mediated metabolism towards a reactive intermediate which then binds irreversibly 

(covalently) to CYP3A (20). This type of inhibition has a long-lasting effect and enzyme 

activity can only be restored by de novo CYP3A synthesis. 

Many clinically relevant drug-drug interactions involving CYP3A inhibition have 

been documented (e.g. (1)). For example, the widely used anti-histamine drug terfenadine was 

withdrawn from the market due to CYP3A-mediated drug-drug interactions that resulted in 

several cases of lethal cardiotoxicity (21). While most drug-drug interactions are 
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undesirable, in particular cases CYP3A can be inhibited on purpose to improve drug 

therapy. For instance, the CYP3A inhibitor ritonavir is given in combination with lopinavir, 

which improves the lopinavir oral bioavailability considerably (22). It is important to be 

aware that not only drugs but also food constituents can be potent inhibitors of CYP3A. For 

example, components of grapefruit juice potently inhibit (intestinal) CYP3A and several 

clinically relevant drug-grapefruit juice interactions have been described (23, 24).

A completely different type of drug-drug interaction is that a drug induces the 

expression of CYP3A. As a result of this, drugs metabolized by CYP3A will be more 

rapidly metabolized which could lead to therapeutic ineffectiveness. Several nuclear 

receptors, including the Pregnane X Receptor (PXR) and Constitutive Androstane Receptor 

(CAR) are known to play a key role in the regulation of CYP3A enzymes (25). In addition, 

also activation of the glucocorticoid and vitamin D receptors has been indicated to result in 

an up-regulation of CYP3A enzymes (26, 27). PXR can be activated by a very broad range 

of xenobiotics, including many drugs such as dexamethasone, rifampicin and paclitaxel 

(28). Also hyperforin, the active ingredient in the herbal remedy St. John’s wort, is a potent 

activator of PXR (29). Furthermore, endogenous compounds such as bile acids (e.g., 

lithocholic acid) also activate PXR and thereby increase CYP3A expression (9, 30). Also 

CAR can be activated by various drugs (e.g., phenobarbital) although its ligand specificity 

is generally considered to be less broad than that of PXR. It is important to note that these 

nuclear receptors do not only regulate CYP3A expression but also the expression of a range 

of other important detoxifying systems including various drug-metabolizing enzymes and 

drug transporters (e.g. P-glycoprotein). 

Studies with transgenic and knockout mouse models for PXR and CAR have verified 

the importance of these receptors in CYP3A regulation (31, 32). Furthermore, these animal 

studies have also revealed important species differences in the ligand specificities for PXR 

and CAR. For instance, the synthetic steroid pregnelone-16α-carbonitrile (PCN) is a potent 

inducer of mouse but not human PXR whereas for the anti-tubercular drug rifampicin this 

is the other way around (31, 33). Likewise, the synthetic compound TCPOBOP is an 

activator of mouse CAR but not for human CAR (34). Several clinically relevant drug-drug 

interactions involving CYP3A induction have been described (35). For example, 

ineffectiveness of oral contraceptives, resulting in unwanted pregnancies, has been 

attributed to CYP3A induction by St. John’s wort (36). 

Another mechanism of drug-drug interaction is that one drug increases the rate of 

CYP3A-mediated metabolism of another drug. This direct stimulation of metabolism is 

also known as heterotropic positive cooperativity (37). Stimulation of metabolism could be 

of clinical relevance as the accelerated metabolism could possibly result in sub-therapeutic 
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drug levels. A classical example of a compound that is known to stimulate several CYP3A-

mediated reactions is 7,8-benzoflavone, which for instance increases the metabolism of 

diazepam and aflatoxin B1 in vitro (38, 39). It has to be noted that, although many in vitro

examples of CYP3A stimulation have been published, there is only very limited in vivo

evidence for this particular drug-drug interaction (37, 40). 

Insights from Cyp3a knockout mice

Given the prominent role of CYP3A in drug metabolism, the in vitro screening of 

novel drug candidates as potential substrates and/or inhibitors of CYP3A has become 

routine in the preclinical drug development stage. However, these in vitro studies are not 

always indicative for the in vivo situation. To get more insight into the pharmacokinetic but 

also the physiological role of CYP3A, we have recently generated mice lacking all Cyp3a 

genes (Cyp3a-/-) (41). Note that whereas humans have only 4 CYP3A enzymes, the mouse 

CYP3A locus is much more complex (Figure 1). Given the functional overlap of the 

CYP3A enzymes and the fact that there are no clear orthologues between the human and 

mouse CYP3A enzymes it was necessary to delete or inactivate all the mouse Cyp3a genes 

to obtain a useful knockout mouse model. Surprisingly, despite the fact that many 

endogenous functions for CYP3A have been proposed, Cyp3a-/- mice appeared to be viable 

and fertile and do not show obvious physiological abnormalities. These observations 

suggest that the CYP3A enzymes do not have an essential endogenous physiological 

function but are primarily dedicated to the detoxification of xenobiotics. 

Figure 1: The CYP3A gene cluster in human and mouse (42).  

Cyp3a5      Cyp3a7     Cyp3a4    Cyp3a43 

Mouse Cyp3a locus
 Cyp3a13                 Cyp3a57    Cyp3a16   Cyp3a41    Cyp3a44   Cyp3a11   Cyp3a25   Cyp3a59 

Human Cyp3a locus

~7 Mb  
~0.8 Mb  
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The widely used anti-cancer drug docetaxel is a well-established CYP3A substrate and 

was the first drug studied in Cyp3a-/- mice. Docetaxel is metabolized by CYP3A to its 

primary metabolite hydroxy-docetaxel (M-2), which can then be further metabolized by 

CYP3A to several other metabolites. Whereas M-2 formation could be readily determined 

in liver microsomes from wild-type mice this formation was completely absent in 

microsomes from Cyp3a-/- mice (41). Accordingly, when docetaxel was given orally to 

Cyp3a-/- mice, an 18-fold increase in systemic exposure compared to wild-type was 

observed (41). Also after intravenous administration a 7-fold higher systemic docetaxel 

exposure was found. These results illustrate the importance of CYP3A in the 

pharmacokinetics of docetaxel. 

A striking increase in drug exposure was observed when the oral pharmacokinetics of 

the HIV-protease inhibitor lopinavir in Cyp3a-/- mice was investigated. The AUCoral was 

more than 2000-fold higher in Cyp3a-/- mice when compared to wild-type mice (43). Also 

the Cmax was increased by 74-fold and lopinavir clearance was virtually completely 

abolished. Since lopinavir is co-formulated with the CYP3A inhibitor ritonavir, it was also 

evaluated to what extent ritonavir could increase the lopinavir exposure in wild-type mice. 

Ritonavir substantially increased the AUC in wild-type mice (~1000-fold) although it did 

not completely reach the lopinavir levels seen in Cyp3a-/- mice. In contrast, ritonavir co-

administration did not alter lopinavir exposure in Cyp3a-/- mice, suggesting that its effect 

was completely mediated through CYP3A. Overall, the docetaxel and lopinavir results 

clearly illustrate how Cyp3a-/- mice can be utilized to investigate the in vivo impact of 

CYP3A-dependent metabolism.  

Midazolam metabolism in Cyp3a-/- mice can be attributed to up-regulated CYP2C 

enzymes 

Despite only modest changes in other detoxifying systems according to a microarray 

analysis of liver and intestine of Cyp3a-/- mice (41), puzzling results were found when the 

metabolism of midazolam in Cyp3a-/- mice was investigated. Midazolam is one of the most 

widely used probes to assess CYP3A activity in humans. The drug is considered highly 

specific since no other human CYPs contribute significantly to its metabolism. Also the 

fact that midazolam is not a significant substrate for the drug-transporter P-glycoprotein 

makes this drug very suitable as CYP3A probe (44). The biotransformation of midazolam 

by CYP3A enzymes yields 1’-OH and 4-OH midazolam as the principal metabolites (45). 

Although it was expected that the midazolam metabolism would be severely reduced in the 

absence of CYP3A enzymes it appeared that the metabolism was only marginally altered in 

Cyp3a-/- mice when compared to wild-type, both in vitro and in vivo (46).  
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Further study revealed that murine CYP2C enzymes are primarily responsible for this 

compensatory metabolism. As such, we could identify several murine CYP2C enzymes that 

could indeed catalyze the midazolam 1’- and/or 4-hydroxylation reactions. Furthermore, we 

could demonstrate that the Cyp3a knockout results in a significant upregulation of some of 

these CYP2C enzymes. Overall, this study demonstrated that in the absence of an important 

detoxifying system such as CYP3A, organisms can still deal with some xenobiotics as a 

result of the overlapping substrate specificity of CYPs and the potential upregulation of 

these enzymes. We concluded that such flexible compensatory interplay between 

functionally related detoxifying systems is probably essential to their biological role in 

xenobiotic protection.  

In contrast to midazolam, the closely related drug triazolam is more specific for 

CYP3A compared to other mouse CYP isoforms (47) and might therefore be a better probe 

drug to characterize the Cyp3a-/- mouse strain. Indeed, compared to midazolam the 

compensatory metabolism appeared to be much lower. For example, the intrinsic clearance 

for the 1’-OH triazolam formation in Cyp3a-/- mouse liver microsomes was reduced by 40-

fold. In vivo, the difference was less pronounced, but still a 1.6-fold increase in triazolam 

systemic exposure was found in Cyp3a-/- mice after oral administration when compared to 

wild-type mice. Nonetheless, we demonstrated that also in case of triazolam, there is still 

some residual triazolam metabolism, both in vitro and in vivo, even though the contribution 

of CYP2C enzymes in the wild-type situation is negligible (48). 

The above-mentioned studies indicate that Cyp3a-/- mice are valuable tools to 

investigate the impact of CYP3A. However, it is clear that other upregulated CYP enzymes 

can for some drugs obscure the results obtained. Therefore, proper in vitro evaluation of the 

background metabolism of drugs of interest in Cyp3a-/- mice would be recommended to 

optimize application of the Cyp3a-/- mouse model. We also note that it is possible that not 

only the metabolism of particular xenobiotics can be taken over by other CYP enzymes 

(e.g. CYP2C), but also that of endogenous compounds. Indeed, it is known that not only 

CYP3A but also CYP2C enzymes are involved in the metabolism of steroids (eg. 

testosteron) and bile acids (e.g. lithocholic acid) (49, 50). Although this requires further 

research, compensatory metabolism of endogenous compounds by CYP2C enzymes might 

also in part be accountable for not observing an overt, spontaneous physiological phenotype 

in Cyp3a-/- mice. 
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Insights from tissue-specific CYP3A4-transgenic mouse models  

In addition to Cyp3a-/- mice, transgenic mice with expression of human CYP3A4 in 

either the intestine or the liver and in a mouse Cyp3a knockout background have been 

generated (41). In case of the liver-specific transgenic strain expression of CYP3A4 cDNA 

was under the control of an apolipoprotein E (ApoE) promoter, which results in constitutive 

expression of human CYP3A4 in the liver (Cyp3a-/-Tg-3A4Hep (previously Cyp3a-/-A)). In 

addition, transgenic mice expressing CYP3A4 cDNA under control of the villin promoter 

resulted in constitutive expression of human CYP3A4 in the intestine (Cyp3a-/-Tg-3A4Int

(previously Cyp3a-/-V))  (41). 

The CYP3A4 transgenic mice have subsequently been utilized to evaluate the relative 

impact of intestinal versus hepatic metabolism. Pharmacokinetic studies with docetaxel 

revealed that intestinal CYP3A4 alone was sufficient to virtually abrogate net docetaxel 

entry from the gut after oral administration, whereas hepatic CYP3A4 was more important 

in systemic docetaxel clearance after intravenous dosing (41). In contrast, hepatic CYP3A4 

had only a modest impact on oral docetaxel whereas intestinal CYP3A4 had only a minor 

impact on intravenous docetaxel.  

Additional studies with lopinavir showed a more balanced role of intestinal and 

hepatic metabolism after oral administration of this drug. As such, either intestinal or 

hepatic CYP3A4 activity alone could reduce the systemic lopinavir exposure by 

approximately 100-fold, compared to Cyp3a-/- mice (43). An additional reduction of 

lopinavir exposure was observed in transgenic mice expressing CYP3A4 in both intestine 

and liver (>4000-fold reduction compared to Cyp3a-/- mice). Together, the docetaxel and 

lopinavir studies underscored the importance of intestinal metabolism in lowering the 

bioavailability of orally administered drugs. However, they also showed that the relative 

importance of intestinal and hepatic CYP3A metabolism is highly substrate dependent.  

A question that remained was whether intestinal metabolism can also be as dominant 

for drugs that are, other than docetaxel and lopinavir, not P-gp substrates. To investigate 

this, we extended our studies with triazolam (48). Transgenic expression of CYP3A4 in the 

intestine (Cyp3a-/-Tg-3A4Int) significantly reduced the triazolam systemic exposure after 

oral administration compared to Cyp3a-/- mice (2.3-fold). Yet, no difference in AUC 

between the Cyp3a-/-Tg-3A4Hep and Cyp3a-/- mice was observed. These results indicate that 

after oral administration of the non-P-gp substrate triazolam intestinal metabolism by 

CYP3A4 is still more significant than hepatic metabolism. 

To evaluate whether the transgenic mouse models could also be utilized to study in 

vivo drug-drug interactions we co-administered the prototypical CYP3A inhibitor 

ketoconazole or the CYP3A4 stimulator gefitinib with triazolam (48). Ketoconazole 



Interplay between CYP3A and P-gp 
                     

35

increased the triazolam AUC in all mouse strains with transgenic CYP3A4 expression but, 

as expected, not in Cyp3a-/- mice. In contrast, co-administration of gefitinib resulted in a 

significantly lower triazolam AUC in Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Hep/Int but not 

in Cyp3a-/- and Cyp3a-/-Tg-3A4Int, indicating that stimulation of CYP3A4 primarily takes 

place in the liver. So far, there are no recognized examples known of clinically relevant 

drug-drug interactions that can be attributed to the direct stimulation of CYP3A-mediated 

metabolism. As this phenomenon typically concerns only a specific combination of drugs, 

stimulation of drug metabolism will be more rarely encountered than inhibition. Together, 

the above-mentioned studies indicate that CYP3A4 transgenic mice are good models to 

investigate the potential in vivo impact of drug-drug interactions in a tissue-specific 

fashion, either analyzing inhibition or stimulation of CYP3A4. 

Intestinal CYP3A plays an important role in the regulation of detoxifying systems in 

the liver

Among the CYP2C enzymes especially CYP2C55 appeared to be highly up-regulated 

in Cyp3a-/- mice. We hypothesized that transgenic expression of CYP3A4 could 

compensate for the loss of murine CYP3A activity and that consequently expression levels 

of CYP2C55 might be normalized. This was indeed the case (51). Interestingly, the 

induction of CYP2C55 observed in livers of Cyp3a-/- mice was reversed not only in 

transgenic mice with liver-specific CYP3A4 expression (Cyp3a-/-Tg-3A4Hep) but also in 

mice that only have intestinal CYP3A4 expression (Cyp3a-/-Tg-3A4Int) (Figure 2). This 

suggests that CYP3A functionality in the intestine is important for limiting hepatic 

exposure to orally ingested inducing agents and thereby regulates the induction pattern of 

CYP2C55 in the liver. In contrast, expression of CYP3A4 in the liver did not influence the 

expression of intestinal CYP2C55 (which was 4.4-fold upregulated in Cyp3a-/- mice), 

whereas intestinal CYP3A4 expression did result in reduced intestinal CYP2C55 levels. 

This suggests that local intestinal exposure to CYP2C55-inducing compounds is 

determined by intestinal CYP3A activity rather than hepatic. This study further 

demonstrated that intestinal CYP3A activity is not only relevant for the regulation of 

hepatic CYP2C55 but also for regulation of a range of other hepatic detoxifying systems 

including drug-metabolizing, drug efflux and drug uptake systems (51).

Further study indicated a prominent role for the nuclear receptors PXR and CAR in the 

in vivo regulation of CYP2C55. It was subsequently hypothesized that CYP3A normally 

metabolizes one or more food-derived activators of PXR, CAR, and/or other nuclear 

xenobiotic receptors and that consequently levels of these activators are much higher in 

Cyp3a-/- mice. It is known that many dietary phytochemicals can activate PXR and CAR 
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(52). Clearly, the CYP3A-mediated breakdown of phytochemicals is absent in Cyp3a-/-

mice. It is therefore likely that plasma and tissue levels of a number of inducing 

phytochemicals are higher in Cyp3a-/- mice and that consequently PXR and CAR are more 

activated in these mice. Indeed, it could be demonstrated that when mice were given a 

semi-synthetic diet containing lower levels of phytochemicals, the induction of CYP2C55 

(and several other detoxifying systems) in Cyp3a-/- mice was markedly reduced (51). While 

the further identification of the dietary inducing compounds is of interest, this is difficult, 

especially as it is likely that several compounds work in concert, each possibly activating 

different nuclear receptors and corresponding target genes, making the assessment of 

individual contributions complicated.

In summary, food-derived compounds are primarily responsible for the induction of 

CYP2C55, as well as of several other detoxifying systems, in Cyp3a-/- mice. Apparently, 

intestinal (but also hepatic) CYP3A4 activity can limit the hepatic exposure to food-derived 

activators of PXR, CAR, and possibly other xenobiotic nuclear receptors. Intestinal CYP3A 

activity can thus not only directly affect xenobiotic availability, but indirectly also the 

expression levels of a broad range of other detoxifying systems in the liver. Furthermore, 

also the induction level of detoxifying systems in the intestine is importantly reduced by 

intestinal CYP3A4 activity. Given the diversity and potential impact of the detoxifying 

systems affected, these findings suggest that intestinal CYP3A activity can have far-

reaching biological effects. 
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Figure 2: Expression levels of CYP2C55 in liver of wild-type, Cyp3a-/-, Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Int

mice as determined by RT-PCR. Values represent means ± S.D. (n = 4 for all strains) expressed as fold change in 

comparison with wild-type. Data are normalized to GAPDH expression. Stars indicate statistically significant 

differences in ΔCt values in comparison with wild-type: *** P < 0.001 (51).
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Interplay between CYP3A and P-glycoprotein

Both CYP3A and P-gp can have a strong effect in reducing the oral bioavailability and in 

mediating the elimination of numerous drugs and it is of notice that there is a very extensive 

overlap between their substrates. In view of this, it has been hypothesized that for many 

drugs, it is the combination of back-transport by P-gp in the intestinal epithelial cell and the 

presence of CYP3A4-mediated metabolism within the same cell that makes for efficient 

first-pass metabolism of orally administered drugs (53-57). Theoretically, the function of P-

gp would lower the intracellular enterocyte concentration and might as such prevent 

saturation of the CYP3A enzyme and keep the concentration more within the linear range 

of the CYP3A metabolizing capacity. In addition, it has been suggested that the function of 

P-gp may allow CYP3A to have repeated and prolonged access to its substrates, thereby 

increasing the probability that a drug will be metabolized. This repeated cycling of drugs 

would increase the total metabolism even under non-saturating conditions. Furthermore, it 

has also been hypothesized that CYP3A-generated metabolites are often better substrates 

for P-gp than the parent compound (57, 58), preventing product inhibition of CYP3A. 

Another possibility is that CYP3A-dependent metabolism yields metabolites that are 

efficiently transported by other (apical) efflux transporters such as MRP2 or BCRP. 

Overall, these processes would lead to highly efficient intestinal metabolism by CYP3A. 

Several in vitro studies have addressed this interplay between CYP3A and P-gp 

(reviewed in (58-60)). The majority of these studies was done using Caco-2 cells that are 

known to express P-gp and in which CYP3A4 can either be induced or transfected. For 

example, Gan et al. (61) studied the in vitro transport of the dual CYP3A and P-gp 

substrate cyclosporine A using Caco-2 cell monolayers. They found significantly more 

cyclosporine A metabolite (M17) formation during the apical to basolateral transport of 

cyclosporine A, compared to the basolateral to apical transport. This suggested that efflux 

by P-gp results in increased cyclosporine A metabolism during apical to basolateral

transport. They also found that the amount of M-17 accumulating on the apical side was 

much greater than that on the basolateral side during the apical to basolateral transport of 

cyclosporine A. This was attributed to P-gp mediated efflux of M17 to the apical side. It has 

to be noted, however, that also CYP3A substrates that are not substrate for P-gp have a 

tendency to be excreted at the apical side. This could be due to the localization of CYP3A 

at the apical side of the cell as well as due to the greater area of the apical microvilli (57). 
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The extraction ratio (ER) is often determined as a measure for the extent of 

metabolism, and refers to the fraction of drug that is metabolized relative to the amount of 

parent drug that reaches the basolateral compartment (62). 

%100∗
+

=

∑∑
∑

++

++

recCBA

CBA

parentsMetabolite

sMetabolite
ER

Where A, B, and C represent apical, basolateral, and cellular amounts of metabolites, 

respectively, and rec represents the amount of parent recovered in the receiving 

compartment. Thus, the higher the ER, the higher the fraction of drug that has been 

metabolized.   

The cysteine protease inhibitor K77 is a dual CYP3A4 and P-gp substrate. This drug 

was investigated along with felodipine, which is also a substrate of CYP3A4 but is not a P-

gp substrate (63). The ER for K77 was reduced from 33% to 14% when the P-gp inhibitor 

GG918 was added to the cells. In contrast, the extraction ratio of felodipine, which is also a 

CYP3A substrate but not a P-gp substrate, remained unaffected when GG918 was added to 

the system. Analogous results were reported for the dual CYP3A/P-gp substrate sirolimus 

(64). These results lead to the conclusion that P-gp increases the CYP3A-mediated 

metabolism of K77 as well as of sirolimus.  

In contrast, Mouly et al. (65) found that inhibition of P-gp led to a considerable 

increase in the formation of the CYP3A4-mediated metabolite of saquinavir (M7). This was 

attributed to the increased cellular content of saquinavir as a result of the reduced efflux 

when P-gp was inhibited. Still, the ER was significantly decreased when P-gp was inhibited 

(65, 66). As such, the use of the ER can be misleading and may yield incorrect conclusions. 

This has been discussed in detail by Knight et al., (2006) (66), who indicated that the ER 

can only be used to determine the overall effect of metabolism plus transport but cannot be 

used to determined how efflux affects metabolism. The ER is heavily dependent on the 

amount of absorbed parent drug, which is directly reduced by P-gp activity in itself. Similar 

amounts of metabolite formation can therefore still result in drastically reduced extraction 

ratios when P-gp is inhibited, simply because more parent compound passes the cell layer. 

In fact, in most studies, the absolute amount of metabolites formed increased rather than 

decreased upon P-gp inhibition (66). Only because the amount of absorbed parent drug 

increased faster, the extraction ratio decreased. These considerations do not invalidate a 

true collaborative interaction between CYP3A and P-gp, but they illustrate the difficulties 

in establishing it experimentally. 
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In addition to in vitro approaches also a couple of in silico studies that have focused on 

the interplay between CYP3A and P-gp have been performed. For example, using a 

theoretical model, Ito et al. (55) found a synergistic increase in drug absorbed into blood 

when CYP3A and P-gp were both inhibited. It should be noted, however, that this 

synergistic increase does not necessarily demonstrate functional synergism between 

CYP3A and P-gp. As correctly outlined by Garmire and Hunt (56), true CYP3A-P-gp 

synergy occurs when the decrease in absorption due to the combined function of CYP3A 

and P-gp (relative to absorption in the absence of CYP3A and Pgp) is greater than the sum 

of the separate effects: the reduced absorption when each is functioning alone. This latter 

effect was not seen in the simulation studies of Ito et al. (55). Also a recent in silico study 

that addressed the intestinal interplay between CYP3A and P-gp was not in support of a 

functional synergistic relationship but rather found an additive effect or even a small 

antagonizing effect (56). The results of this study indicated that whereas an increase in P-gp 

amount did increase the exposure of drug to CYP3A according to the ER but that, 

importantly, it diminished total metabolism. Overall, these in vitro and in silico studies 

indicate that there is only limited evidence for a functional synergistic interaction between 

CYP3A and P-gp.  

Novel mouse models to study the interplay between CYP3A and P-glycoprotein

The successful generation of Cyp3a-/- mice (see above) also allowed the generation of 

a combination knockout mouse strain that lacks both CYP3A and P-gp. Although these 

mice are lacking two important detoxifying systems, Cyp3a/Mdr1a/1b-/- mice are viable, 

fertile and without marked spontaneous abnormalities. Similar to the Cyp3a-/- mice, 

however, several other detoxifying systems were upregulated in liver and intestine of 

Cyp3a/Mdr1a/1b-/- mice (67).  

To obtain more insight into the in vivo interplay between CYP3A and P-gp, we 

performed pharmacokinetic studies with the dual CYP3A/P-gp substrate docetaxel in 

Cyp3aMdr1a/1b-/- mice (67). When docetaxel was given orally to Cyp3a/Mdr1a/1b-/- mice a 

dramatic increase of more than 70-fold in systemic exposure was observed compared to 

wild-type (Figure 4). Interestingly, this effect was disproportionate compared to the single 

Cyp3a (12-fold) or Mdr1a/1b (3-fold) knockouts. This far more than additive effect of 

depleting both detoxifying systems illustrates how CYP3A and Mdr1a/1b together can have 

a disproportionately large effect on reducing the systemic exposure of oral docetaxel. It is 

worth noting that the fold induction in systemic exposure seen in Cyp3a/Mdr1a/1b-/- versus 

wild-type mice was much less striking after intravenous than after oral administration (17- 

vs 72-fold), in line with the importance of intestinal metabolism in limiting docetaxel oral 
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bioavailability (41). As such, the oral docetaxel bioavailability was increased from 10% in 

wild-type mice to ~45% in the Cyp3a/Mdr1a/1b-/- strain. Notably, the absolute systemic 

exposure in Cyp3a/Mdr1a/1b-/- mice after oral docetaxel administration was 7.6-fold higher 

than that in wild-type mice after intravenous administration (Figure 4). This further 

illustrates the pronounced impact of the simultaneous loss of CYP3A and P-gp activity on 

oral docetaxel availability.  

Importantly, the disproportionate increase in docetaxel exposure also resulted in lethal 

toxicity of a modest single oral dose of docetaxel in Cyp3a/Mdr1a/1b-/- mice. While we did 

not observe any signs of toxicity in wild-type, Mdr1a/1b-/- or Cyp3a-/- mice, we encountered 

severe toxicities in Cyp3a/Mdr1a/1b-/- mice, especially in those tissues with rapidly 

dividing cells (intestinal, hematopoietic and spermatogenic), consistent with the anti-

mitotic action of docetaxel. Apart from the increased toxicity in small intestine and bone 

marrow, the qualitative emergence of additional toxicities in colon and testis was especially 

striking. Among the toxicities observed, the severe intestinal toxicity was likely the most 

important cause of the early death of the Cyp3a/Mdr1a/1b-/- mice. This suggests a 

qualitative shift in the type of toxicity, as hematotoxicity is typically dose-limiting for 

docetaxel in mice, whereas intestinal toxicity has not previously been observed in safety 

studies with intravenous docetaxel in this species (68, 69). In contrast to mice, humans 

already show some intestinal toxicity (diarrhea) even with intravenous docetaxel (70). The 

possible applicability of combined CYP3A and P-gp inhibition to improve docetaxel oral 

bioavailability could well be limited by a possible further shift towards intestinal toxicity in 

humans, which should therefore be monitored very carefully. 

The disproportionate increase in docetaxel exposure when CYP3A and P-gp are both 

absent clearly demonstrates effective collaboration, but not necessarily true functional 

synergism between CYP3A and P-gp. A basic implication of synergism is that CYP3A 

and/or P-gp would function more efficiently in the presence of the other system than in its 

absence. A fair way of assessing this is to compare the impact of CYP3A or P-gp alone or 

in combination, relative to a fully deficient situation (Cyp3a/Mdr1a/1b-/-). When compared 

to the Cyp3a/Mdr1a/1b-/- situation, either the activity of CYP3A (in Mdr1a/1b-/- mice) or P-

gp (in Cyp3a-/- mice) alone can reduce the oral docetaxel systemic exposure with 96% (to 

4%) or 84% (to 16%), respectively (Figure 3). Based on these percentages, the theoretically 

predicted combined effect of CYP3A and P-gp on the systemic exposure is a reduction to 

0.6% (4% of 16%). This is close to the 1% of the AUC of the Cyp3a/Mdr1a/1b-/- we 

experimentally observed for the wild-type (Figure 3). Clearly, in case of true functional 

synergism this experimental percentage for the wild-type should have been (much) lower 

that 0.6%. Our data therefore rather demonstrate that each of the two systems functions 
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with equal efficiency, independent of the presence or absence of the other system. Also for 

intravenous docetaxel administration there was no indication for functional synergism 

between CYP3A and P-gp (predicted value 12% of 28% = 3.3%, close to but even slightly 

below the experimental value of 6% seen in wild-type mice (Figure 3)). 
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Figure 3: Systemic exposure (AUC0-∞) of docetaxel after oral or intravenous administration (10 mg/kg) to wild-

type, Mdr1a/1b-/-, Cyp3a-/- and Cyp3a/Mdr1a/1b-/- mice. Data are shown as the mean concentration, and error bars 

represent the SD (n = 5-8 per time point) (67).

 The most obvious explanation for this lack of synergism between CYP3A and P-gp 

might be that intestinal CYP3A (which we know to be the most important determinant of 

oral docetaxel exposure (41)) does not reach saturation even in the absence of P-gp activity. 

In other words, the enterocyte intracellular drug concentration remains well below the 

effective Km of CYP3A. When the intracellular kinetics of metabolism remains linear, only 

an additive collaboration between P-gp and CYP3A becomes apparent. A more general 

prediction is therefore that functional synergism may only be found in those cases where 

the Km of CYP3A for a certain drug is very low (and where intestinal P-gp activity is not 

saturated). In view of the very broad specificity of CYP3A (and the correspondingly high 

Km values for the vast majority of substrates), this might be a relatively rare occurrence. 

The other main argument proposed for synergism between intestinal P-gp and CYP3A 

revolves around the repeated access to CYP3A that P-gp would provide, by extruding the 

drug from the cell, and allowing uptake in the next cell, where it can again be exposed to 

CYP3A activity. This process of repeated cycling would supposedly lead to prolonged 

exposure of the drug to CYP3A activity and would be of relevance even under non-

saturating conditions. However, this argument might be flawed: if P-gp reduces the 
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effective intracellular concentration of a drug by, say, tenfold, this means that individual 

drug molecules have a 10-fold reduced residence time within each individual enterocyte. 

Therefore the supposedly increased residence time afforded by repeated entry and exit of an 

individual drug molecule in enterocytes is mitigated by its reduced residence time within 

each individual enterocyte. We therefore do not think that this process can contribute 

significantly to synergism, independent of saturation of CYP3A activity. 

It is important to realize that, while conceptually appealing, from a biological point of 

view functional synergism between CYP3A and P-gp would create a highly vulnerable 

situation: disruption or inhibition of just one of the participating systems would already 

lead to a functional collapse of the detoxification mechanism. This would conflict with the 

biological need for robust protection from xenobiotic toxins. Indeed, the docetaxel results 

show that CYP3A and P-gp have independent but overlapping and efficiently cooperating 

functions, which allow each to still “perfect” the function of the other.  

As already indicated above, lopinavir is a good substrate for CYP3A. In vitro studies 

have also demonstrated that lopinavir is transported by P-gp (43, 71, 72). We have recently 

investigated the individual and combined impact of CYP3A and P-gp on the oral 

pharmacokinetics of lopinavir. While there was a substantial increase in lopinavir exposure 

in P-gp-/- mice (9-fold vs. wild-type), this effect was dwarfed by the more than 2000-fold 

increase in exposure observed in Cyp3a-/- mice (Figure 4). Surprisingly, however, no 

further increase in systemic exposure was observed when CYP3A and P-gp were both 

absent, in strong contrast to the docetaxel results (Figure 4). So, it appeared that the 

function of P-gp is only noticeable in the presence of CYP3A. This actually suggests that 

CYP3A prevents saturation of P-gp rather than the other way around. Even though P-gp is 

positioned before CYP3A in the intestinal wall, it can still be easily envisaged how CYP3A 

might prevent saturation of intestinal P-gp: high accumulation of intracellular lopinavir in 

enterocytes due to complete absence of intestinal CYP3A-mediated metabolism may still 

saturate the efflux capacity of intestinal P-gp. These data clearly illustrate how tangled and 

unpredictable the interplay between CYP3A and drug transporters can be. It is therefore 

important to be aware that the interplay between CYP3A and drug transporters cannot be 

simply generalized and will be highly-substrate and dose-dependent.  
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Figure 4: Plasma concentration-time curves of docetaxel and lopinavir in wild-type, Mdr1a/1b-/-, Cyp3a-/- and 

Cyp3a/Mdr1a/1b-/- mice after oral administration of docetaxel (10 mg/kg) or lopinavir (25 mg/kg). Data are shown 

as the mean concentration, and error bars represent the SD (n = 4-8 per time point) (43, 67). 

Perspectives and concluding remarks 

The importance of intestinal metabolism has long been a matter of debate but recent 

studies with tissue-specific CYP3A4 transgenic mice together with earlier observations in 

humans have provided unequivocal evidence that the impact of intestinal CYP3A4-

dependent metabolism can even exceed that of hepatic metabolism after oral drug 

administration. It has been hypothesized that the functional interplay between CYP3A and 

P-gp is an important reason that intestinal metabolism is so efficient. P-gp may reduce the 

probability of CYP3A4 saturation and would also give the enzyme repeated and prolonged 

access to its substrates. However, little in vivo evidence for functional synergy between 

CYP3A and P-gp is currently available. Moreover, also for drugs that are not P-gp 

substrates such as triazolam, intestinal CYP3A-dependent metabolism appears to be more 

significant than hepatic metabolism after oral administration, illustrating that functional 

CYP3A/P-gp interplay is not essential for efficient intestinal metabolism. 

Drug-drug interactions are a major problem in clinical practice and it is clear that 

CYP3A has an important role in many of them. It is often difficult to dissect whether drug-

drug interactions primarily take place at the level of the intestine, liver or both. By 

investigating drugs in hepatic and intestinal specific CYP3A4-tg mice, more insight into the 

relative contribution to drug-drug interactions of each organ can be obtained. Since for 

some drugs intestinal metabolism appears to be a more significant factor than hepatic 

metabolism after oral drug administration, one would expect that for these drugs the 
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intestine would also be the most important site for drug-drug interactions. However, a rapid 

absorption of a CYP3A inhibitor (or stimulator) into the portal circulation combined with a 

high accumulation of this inhibitor into the liver could still result in a situation where the 

liver is the most relevant organ for the drug-drug interaction, even though the primary 

contribution of the intestine to metabolism surpasses that of the liver. For example, as 

discussed above, intestinal CYP3A4-dependent metabolism of oral triazolam is more 

important than hepatic. Yet, when triazolam was used as a probe to study drug-drug 

interactions, stimulation of triazolam metabolism by gefitinib was only observed in mouse 

strains that had CYP3A4 expression in the liver, but not in strains with only intestinal 

CYP3A4. Thus, even when intestinal metabolism is relatively more important than hepatic 

metabolism, the liver can still be the most relevant organ for a drug-drug interaction. 

Humanized mice are not humans and there are clear limitations in utilizing these 

models, especially for quantitative predictions of drug exposure in humans. Yet, many 

fundamental insights obtained with these mice are likely to be relevant for the human 

situation as well. For example, studies with tissue-specific CYP3A4-transgenic mice have 

revealed that intestinal CYP3A4 can regulate the expression of a wide variety of 

detoxifying systems in the liver. As such, long-term specific inhibition of intestinal 

CYP3A4 activity by for example grapefruit juice (73) could result in higher levels of 

detoxifying systems (including CYP3A) in the liver. Also, people with high intestinal 

CYP3A levels, could have lower levels of hepatic detoxifying systems and vice versa. 

Accordingly, this would mean that intestinal and hepatic expression levels of CYP3A (but 

also of other detoxifying systems) do not always correlate with each other, or may at times 

even be inversely correlated. Indeed, several clinical studies have indicated that individuals 

with low intestinal CYP3A activity have relatively high hepatic CYP3A activity (74-76). 

Although more (clinical) evidence has to be provided in favor of such an inverse 

relationship, it could have important implications for the prediction of drug exposure and 

possibly drug-drug interactions (see above). 

CYP3A and P-gp are two important detoxifying systems that protect us from many 

potentially harmful xenobiotics, but their activity also strongly limits the absorption of a 

wide variety of drugs. Although many drugs are substrate for both CYP3A and P-gp, there 

is only limited in vivo information available on how their combined activity limits oral drug 

bioavailability. Strategies to simultaneously inhibit CYP3A and P-gp can be an efficient 

way to improve the oral drug bioavailability and reduce inter- and intra-patient differences 

in drug exposure. However, despite these interesting opportunities it should be noted that 

there are also some potential risks of the combined inhibition of CYP3A and P-gp. The oral 

administration route, but also the significantly altered plasma pharmacokinetics can give 
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rise to toxicities that have not been previously encountered. Indeed, as demonstrated by the 

docetaxel toxicity studies in Cyp3a/Mdr1a/1b-/- mice, not only hematotoxicity but also 

severe, even lethal, intestinal toxicity was found (67), a toxicity that was not observed in 

previous safety studies where wild-type mice received the drug intravenously (68). 

Intestinal toxicity should therefore receive special attention during clinical trials that focus 

on improving docetaxel oral bioavailability by inhibiting CYP3A and MDR1, and could 

well limit the applicability of combined CYP3A/P-gp inhibition to improve docetaxel oral 

bioavailability. 

Our understanding of the functional interplay between CYP3A and P-gp still has to 

mature and, needless to say, further research is warranted. The generation of 

Cyp3a/Mdr1a/1b-/- provides a novel in vivo tool to get more insight into how CYP3A and 

P-gp may work together. As discussed in this review, a synergistic increase in drug 

exposure when both CYP3A and P-gp are absent, does not necessarily demonstrate a true 

functional synergism between these detoxifying systems. Initial studies with docetaxel and 

lopinavir show clearly distinct results in Cyp3a/Mdr1a/1b-/- mice, even though both drugs 

are good CYP3A and P-gp substrates. Based on this current knowledge, predicting the 

impact of combined CYP3A/P-gp inhibition for a certain drug based only on in vitro data 

seems to be extremely difficult, even if the impact of individual CYP3A and P-gp 

inhibition are both known. It will therefore be of great interest to investigate more dual 

CYP3A/P-gp substrates in Cyp3a/Mdr1a/1b-/- mice to unravel any possible common 

behavioral patterns.  
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ABSTRACT 

 

The cytochrome P450 3A (CYP3A) enzymes represent one of the most important drug-

metabolizing systems in human. Recently, our group has generated cytochrome P450 3A 

knockout mice to study this drug-handling system in vivo. Here, we have characterized the 

Cyp3a knockout mice by studying the metabolism of midazolam, one of the most widely 

used probes to assess CYP3A activity. We expected that the midazolam metabolism would 

be severely reduced in the absence of CYP3A enzymes. We used hepatic and intestinal 

microsomal preparations from Cyp3a knockout and wild-type mice to assess the midazolam 

metabolism in vitro. In addition, in vivo metabolite formation was determined after 

intravenous administration of midazolam. Surprisingly, our results demonstrated that there is 

still marked midazolam metabolism in hepatic (but not intestinal) microsomes from Cyp3a 

knockout mice. Accordingly, we found comparable amounts of midazolam as well as its 

major metabolites in plasma after intravenous administration in Cyp3a knockout mice when 

compared to wild-type mice. These data suggested that other hepatic cytochrome P450 

enzymes could take over the midazolam metabolism in Cyp3a knockout mice. We provide 

evidence that CYP2C enzymes, which were found to be upregulated in Cyp3a knockout 

mice, are primarily responsible for this metabolism and that several but not all murine 

CYP2C enzymes are capable of metabolizing midazolam to its 1’-OH and/or 4-OH 

derivatives. These data illustrate interesting compensatory changes that may occur in 

Cyp3a knockout mice. Such flexible compensatory interplay between functionally related 

detoxifying systems is probably essential to their biological role in xenobiotic protection.
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INTRODUCTION 

 

The cytochrome P450 enzymes (CYPs) play a pivotal role in the phase I metabolism 

of drugs and other xenobiotics. In addition, CYPs are involved in the synthesis and 

metabolism of a broad range of endogenous substrates, including steroids, bile acids and 

arachidonic acids. Members of the cytochrome P450 3A (CYP3A) subfamily are of 

particular interest because of their broad substrate specificity and their high inter- and intra-

individual variation in expression and activity levels. In humans, four CYP3A enzymes 

have been identified, but only CYP3A4 and CYP3A5 are considered to be relevant for drug 

metabolism in adults. In general, CYP3A4 and CYP3A5 have similar substrate 

specificities, although they may have distinct affinities and turnovers for some substrates 

(1).  

It is estimated that CYP3A enzymes contribute to the metabolism of approximately 

half of the currently marketed drugs (2). Since the CYP3A enzymes are strategically 

located in the liver and intestinal wall, they have a strong effect on the first-pass 

metabolism, oral bioavailability, and elimination of administered drugs. Furthermore, the 

induction and inhibition of CYP3A enzymes are considered to be important determinants in 

the therapeutic efficacy and toxicity of numerous drugs (3, 4). Accordingly, interactions at 

the CYP3A level are often the cause of pronounced drug-drug interactions (5). 

Given the importance of CYP3A, the in vitro screening of novel drug candidates as 

potential substrates of CYP3A has become routine in the pre-clinical drug development 

stage. Yet, these in vitro studies are not always indicative for the in vivo situation. To allow 

a more systematic in vivo evaluation of CYP3A-mediated metabolism, we have recently 

generated mice lacking all Cyp3a genes (Cyp3a-/-) as well as CYP3A4 transgenic mice in a 

Cyp3a knockout background (6). Interestingly, Cyp3a-/- mice are viable, fertile and do not 

show obvious physiological abnormalities. These observations suggest that the CYP3A 

enzymes do not have an essential endogenous physiological function and could be 

primarily dedicated to the detoxification of xenobiotics. 

A classical probe for CYP3A activity in humans is midazolam. This drug is 

considered highly specific since no other human P450s contribute significantly to its 

metabolism. The biotransformation of midazolam by CYP3A enzymes yields 1’-OH and 4-

OH midazolam as the principal metabolites (7). Also minor quantities of the secondary 

metabolite 1’,4-OH midazolam are formed. In this study, we aimed to further evaluate our 

Cyp3a knockout model by studying the metabolism of midazolam in vitro and in vivo. We 

hypothesized that the midazolam metabolism would be severely reduced in the absence of 

CYP3A enzymes. Interestingly, however, we still observed significant midazolam 1’- and 
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4-hydroxylation in Cyp3a-/- mice. Results of the present study indicate that this can be 

attributed to upregulated CYP2C enzymes in the Cyp3a-/- mice. 

 
MATERIALS & METHODS 

 

Materials 

Midazolam was obtained from Roche Diagnostics (Almere, The Netherlands). NADPH-

generation system, pooled human liver and intestinal microsomes as well as microsomes 

from baculovirus cells expressing human CYP2C8, CYP2C9, CYP2C18, CYP2C19, 

CYP3A4 and CYP3A5 were obtained from BD Bioscience (Alphen aan den Rijn, The 

Netherlands). RT-PCR primers were from Qiagen (Venlo, The Netherlands). 1’-OH and 4-

OH midazolam were purchased from Sigma (St. Louis, MO, USA). Methoxyflurane 

(Metofane) was obtained from Medical Developments Australia Pty. Ltd., (Springvale, 

Australia). All other chemicals were of analytical grade and were obtained from 

commercial sources. 

 

Animals  

The generation and characterization of Cyp3a-/- mice is described elsewhere (6). Cyp3a+/+ 

or Cyp3a-/- mice (on a FVB/N genetic background) used for pharmacokinetic experiments 

or for the preparation of microsomes were male and 8-12 weeks of age. Mice were housed 

and handled according to institutional guidelines complying with Dutch legislation. 

Animals were kept in a temperature-controlled environment with a 12-h light/dark cycle 

and received a standard diet (AM-II; Hope Farms, Woerden, The Netherlands) and acidified 

water ad libitum. 

 

Preparation of microsomes 

Mouse liver and small intestinal microsomes were prepared by a procedure analogous to 

that of Emoto et al. (2000). Briefly, a cardiac puncture under anesthesia with 

methoxyflurane was performed after which the mice were sacrificed by cervical dislocation. 

Subsequently, organs from Cyp3a+/+ or Cyp3a-/- mice (each n=5) were collected and 

immediately washed with an ice-cold buffer solution A (50 mM Tris–HCl pH 7.4 

containing 250 mM sucrose, 1 mM EDTA and 1 tablet Complete® (Protease inhibitor 

cocktail) per 45 ml). The whole small intestine, including duodenum, jejunum and ileum 

was isolated. The whole tissues were subsequently homogenized in ice-cold buffer solution 

B (50 mM Tris–HCl pH 7.4 supplemented with 150 mM KCl, 1 mM EDTA, 1 tablet 
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Complete® per 45 ml and 20% v/v glycerol) and differential centrifugation was performed 

for 20 min at 9,000 g after which the supernatant was subjected to a 1-hour spin at 105,000 

g. The resulting pellet was resuspended in ice-cold solution B and stored at -80°C until use. 

Protein concentrations were determined using the Bio-Rad protein assay based on the 

method of Bradford. 

 

Microsomal incubations 

Incubations were carried out in a total volume of 200 μl containing 100 mM KPi buffer pH 

7.4 and either 0.5 mg/ml liver microsomes or 1 mg/ml intestinal microsomes. Protein 

concentrations and incubation times were chosen within the linear range of product 

formation. Control experiments without cofactor were performed to ascertain CYP-

dependent metabolism. To determine kinetic parameters, midazolam was added in 10-12 

different concentrations ranging from 0 to 400 μM. Final concentration of methanol was 

0.5% in all incubations. After 5 min of pre-incubation at 37 °C, the reactions were initiated 

with a NADPH-regenerating system (final concentrations 1.3 mM NADP+, 3.3 mM 

glucose-6-phosphate, 0.4 U/ml glucose-6-phosphate dehydrogenase and 3.3 mM MgCl2). 

The reactions were allowed to proceed for 5 min before they were terminated by adding 

100 μl of ice-cold acetonitrile and the mixture was subsequently cooled on ice for 5 

minutes before it was centrifuged (10 min at 6,800 g). 100 μl of the supernatant was 

subjected to HPLC analysis.   

Kinetic parameters for 1’-OH- and 4-OH midazolam were determined using GraphPad 

Prism 4.0.  4-OH midazolam data were analyzed using the standard Michaelis-Menten 

equation: V = Vmax*[S] / Km+[S]. Data for 1’-OH midazolam formation were fitted in a 

Michaelis-Menten kinetics model with noncompetitive substrate inhibition as described 

previously (8): V = Vmax*[S] / (Km + [S]*(1+[S]/Ks)). 

 

Chemical- and immunoinhibition 

Two different antibodies against rat CYP2C11 were used and were obtained from Daiichi 

Pure Chemicals (Tokyo, Japan) and Invitrogen (Breda, The Netherlands), respectively. 

After a preincubation of 15 min at 37 °C with ketoconazole (2.5 μM final concentration, 

considered to be specific for CYP3A (9)) and/or anti-CYP2C11 antibody, the mixture was 

incubated for 6 minutes. The final concentration of midazolam in the incubations was 50 

μM. All other conditions were as described above.  
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Preparation and reconstitution of recombinant murine CYP2C enzymes 

The heterologous expression of the recombinant murine CYP2C enzymes in E. coli as well 

as their partial purification and reconstitution has been previously reported (10-13). 

CYP2C65 CYPC65 and CYP2C70 were prepared in E. coli using similar methods (J.A. 

Bradbury and D.C. Zeldin, personal communication). The final concentration of midazolam 

in the incubations was 25 μM and 25 pmol of CYP2C enzyme was used. After a 

preincubation of 5 min the mixture was incubated for 15 minutes. All other conditions were 

as described for the microsomal incubations. In case of the recombinant human CYP2C and 

CYP3A enzymes, 20 pmol of enzyme was used and the reactions were allowed to proceed 

for 10 min. 

 

Plasma pharmacokinetics 

Midazolam was dissolved in 0.9% NaCl and was injected i.v. into the tail vein of mice at 

0.5 or 10 mg/kg bodyweight. At t = 7.5, 15, 30, 60 and 90 min, blood samples were taken 

by cardiac puncture under anesthesia with methoxyflurane after which mice were sacrificed 

by cervical dislocation (n = 3-5 for each time point). Blood samples were centrifuged at 

2,100 g for 10 minutes at 4°C, and the plasma fraction was collected and stored at –20°C 

until analysis. Samples were processed and measured by LC-MS/MS as described below. 

 

HPLC 

HPLC analyses were performed using a Symmetry C18 column; 3.0 x 150 mm, 3.5 μm 

(Waters, Etten-Leur, The Netherlands). Isocratic analyses were carried out at a flow rate of 

0.4 ml/min. The mobile phase consisted of 33% acetonitrile / 23% methanol / 44% 10 mM 

phosphate buffer (pH 7.4; 0.2% triethylamine). The identities of 1’-OH and 4-OH 

midazolam were verified by comparing the retention times with authentic standards. 

Metabolites were detected at 230 nm and quantitated by using standard curves for 1’-OH 

and 4-OH midazolam.   

 

LC-MS/MS 

Mouse plasma samples were measured by LC-MS/MS. To a 20-μl plasma sample, 100 μl 

water, 20 μl of 0.5 μg/ml clonazepam (internal standard) in 50% (v/v) methanol and 200 μl 

of 5 mM sodium hydroxide were added. The analytes were extracted with 2 ml diethylether 

and the organic phase was evaporated under a stream of nitrogen. The residue was 

reconstituted in 100 μl of 0.1% (v/v) acetic acid in 5% (v/v) acetonitrile before injection in 

the chromatographic system. 
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The LC-MS/MS equipment consisted of a DGU-14A degasser, a Sil-HTc autosampler, two 

LC10-ADvp-μ pumps and a CTO10-Avp column oven (all from Shimadzu, Kyoto, Japan) 

and a Finnigan TSQ Quantum Discovery Max triple quadrupole mass spectrometer with 

electrospray ionization (Thermo Electron, Waltham, MA, USA). Data were processed with 

the Finnigan Xcalibur software (version 1.4, Thermo Electron).

30 μl injections were made on a Polaris 3 C18-A column (50 x 2 mm, dp = 3 μm, average 

pore diameter = 10 nm, Varian, Middelburg, The Netherlands) with a Polaris 3 C18-A pre-

column (10 x 2 mm, dp = 3 μm, Varian). The column temperature was maintained at 35˚C 

and the autosampler was maintained at 4˚C. The flow rate was 0.3 ml/min and the eluent 

comprised 45% (v/v) of 0.01% (v/v) formic acid in water and 55% (v/v) methanol. Mass 

transitions (collision energies (V)) were 326.1→291.1(26) for midazolam, 342.1→ 

324.1(20), 203.1(25) and 168.0(33) for 1’-OH midazolam, 342.1→325.1(20) for 4-OH 

midazolam and 316.0→269.9(25) for clonazepam. The mass resolutions were set at 0.2 full 

with at half height for the first quadrupole and at 0.7 full with at half height (unit 

resolution) for the third quadrupole for all compounds. 

 

RNA isolation and cDNA synthesis 

Mouse livers were excised and immediately placed in an appropriate volume of RNAlater 

(Qiagen). They were stored at 4°C for several days until RNA was extracted using the 

RNeasy mini kit (Qiagen) according to the manufacturers protocol for the purification of 

total RNA from animal tissues. Subsequently, cDNA was generated using 5 μg of total 

RNA in a synthesis reaction using random hexamers (Applied Biosystems) and superscript 

II reverse transcriptase (Invitrogen, Carlsbad, CA) according to the supplier's protocols. 

The reverse transcription reaction was performed for 60 min at 42°C with a deactivation 

step of 15 min at 70°C. cDNA was stored at –20°C until use.

RT-PCR analysis 

Real-time PCR (RT-PCR) was performed using specific primers (Qiagen) for the individual 

mouse CYP2C subfamily members on an Applied Biosystems 7500 real-time cycler system 

according to the manufacturers protocol. Briefly, in a MicroAmp Fast Optical 96-well 

reaction plate (Applied Biosystems), 25 μl reaction mixtures containing 5 μl cDNA (0.1 

ng/μl), 12.5 μl SyBr Green PCR master mix, 2.5 μl sample primer mix (QuantiTect Primer 

Assays (Qiagen)) and 5 μl aqua Braun were pipetted. After sealing the plates with optical 

adhesive film (Applied Biosystems), the plates were briefly centrifuged. The cycling 

conditions were initiated at 50°C for 2 min with an enzyme activation step of 95°C for 10 
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min, followed by 45 PCR cycles of denaturation at 95°C for 15 s, and annealing/extension 

at 60°C for 1 min.

Analysis of the results was done by the comparative Ct method as described (14). Briefly, 

quantitation of the target cDNAs in all samples was normalized to GAPDH cDNA 

(CtCYP2CX – CtGAPDH = ΔCt), and the difference in expression for each target cDNA in the 

Cyp3a–/– mice was expressed relative to the amount in the wild-type mice (ΔCtwild-type
 –

ΔCtCyp3a–/– = ΔΔCt). Subsequently, fold changes in target gene expression were determined 

by taking 2 to the power of this number (2–ΔΔCt). Statistics was performed on ΔCt values 

(15). 

 

Western blot analysis 

Immunohistochemical staining of CYP2C55 in mouse liver tissues was performed as 

described previously (13, 16). Blots were probed with rabbit anti-CYP2C55pep1 IgG 

antibody (1:1,000). After extensive washing, the secondary HRP-labeled antibody (Goat 

anti Rabbit Igg HRP (1:10,000)) was added. Bands were visualized by ECL. Equal loading 

across the lanes was confirmed with total protein staining (ponceau S and India ink).  

 

Data analysis 

The two-sided unpaired Student's t test was used throughout the study to assess the 

statistical significance of differences between two sets of data. Differences were considered 

to be statistically significant when P < 0.05. 
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RESULTS 

 

Midazolam metabolism in wild-type and Cyp3a-/- mouse liver microsomes 

In wild-type mouse liver microsomes midazolam was metabolized to its 1’-OH and 4-

OH metabolites with kinetic parameters as reported in Table 1. Whereas normal Michaelis-

Menten kinetics was observed for the 4-hydroxylation, substrate inhibition was seen for the 

1’-hydroxylation reaction (Ks = 204 ± 27 μM) (Figure 1). These results are consistent with 

those observed in other mouse strains (17, 18). Surprisingly, when using liver microsomes 

from Cyp3a-/- mice, we still found substantial 1’-OH- and 4-OH midazolam formation in an 

NADPH-dependent manner, indicating that other Cytochrome P450 enzymes can take over 

these reactions from CYP3A (Table 1). The Km for the midazolam 1’-hydroxylation was 

increased about 7-fold with a concomitant modest increase in Vmax, resulting in an intrinsic 

clearance that was roughly 6-fold lower compared to wild-type. Interestingly, analogous to 

wild-type microsomes, data for the 1’-hydroxylation by Cyp3a-/- microsomes could also be 

fitted in a substrate inhibition model (Ks = 354 ± 56 μM) (Figure 1). Analysis of the 4-

hydroxylation reaction in Cyp3a-/- liver microsomes revealed that the Km was increased 2-

fold with a concomitant 4.5-fold decrease in Vmax when compared to wild-type microsomes 

(Table 1). Overall, these data indicate that there is still significant midazolam metabolism 

in liver microsomes from Cyp3a-/- mice. 
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Figure 1: Representative plots of 1’-OH midazolam (A) and 4-OH midazolam (B) formation by liver microsomes 

of Cyp3a+/+ and Cyp3a-/- mice. Incubations were performed as described in Materials and Methods. The 

corresponding kinetic parameters are summarized in Table 1. 
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Midazolam metabolism in Cyp3a+/+ and Cyp3a-/- mouse intestinal microsomes 

In addition to liver, we also investigated the midazolam metabolism in small intestinal 

microsomes from wild-type and Cyp3a-/- mice. In intestinal microsomes from wild-type 

mice significant 1’-OH and 4-OH midazolam formation was observed (Table 1). Consistent 

with the kinetic profiles in mouse liver microsomes, substrate inhibition was observed for 

the 1’-OH midazolam formation and normal Michaelis-Menten kinetics was seen for the 4-

OH midazolam formation (not shown).  

In contrast to Cyp3a-/- mouse liver microsomes, no midazolam metabolism was 

observed in Cyp3a-/- intestinal microsomes, indicating that in wild-type intestine the 

CYP3A enzymes are primarily responsible for the midazolam metabolism. In agreement 

with this, co-incubation with the CYP3A inhibitor ketoconazole (2.5 μM) showed a 

virtually complete inhibition of both 1’-OH and 4-OH midazolam formation in intestinal 

microsomes from wild-type mice (data not shown).  

 
Table 1: Kinetic parameters for midazolam metabolism by liver and intestinal microsomes. All values are the 

means of three independent experiments ± S.D. Incubations were performed as described in Materials and 

Methods. 

  1’-OH Midazolam 4-OH Midazolam 

Microsomes Strain Km a Vmax 
b Vmax/Km c Km a Vmax 

b Vmax/Km 
c 

Liver Cyp3a+/+ 0.95 ± 0.18 630 ± 29 662 8.43 ± 0.27 224 ± 12.7 26.6 

 Cyp3a-/- 6.38  ± 1.2 735  ± 11 115 17.5  ± 6.9 49.8  ± 5.0 2.36 

 Human 2.93  ± 0.33 2097  ± 155 715 38.7  ± 6.3 1226  ± 87 27.8 

Intestine Cyp3a+/+ 10.4 ± 1.8 62.3 ± 3.2 6.02 55.9 ± 2.0 38.0 ± 5.2 0.68 

 Cyp3a-/- -d -d -d -d -d -d 

 Human 1.61 ± 0.04 596 ± 18  369 24.5 ± 3.3 330 ± 11 13.5 
a Km expressed in μM   
b Vmax expressed in pmol/min/mg protein 
c Vmax/Km expressed in μL/min/mg protein 
d No metabolite detected (detection limit <5 pmol/min/mg protein) 

 

Chemical and immunochemical inhibition 

Inhibition experiments with ketoconazole in liver microsomes from wild-type mice 

supported that both midazolam 1’- and 4-hydroxylation reactions are mostly CYP3A 

mediated. However, ketoconazole (2.5 μM) was not able to completely inhibit the 1’-OH 

midazolam formation in wild-type mice (Figure 2A). In contrast, complete inhibition of the 

4-OH midazolam formation with ketoconazole was observed, suggesting that in wild-type 

liver microsomes this reaction is entirely CYP3A dependent (Figure 2B). As expected, 
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ketoconazole had no inhibitory effect on the 1’- and 4-OH metabolite formation in liver 

microsomes from Cyp3a-/- mice.  

Previous studies have indicated that murine CYP2C enzymes may contribute to the 1’-

OH midazolam formation in the mouse (17, 19). In the absence of established inhibitors for 

the murine CYP2C enzymes, we used 2 different antibodies raised against rat-CYP2C11 to 

evaluate the involvement of CYP2C enzymes. Both antibodies were able to partially inhibit 

the 1’-OH midazolam formation in liver microsomes from wild-type mice (Figure 2A). The 

combined use of either of the two antibodies with ketoconazole resulted in a complete 

inhibition of the 1’-OH midazolam formation in wild-type microsomes, indicating that 

primarily CYP3A and CYP2C enzymes are responsible for this reaction, with no significant 

contribution of other CYPs. Consistent with these observations, we found that in Cyp3a-/-

mouse liver microsomes the anti-CYP2C11 antibodies were able to significantly inhibit the 

1’-OH metabolite formation (down to ~5% of control values), although clear differences in 

the degree of inhibition were observed between the 2 antibodies (Figure 2A). The 

differences in inhibition potential between these two anti-CYP2C11 antibodies were even 

more pronounced for the 4-OH midazolam formation and, interestingly, reversal compared 

to the inhibition of 1’-OH midazolam formation: Whereas antibody A inhibited the 4-OH 

midazolam formation efficiently, antibody B was not able to inhibit this reaction in Cyp3a-/-

microsomes at all (Figure 2B). It should be noted that these antibodies have not been 

evaluated against the murine CYP2C enzymes but our results strongly suggest that they 

differ markedly in their capability to inhibit different mouse CYP2C enzymes. These data 

do suggest, however, that in Cyp3a-/- liver microsomes distinct CYP2C enzymes are 

responsible for 1’-OH and 4-OH midazolam formation, respectively.  

 

Expression levels of CYP2C enzymes in Cyp3a-/-

Based on the findings above, we hypothesized that one or more CYP2C enzymes 

would be upregulated in the Cyp3a-/- mice. We performed RT-PCR analyses for a set of 

Cyp2c genes to see whether alterations in mRNA expression levels in the liver of Cyp3a-/-

compared to wild-type mice could be detected. Indeed, we found that CYP2C29, 

CYP2C38, CYP2C39, CYP2C50 and CYP2C66 were significantly upregulated with 

roughly 1.5- to 3-fold differences (Figure 3). None of the Cyp2c genes tested was 

downregulated in livers from Cyp3a-/- mice. Most notable was the more than 30-fold 

upregulation of CYP2C55, although its RNA levels remained low even after induction 

(Supplementary data 1). Also at the protein level, CYP2C55 appeared to be highly 

upregulated in the livers of Cyp3a-/- mice compared to wild-type mice (Figure 4).   
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Figure 2: Inhibition of 1’OH midazolam (A) and 4-OH (B) midazolam formation by ketoconazole and/or two 

different antibodies against rat CYP2C11 from Invitrogen (monoclonal, anti-CYP2C-A) or Daiichi (polyclonal, 

anti-CYP2C-B), respectively, in mouse liver microsomes. After a pre-incubation of 15 min at 37 °C with vehicle, 

ketoconazole (2.5 μM) and/or the anti-CYP2C11 antibodies, the reaction was started by adding a NADPH-

regenerating system and the mixture was subsequently incubated for 6 minutes. The final concentration of 

midazolam in the incubations was 50 μM. All values are the means of n = 2-5 determinations. 
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Figure 3: CYP2C mRNA expression measured by RT-PCR. Results are expressed as the fold change in liver of 

Cyp3a-/- mice (n=4) compared with wild-type mice (n=4). Data were normalized against the endogenous control 

GAPDH. Each sample was assayed in duplicate in at least two independent experiments. * P < 0.05, ** P < 0.01 

and *** P < 0.001, indicate that the ΔCt value for Cyp3a-/- mice is significantly different from wild-type mice. ΔCt 

values are given in Supplementary data 1.  

 

 
 

Figure 4: Expression of mouse CYP2C55 in liver of Cyp3a+/+ and Cyp3a-/- mice as detected by Western blotting. 

30 μg of microsomal protein was loaded per lane. Recombinant CYP2C55 enzyme, migrating at 50 kDa (arrow), 

was used as positive control (0.5 pmol/lane). Total protein staining (Ponceau S and India Ink) confirmed equal 

loading across the lanes (not shown). 
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Midazolam metabolism by recombinant mouse CYP2C enzymes 

The murine CYP2C subfamily consists of many closely related enzymes that can - 

unlike CYP3A enzymes - differ strikingly in substrate specificity (20). We screened a panel 

of currently available recombinant expressed mouse CYP2C enzymes to identify which 

enzymes are capable of metabolizing midazolam (Table 2). Among these enzymes, it 

appeared that CYP2C29 and CYP2C65 were capable of hydroxylating midazolam at both 

its 1’ and 4 positions, whereas CYP2C39 and CYP2C55 solely catalyzed the 1’-OH 

midazolam reaction and CYP2C70 primarily did the 4-hydroxylation. For several CYP2C 

enzymes, however, we did not detect any 1’- or 4-OH metabolites. Unfortunately, it is not 

possible to compare these activities with the individual murine CYP3A enzymes, as these 

enzymes are not readily available.  

We also tested whether human CYP2C enzymes are capable of metabolizing 

midazolam and compared this with the activities of CYP3A4 and CYP3A5 (Figure 5). For 

all the known human CYP2C enzymes we found modest amounts of the 1’-OH metabolite 

formed but could not detect any 4-OH midazolam. However, compared to CYP3A4 and 

CYP3A5 the formation of 1’-OH midazolam by human CYP2C enzymes was very low. 
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Figure 5: 1’-OH midazolam formation by human CYP2C and CYP3A enzymes. The final concentration of 

midazolam in the incubations was 25 μM and 20 pmol of enzyme was used. After a preincubation of 5 min the 

reaction was started by adding a NADPH-regenerating system and the mixture was subsequently incubated for 10 

minutes. All values are the means of duplicate determinations. 
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Table 2: Turnover rates for midazolam metabolite formation of a panel of 10 mouse CYP2C enzymes. The final 

concentration of midazolam in the incubations was 25 μM and 25 pmol of enzyme was used. After a preincubation 

of 5 min the reaction was started by adding a NADPH-regenerating system and the mixture was subsequently 

incubated for 15 minutes. All values are the means of three independent experiments ± S.D. 

v (min-1)  

     

Enzyme 1’-OH MDZ 

 

4-OH MDZ 

 

Enzyme 1’-OH MDZ 

 

4-OH MDZ 

CYP2C29 0.91 ± 0.04 

 

0.019 ± 0.001 

 

CYP2C54 

 

- a - a 

CYP2C37 - a 

 

- a 

 

CYP2C55 

 

0.016 ± 0.002 - a 

CYP2C38 - a 

 

- a 

 

CYP2C65 

 

0.021 ± 0.006 0.008 ± 0.003 

CYP2C39 0.10 ± 0.1 

 

- a 

 

CYP2C66 

 

- a - a 

CYP2C44 - a 

 

- a 

 

CYP2C70 

 

- a 0.28 ± 0.06 
 

a No metabolite detected (detection limit < 0.005 min-1)

 
In vivo midazolam metabolism 

Most of the in vivo metabolism and clearance of midazolam in wild-type mice occurs 

through CYP3A, as previously demonstrated by ketoconazole inhibition experiments (e.g., 

Granvil et al., 2003). Given the upregulation of CYP2C enzymes and their marked 

contribution to midazolam metabolism in Cyp3a-/- microsomes, we wanted to know the 

consequences of the Cyp3a knockout for the in vivo metabolism of midazolam. We 

therefore administered 0.5 mg/kg midazolam intravenously and subsequently determined 

the plasma levels of midazolam and its 1’- and 4-OH metabolites at several time points. 

Interestingly, as indicated in Figure 6A and Table 3, the plasma concentration curves and 

AUCs of midazolam were not significantly different between wild-type and Cyp3a-/- mice. 

Accordingly, the clearance did not differ between the two strains. Also the plasma levels of 

the 1’- and 4-OH metabolites were comparable (Figure 6B and C). Similar results were 

obtained when administering a much higher dose of 10 mg/kg midazolam (Supplementary 

data 2 and Table 3). Taken together, these data clearly demonstrate that also in vivo there is 

still marked midazolam metabolite formation in Cyp3a-/- mice and hence that midazolam is 

very efficiently cleared despite the absence of CYP3A. 
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Figure 6: Plasma concentration versus time curves of midazolam (A), 1’-OH midazolam (B) and 4-OH midazolam 

(C) after intravenous midazolam administration (0.5 mg/kg) are shown for Cyp3a+/+ and Cyp3a-/- mice. Note the 

different axis scale for 4-OH midazolam. n = 3 ± S.D. for each time point. 
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Table 3: Plasma pharmacokinetic parameters after i.v. administration of 0.5 or 10 mg/kg midazolam to Cyp3a+/+ 

and Cyp3a-/- mice. 

 Midazolam 1’-OH Midazolam 4-OH Midazolam 

Cyp3a+/+ Cyp3a-/- Cyp3a+/+ Cyp3a-/- Cyp3a+/+ Cyp3a-/- 

0.5 mg/kg       

AUC(0-1.5h), hr.μg/L 29.5 ± 2.07 31.1 ± 4.03  29.7 ± 1.62 26.2 ± 3.25 0.95 ± 0.08 1.14 ±0.09 

Cl, l/hr.kg 0.017 ± 0.001  0.016 ± 0.002      

10 mg/kg       

AUC(0-1.5h), hr.μg/L 842 ± 168 833 ± 111 1849 ± 234 1147 ± 199 * 23.6 ± 5.1 15.8 ± 3.4 

Cl, l/hr.kg 0.012 ± 0.002 0.012 ± 0.002     
 

AUC(0-1.5h), area under plasma concentration-time curve up to 1.5 hr; Cl, plasma clearance. Data are means ± SD, n 

= 3-5. * P < 0.05. 

 

DISCUSSION 

 

 Midazolam is one of the most widely used probes to assess CYP3A activity in vitro 

and in vivo and in this study we have used this drug to further characterize our recently 

generated Cyp3a knockout mouse model (6). We here report that CYP2C enzymes able to 

metabolize midazolam are upregulated in Cyp3a-/- mice and that consequently midazolam is 

still very efficiently metabolized and cleared in Cyp3a-/- mice.  

The biotransformation of midazolam in both human and mouse is comparable, 

yielding 1’-OH midazolam as the major metabolite and 4-OH midazolam as a minor 

metabolite. Consistent with previous in vitro studies (17, 19), our data suggest that in wild-

type mice 1’-OH midazolam formation is not only dependent on CYP3A but also has a 

significant CYP2C component. Accordingly, we had anticipated to still observe some 1’-

OH midazolam formation in Cyp3a-/- mice as a result of CYP2C activity, but we were 

surprised by the extent of this formation as it was only marginally reduced compared to 

wild-type mice. Even more surprising was that we also observed significant 4-OH 

midazolam formation in Cyp3a-/- mouse liver microsomes, a reaction that was also in mice 

considered to be CYP3A specific (17). Consistent with this latter report, our own 

ketoconazole studies demonstrated complete inhibition of the 4-OH metabolite formation in 

wild-type microsomes. As we could not detect midazolam metabolism in small intestinal 

microsomes from Cyp3a-/- mice, it is likely that the small intestinal expression of CYP2C 

enzymes involved in midazolam metabolism is too low to significantly contribute to the 

intestinal metabolism of midazolam. This is consistent with studies that were not able to 

detect small intestinal CYP2C expression at the protein level (21). 
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We demonstrated that several but not all CYP2C enzymes are upregulated in Cyp3a-/- 

mice. Notably, almost all CYP2C enzymes that were able to metabolize midazolam also 

had upregulated mRNA levels. Most prominent was the ~35-fold upregulation of 

CYP2C55, which was also capable of performing the 1’-OH midazolam formation. This 

RNA upregulation was also reflected in a large increase in CYP2C55 protein levels as 

demonstrated by immunoblotting.  However, the upregulated RNA expression level of 

CYP2C55 as judged from RT-PCR would still be lower than for most other CYP2C genes 

(e.g. CYP2C29). The contribution of CYP2C55 to the total 1’-OH midazolam formation in 

Cyp3a-/- mice might therefore still be limited.  

Given the high upregulation of CYP2C55, it might be interesting to investigate 

whether this enzyme is partly under a different regulatory mechanism from the other Cyp2c 

genes. It is noteworthy that also in mice with a liver-specific deletion of the NADPH-

Cytochrome P450 reductase gene, a 17-fold induction in CYP2C55 mRNA levels was 

observed (21). The mechanism of regulation of the different mouse CYP2C enzymes is still 

subject of investigation. The mouse Cyp2c locus is complex and contains 15 genes whereas 

in humans only 4 CYP2C genes have been identified (22). It has recently been shown that 

the induction of CYP2C29 and CYP2C37 can be mediated by the constitutive androstane 

receptor (CAR) (23, 24).  However, CYP2C44 could not be upregulated by either CAR or 

PXR activators (10). Although little is yet known about the regulation of the other CYP2C 

enzymes, there clearly is accumulating evidence that various members of the CYP2C 

subfamily are differently regulated.  

The CAR-mediated induction of various CYP2C family members indicates that these 

genes can be regulated by a diverse range of xenobiotic inducers. This could provide a clue 

to the possible mechanism behind the CYP2C upregulation in the Cyp3a knockout mice. It 

is likely that CYP3A normally metabolizes one or more inducers of the various Cyp2c 

genes, and that levels of these inducers are much higher in Cyp3a-/- mice. These inducers 

might in part be endogenous (e.g. steroids, bile acids), but an obvious source of these 

inducers would be xenobiotics (phytoestrogens, etc.) that occur in the normal food. Indeed, 

we have recently tested the effect of replacing normal food with a semisynthetic diet, and 

found much lower induction levels of CYP2C55 RNA in the livers of Cyp3a-/- mice 

compared to wild-type (5-fold instead of ~35-fold on normal food). This suggests that a 

major factor in the CYP2C upregulation in the Cyp3a-/- mice is induction by food-derived 

xenobiotics that are normally metabolized by CYP3A.  

During the preparation of this manuscript (25) reported that in addition to CYP3A 

enzymes, human CYP2C19 is also capable of catalyzing the midazolam 1’-hydroxylation. 

We found that not only CYP2C19 but also the 3 other human CYP2C enzymes could 
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catalyze this reaction, although with much lower turnover rates than CYP3A enzymes. 

Based on the turnover rates as well as the lower expression levels of CYP2C versus 

CYP3A enzymes, the contribution of CYP2C enzymes to the total midazolam metabolism 

in humans will most likely be negligible. 

Initially we used docetaxel for the in vitro and in vivo pharmacokinetic 

characterization of our Cyp3a-/- mice (6). Docetaxel is a widely used anti-cancer drug and is 

known to be primarily metabolized by members of the CYP3A subfamily (26). It appeared 

that the formation of docetaxel metabolites was completely absent in hepatic and intestinal 

microsomes from Cyp3a-/- mice, indicating that no other mouse CYPs could take over the 

docetaxel metabolism. In vivo, the lack of CYP3A mediated metabolism resulted in a 18-

fold and 7-fold higher AUC for docetaxel in Cyp3a-/- mice after oral and i.v. 

administration, respectively (6). Consistent with the in vitro data from the present study, 

but in strong contrast to the earlier docetaxel data, our in vivo experiments demonstrated 

that after i.v. administration of midazolam there were only marginal differences in plasma 

levels of midazolam and of its 1’- and 4-OH metabolites between Cyp3a-/- and wild-type 

mice.  

Combined with our recently generated CYP3A4 transgenic mouse models (6), we 

consider the Cyp3a-/- mouse model as an appropriate tool to study the impact of CYP3A on 

drug levels in an in vivo situation. However, other upregulated CYP enzymes can for some 

drugs affect the results obtained. For example, CYP3A and CYP2C enzymes have 

overlapping substrate specificities and this overlap may be different between species. 

Clearly, proper in vitro evaluation of the background metabolism of drugs of interest in 

Cyp3a-/- mice would be recommended to optimize application of this novel mouse model.   

In summary, we investigated the metabolism of midazolam in Cyp3a-/- mice. Both our 

in vitro and in vivo data show that in the absence of CYP3A the metabolism of midazolam 

is only marginally reduced. We provided evidence that CYP2C enzymes are primarily 

responsible for this compensatory metabolism and we demonstrated that several but not all 

CYP2C enzymes are capable of catalyzing the 1’- and/or 4-hydroxylation reactions. 

Moreover, the Cyp3a knockout apparently results in a significant upregulation of some of 

the CYP2C enzymes. From a biological point of view, this study demonstrates that in the 

absence of an important xenobiotic metabolizing enzyme subfamily, organisms can still 

deal with some xenobiotics as a result of the overlapping substrate specificity of CYPs and 

the potential upregulation of these enzymes. Such flexibility is likely essential to the 

important biological function of detoxification of these enzyme systems. 
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Supplementary data 1: Overview of the corresponding ΔCt values belonging to the RT-

PCR results as shown in Figure 3. Analysis of the results was done by the comparative Ct 

method. Quantitation of the target cDNAs in all samples was normalized against the 

endogenous control GAPDH (CtCYP2CX – CtGAPDH = ΔCt). Accordingly, negative values 

represent the highest expression levels. 4 mice were used for both wild-type and Cyp3a-/-

mice. 

 
  

Cyp3a+/+ Cyp3a-/-

CYP2C29 -2.62  ±  0.09 -3.29 ±  0.29 

CYP2C37 -0.56 ±  0.57 -0.42 ±  0.09 

CYP2C38 -0.55 ±  0.05 -1.33 ±  0.34 

CYP2C39  0.42 ±  0.17 -0.50 ±  0.39 

CYP2C40  1.08 ±  0.29  0.94 ±  0.27 

CYP2C44 -0.46 ±  0.32 -0.49 ±  0.03 

CYP2C50 -3.13 ±  0.31 -3.82 ±  0.24 

CYP2C54 -0.47 ±  0.80 -0.62 ±  0.13 

CYP2C55  7.29 ±  0.92  2.18 ±  0.78 

CYP2C65  8.78 ±  0.44  8.62 ±  0.32 

CYP2C66 13.75 ±  0.36 12.12 ±  0.29 

CYP2C70  3.42 ±  1.16  3.16 ±  0.54 
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Supplementary data 2: Plasma concentration versus time curves of midazolam (A), 1’-

OH midazolam (B) and 4-OH midazolam (C) after intravenous midazolam administration 

(10 mg/kg) are shown for Cyp3a+/+ and Cyp3a-/- mice. Note the different axis scale for 4-

OH midazolam. n = 3-5 ± S.D. for each time point. 
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ABSTRACT 

 

CYP3A4 is an important xenobiotic metabolizing enzyme. We previously found that 

CYP2C55 is highly up-regulated in Cyp3a-/- mice. Here we have further investigated the 

mechanism of regulation of CYP2C55 and other detoxifying systems in Cyp3a-/- mice. 

Induction studies with prototypical inducers demonstrated an important role for the nuclear 

receptors PXR and CAR in the up-regulation of CYP2C55. Subsequent diet-switch 

experiments revealed that food-derived xenobiotics are primarily responsible for the 

increased induction of CYP2C55 as well as of several other primary detoxifying systems in 

Cyp3a-/- mice. Our data suggest that CYP3A normally metabolizes food-derived activators 

of PXR and/or CAR, explaining the increased levels of such activators in Cyp3a-/- mice and 

subsequent up-regulation of a range of detoxifying systems. Interestingly, our studies with 

tissue-specific CYP3A4 transgenic Cyp3a-/- mice revealed that not only hepatic but also 

intestinal expression of CYP3A4 could reduce the hepatic expression of detoxifying 

systems to near wild-type levels. Apparently, intestinal CYP3A4 can limit the hepatic 

exposure to food-derived activators of nuclear receptors, thereby regulating the expression 

of a range of detoxifying systems in the liver. This broad biological effect further 

emphasizes the importance of intestinal CYP3A activity and could have profound 

implications for the prediction of drug exposure. 
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INTRODUCTION 

Several cytochrome P450 enzymes (P450s) form an essential detoxification system in 

humans. In addition to metabolizing endogenous compounds such as steroids and bile 

acids, P450s metabolize a wide variety of xenobiotics including many drugs, carcinogens, 

food constituents and environmental chemicals. It has been established that nuclear 

receptors such as the Pregnane X Receptor (PXR) and the Constitutive Androstane 

Receptor (CAR) are key regulators of many P450s (1). Both PXR and CAR can be 

activated by a broad range of xenobiotics, including many drugs. Also food-derived 

compounds such as dietary phytochemicals can activate PXR and CAR (2). In addition to 

P450s, PXR and CAR are also involved in the regulation of other important detoxifying 

proteins such as drug transporters (e.g., P-glycoprotein) (3). 

Among the P450s, the isoenzyme CYP3A4 is of special interest because it has a very 

broad substrate specificity. Accordingly, the enzyme is involved in the metabolism of 

approximately 50% of the currently marketed drugs (4). CYP3A4 is strategically located in 

the liver and small intestine, where it serves as an important barrier for xenobiotics to enter the 

systemic circulation. Importantly, CYP3A4 expression levels can vary dramatically due to 

gene induction or direct inhibition by xenobiotics (5, 6). As a result, the enzyme is a major 

determinant of variable drug exposure and drug-drug interactions (7).

To allow a more systematic in vivo evaluation of CYP3A-mediated metabolism, we have 

recently generated mice lacking all Cyp3a genes (Cyp3a-/-) (8). In addition, we have created 

transgenic mice with expression of human CYP3A4 in either the intestine or the liver and 

in a murine Cyp3a knockout background (8). Notably, Cyp3a-/- mice are viable and fertile 

and do not show obvious physiological abnormalities. These observations suggest that the 

CYP3A enzymes do not have an essential endogenous physiological function and could be 

primarily dedicated to the detoxification of xenobiotics. 

Further characterization of Cyp3a-/- mice revealed that several CYP2C enzymes were 

up-regulated (9). Most prominent was the more than 30-fold up-regulation of CYP2C55. In 

this study we have further investigated the mechanism of CYP2C55 up-regulation. In 

addition, we extended our studies towards other detoxifying systems that appeared to be 

up-regulated in Cyp3a-/- mice. By also investigating the regulation of detoxifying genes in 

hepatic or intestinal CYP3A4 transgenic mice we discovered an important role for 

intestinal CYP3A4 in the regulation of detoxifying systems in the liver.  
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MATERIALS & METHODS 

Materials 

Midazolam was obtained from Roche Diagnostics (Almere, The Netherlands). 1’-OH-

midazolam, TCBOPOP and dexamethasone were purchased from Sigma (St. Louis, MO). 

An NADPH-generation system was obtained from BD Bioscience (Alphen aan de Rijn, 

The Netherlands). RT-PCR primers were from Qiagen (Venlo, The Netherlands). 

Methoxyflurane (Metofane) was obtained from Medical Developments Australia Pty. Ltd. 

(Springvale, VIC, Australia). All other chemicals were of analytical grade and obtained 

from commercial sources. 

Animals 

The mice that were used in this study were housed and handled according to institutional 

guidelines complying with Dutch legislation. The animals were kept in a temperature-

controlled environment with a 12:12-hour light/dark cycle and permitted ad libitum

consumption of acidified water and a standard (AM-II) diet (Hope Farms, the Netherlands 

(Supplemental data 1)), unless indicated otherwise. Mice that were fed with a semi-

synthetic diet (20% casein, 4068.02; Hope Farms, Woerden, The Netherlands 

(Supplemental data 1)) received this for at least two weeks before organs were isolated. 

Mice used in this study were wild-type, Pxr knockout (Pxr-/-) (10) (kindly provided by Dr. 

R.M. Evans (The Salk Institute for Biological Studies, La Jolla, CA)), Cyp3a knockout 

(Cyp3a-/-), or Cyp3a-/- mice with specific expression of human CYP3A4 in either the liver 

(Cyp3a-/-A) or the intestine (Cyp3a-/-V) (8). All mouse strains were crossed back to obtain a 

homogeneous (>99%) FVB genetic background and all experiments were done using male 

mice that were between 8 and 12 weeks old. 

PXR and CAR activation in vivo 

To assess PXR activation, wild-type and Pxr-/- mice were fed a semi-synthetic diet (20% 

casein, 4068.02; Hope Farms, Woerden, The Netherlands (Supplemental data 1)) for two 

weeks. This diet is comparable with the AIN-93G diet and is considered to contain less of 

inducing agents (e.g., phytochemicals) than the normal AM-II diet (Supplemental data 1). 

During the second week, the mice received orally either dexamethasone (25 mg/kg) in corn 

oil or vehicle for four subsequent days. One day after the last administration, mice were 

sacrificed and the organs and subsequently RNA were isolated as described below. For 

CAR activation, an analogous experiment was carried out. Wild-type mice received i.p. 
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injections with TCPOBOP (3 mg/kg/day) in corn oil for 4 days, while on the same semi-

synthetic diet.  

RNA isolation and cDNA synthesis 

Mouse livers and small intestine (duodenum) were excised and immediately placed in an 

appropriate volume of RNAlater (Qiagen). They were stored at 4°C for several days until 

RNA was extracted using the RNeasy mini kit (Qiagen) according to the manufacturers 

protocol for the purification of total RNA from animal tissues. Subsequently, cDNA was 

generated using 5 μg of total RNA in a synthesis reaction using random hexamers (Applied 

Biosystems) and superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) according 

to the supplier's protocols. The reverse transcription reaction was performed for 60 min at 

42°C with a deactivation step of 15 min at 70°C. cDNA was stored at –20°C until use. 

RT-PCR analysis 

Real-time PCR (RT-PCR) was performed using specific primers (Qiagen) for the individual 

mouse genes on an Applied Biosystems 7500 real-time cycler system according to the 

manufacturers protocol. Briefly, in a MicroAmp Fast Optical 96-well reaction plate 

(Applied Biosystems), 25 μl reaction mixtures containing 5 μl cDNA (0.1 ng/μl), 12.5 μl 

SyBr Green PCR master mix, 2.5 μl sample primer mix (QuantiTect Primer Assays 

(Qiagen)) and 5 μl aqua Braun were pipetted. After sealing the plate with optical adhesive 

film (Applied Biosystems), the plates were briefly centrifuged. The cycling conditions were 

initiated at 50°C for 2 min with an enzyme activation step of 95°C for 10 min, followed by 

45 PCR cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for 1 min. 

Dissociation curves were analyzed to ensure only a single product was amplified. Analysis 

of the results was done by the comparative Ct method as described (11). Briefly, 

quantitation of the target cDNAs in all samples was normalized to GAPDH cDNA (Cttarget – 

CtGAPDH = ΔCt), and the difference in expression for each target cDNA in the Cyp3a–/– mice 

was expressed relative to the amount in the wild-type mice (ΔCtwild-type –ΔCtCyp3a–/– = ΔΔCt). 

Subsequently, fold changes in target gene expression were determined by taking 2 to the 

power of this number (2–ΔΔCt). Statistics were performed on ΔCt values (12). To assess the 

statistical significance, the two-sided unpaired Student's t test was used for two group 

comparisons and one-way ANOVA followed by the Dunnett’s post-test for multiple 

comparisons. 
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Microsomal incubations 

Mouse liver microsomes were prepared as previously described (9). Incubations were 

carried out in a total volume of 200 μl containing 100 mM KPi buffer pH 7.4 and 0.5 

mg/ml liver microsomes. Protein concentrations and incubation times were chosen within 

the linear range of product formation. Control experiments without cofactor were 

performed to ascertain CYP-dependent metabolism. After 5 min of pre-incubation at 37 °C, 

the reactions were initiated with an NADPH-regenerating system (final concentrations 1.3 

mM NADP+, 3.3 mM glucose-6-phosphate, 0.4 U/ml glucose-6-phosphate dehydrogenase 

and 3.3 mM MgCl2). The reactions were allowed to proceed for 5 min before they were 

terminated by adding 100 μl of ice-cold acetonitrile and the mixture was subsequently 

cooled on ice for 5 minutes before it was centrifuged (10 min at 6800 g). 50 μl of the 

supernatant was subjected to HPLC analysis.  

  

HPLC analyses 

HPLC analyses for midazolam and its 1’-OH metabolites were performed as described 

before (9). Briefly, a Symmetry C18 column; 3.0 x 150 mm, 3.5 μm (Waters) was used. 

Isocratic analyses were carried out at a flow rate of 0.4 ml/min. The mobile phase consisted 

of 33% acetonitrile / 23% methanol / 44% 10 mM phosphate buffer (pH 7.4; 0.2% 

triethylamine). The identity of 1’-OH midazolam was verified by comparing the HPLC 

retention time with an authentic standard. Metabolite was detected at 230 nm and 

quantitated by comparison with the absorbance of a standard curve for 1’-OH midazolam.   

RESULTS 

Hepatic CYP2C55 expression is regulated by both CAR and PXR.  

 We previously observed that CYP2C55 is highly up-regulated (~35-fold) in the livers 

of Cyp3a-/- mice, both at the mRNA and protein level (9). Because PXR and CAR are 

known to regulate several detoxifying P450 genes, we hypothesized that these nuclear 

receptors could also be involved in the mechanism of regulation of CYP2C55. We first 

studied the possible involvement of PXR by administering the prototypical PXR ligand and 

activator dexamethasone (DEX) to both wild-type and Pxr-/- mice and subsequently 

determined the CYP2C55 levels by RT-PCR analysis. In DEX-treated wild-type mice, a 

more than 25-fold increase in hepatic CYP2C55 mRNA levels was observed (Figure 1A), 

suggesting that PXR is involved in the regulation of CYP2C55. No induction after DEX 

treatment was seen in Pxr-/- mice when compared to untreated Pxr-/- mice, further 
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supporting that the observed induction after DEX treatment is PXR mediated. Note that 

CYP2C55 mRNA levels were somewhat higher in untreated Pxr-/- compared to wild-type 

mice, presumably a secondary consequence of the absence of PXR.

 To study whether CYP2C55 expression is also dependent on CAR activation, we 

administered the prototypical CAR ligand and activator TCPOBOP to wild-type mice. 

Although we have no Car-/- mice at our disposal, the high specificity of TCPOBOP for 

CAR allows a good assessment of CAR-mediated gene induction. Interestingly, we 

observed a roughly 2000-fold induction of CYP2C55 in mice treated with TCPOBOP 

(Figure 1B). Overall, these data indicate that CYP2C55 can be up-regulated by both PXR- 

and CAR-mediated pathways.  
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Figure 1: Expression levels of CYP2C55 in liver of (A) wild-type and Pxr-/- mice with or without 4 days of orally 

administered dexamethasone (DEX) (25 mg/kg/day), or (B) wild-type mice with or without 4 days of i.p. 

administered TCPOBOP (3 mg/kg/day), as determined by RT-PCR. Values represent mean ± S.D. (n = 4 for all 

strains) expressed as fold change in comparison with untreated wild-type. Data are normalized to GAPDH 

expression. Stars indicate statistically significant differences in ΔCt values in comparison with wild-type: * P < 

0.05, ** P < 0.01, and *** P < 0.001. 
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Both intestinal and hepatic expression of CYP3A4 regulate the expression of hepatic 

CYP2C55 and other hepatic detoxifying systems

We investigated whether transgenic expression of human CYP3A4 could suppress the 

up-regulation of hepatic CYP2C55 observed in Cyp3a-/- mice. To this end we used 

transgenic mice that have either hepatic or intestinal specific CYP3A4 expression in a 

murine Cyp3a knockout background, denoted as Cyp3a-/-A and Cyp3a-/-V mice, 

respectively (8). The transgenic CYP3A4 activity in liver or intestine of these mouse strains 

is comparable with the endogenous CYP3A activity in the respective organs of wild-type 

mice (8), indicating physiologically relevant levels of CYP3A4. As illustrated in Figure 2A, 

CYP2C55 RNA was up-regulated (~40-fold) in the livers of Cyp3a-/- mice and CYP3A4 

transgenic expression in the liver (Cyp3a-/-A) was able to restore close to normal levels for 

CYP2C55. Strikingly, also in mice that have specific transgenic CYP3A4 expression in the 

intestine but not in the liver (Cyp3a-/-V), expression levels for CYP2C55 in the liver were 

restored to normal (Figure 2A).

To determine whether this expression pattern between the mouse strains is exclusive 

for CYP2C55 or holds true for more detoxifying systems that are regulated by PXR and 

CAR, we investigated a number of other genes by RT-PCR. We selected genes for 

detoxifying systems based on the hepatic up-regulation observed in a previous microarray 

analysis of Cyp3a-/- mice (8). Accordingly, it appeared that CYP2B10, CYP2C29, Mdr1a, 

Mrp3 and Oatp1a4 (previously Oatp2) RNAs were up-regulated in livers of Cyp3a-/- mice 

(Figure 2B (and Figure 4B)). Expression of human CYP3A4 in either the liver or intestine 

prevented the hepatic up-regulation, and in several cases even caused a downregulation 

when compared to wild-type mice (Figure 2B). These results are qualitatively similar to 

those observed for CYP2C55, and confirm a strong effect of not only hepatic but also 

intestinal CYP3A4 on hepatic expression of detoxifying genes up-regulated in Cyp3a-/-

mice.  

In addition to the liver, we also investigated differences in CYP2C55 mRNA levels 

between the various mouse strains in the duodenum part of the small intestine. Although 

less pronounced than in liver, a significant up-regulation of CYP2C55 was also observed in 

the intestine of Cyp3a-/- mice (Figure 3A). Notably, whereas liver expression of CYP3A4 

did not affect the intestinal CYP2C55 up-regulation as seen in Cyp3a-/- mice, CYP3A4 

expression in the intestine resulted in a marked downregulation of intestinal CYP2C55 

when compared to wild-type mice. Intestinal mRNA expression levels of CYP2B10, 

CYP2C29 and Mdr1a were not significantly altered in Cyp3a-/- mice and Mrp3 showed 

only a modest induction. Yet, the intestinal expression of CYP2B10, CYP2C29 and Mdr1a 

was markedly downregulated in mice with intestinal specific expression of CYP3A4 
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(Cyp3a-/-V), whereas Mrp3 returned to near wild-type levels. The intestinal levels of 

CYP2B10 and Mdr1a were also significantly downregulated in mice with hepatic CYP3A4 

expression (Cyp3a-/-A). Oatp1a4 is not significantly expressed in the intestine (13) and 

therefore not included in the intestinal analysis.  
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Figure 2: Expression levels of (A) CYP2C55 and (B) CYP2B10, CYP2C29, Mdr1a, Mrp3 and Oatp1a4 in liver of 

wild-type, Cyp3a-/-, Cyp3a-/-A and Cyp3a-/-V mice as determined by RT-PCR. Values represent mean ± S.D. (n = 4 

for all strains) expressed as fold change in comparison with wild-type. Note that in this presentation format +2 

indicates a 2-fold increase and -2 a 2-fold decrease in expression relative to wild-type. Similarly, -4 represents a 4-

fold decrease in expression, i.e. 0.25 times the wild-type value. Values between +1 and -1 are not used in this 

format. Also note scale differences between panels. Data are normalized to GAPDH expression. Stars indicate 

statistically significant differences in ΔCt values in comparison with wild-type: * P < 0.05, ** P < 0.01, and *** P 

< 0.001. Corresponding ΔCt values are given in Supplemental data 2. 



Intestinal CYP3A regulates hepatic detoxifying systems 
                     

89

-20

-15

-10

-5

0

5

***

**

-10.0

-7.5

-5.0

-2.5

0.0

2.5

5.0

7.5
***

***

***

F
ol

d 
 c

ha
ng

e

CYP2B10

Wild-type
Cyp3a-/-

Cyp3a-/-A
Cyp3a-/-V

CYP2C55
F

ol
d 

 c
ha

ng
e

Mdr1a Mrp3

A

B

-10.0

-7.5

-5.0

-2.5

0.0

2.5

5.0

***
*** -3

-2

-1

0

1

2

3 *

-6

-4

-2

0

2

*

CYP2C29

Figure 3: Expression levels of (A) CYP2C55 and (B) CYP2B10, CYP2C29, Mdr1a and Mrp3 in the small 

intestine (duodenum) of wild-type, Cyp3a-/-, Cyp3a-/-A and Cyp3a-/-V mice as determined by RT-PCR. Values 

represent mean ± S.D. (n = 4 for all strains) expressed as fold change in comparison with wild-type. Note that in 

this presentation format values between +1 and -1 are not used. Also note scale differences between panels. Data 

are normalized to GAPDH expression. Stars indicate statistically significant differences in ΔCt values in 

comparison with wild-type: * P < 0.05, ** P < 0.01, and *** P < 0.001. Corresponding ΔCt values are given in 

Supplemental data 2.

Dietary compounds are responsible for the strong induction of detoxifying systems in 

the absence of CYP3A 

We hypothesized that CYP3A normally metabolizes one or more activators of PXR, CAR, 

and/or other nuclear xenobiotic receptors and that consequently levels of these activators 

are much higher in Cyp3a-/- mice. An obvious source of such activators are xenobiotics 

(e.g. phytoestrogens or other phytochemicals) that occur in the standard chow of our mice, 

which contains several comparatively crude plant-derived ingredients such as alfalfa hay, 

wheat, linseed and oats (Supplemental data 1). We therefore tested the effect of replacing 

the standard chow with a semi-synthetic diet that contains far less of plant-derived 

components (Supplemental data 1). Indeed, we then found markedly lower induction levels 

(5-fold instead of 42-fold) of CYP2C55 mRNA in the liver of Cyp3a-/- mice compared to 
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wild-type mice (Figure 4A), albeit that no complete return to wild-type levels was seen. 

Similarly, also the induction of CYP2B10 and Oatp1a4 in the liver of Cyp3a-/- mice was 

reduced on the semi-synthetic diet compared to the standard diet, and expression levels of 

CYP2C29, Mdr1a and Mrp3 were even unaltered by the absence of CYP3A on semi-

synthetic food (Figure 4B). Collectively, these data indicate that food-derived xenobiotics, 

which are normally metabolized by CYP3A, are a major factor in the hepatic up-regulation 

of several detoxifying systems in Cyp3a knockout mice. It should be noted that replacing 

standard by semi-synthetic diet also reduced CYP2C55 expression by ~4-fold in wild-type 

mice (Figure 5), indicating a significant inducing effect of standard food, even in the 

presence of endogenous CYP3A. Similarly, in wild-type mice also the hepatic expression 

levels of the murine CYP3A11 and CYP3A25 genes, as well as CYP2C29 and Oatp1a4, 

were reduced by ~1.5- to 3-fold on the semi-synthetic diet (Figure 5). 
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Figure 4: RT-PCR determinations of (A) changes in expression levels of CYP2C55 in liver of wild-type and 

Cyp3a-/- mice that were given either a control (AM-II) or a semi-synthetic diet. (B) changes in expression levels of 

CYP2B10, CYP2C29, Mdr1a, Mrp3 and Oatp1a4 in liver of wild-type and Cyp3a-/- mice that were given either a 

control (AM-II) or a semi-synthetic diet. Values represent mean ± S.D. (n = 4 for all strains) expressed as fold 

change in comparison with wild-type on the same diet. Note scale differences between panels. Data are 

normalized to GAPDH expression. Stars indicate statistically significant differences in ΔCt values in comparison 

with wild-type on the same diet: * P < 0.05, ** P < 0.01, and *** P < 0.001. Corresponding ΔCt values are given 

in Supplemental data 2. 
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Figure 5: RT-PCR determinations of changes in expression levels of CYP2C55, CYP2B10, CYP2C29, Mdr1a, 

Mrp3, Oatp1a4, CYP3A11 and CYP3A25 in liver of wild-type mice that were given either a control (AM-II) or a 

semi-synthetic diet. Values represent mean ± S.D. (n = 4 for all strains) expressed as fold change in comparison 

with wild-type on the control diet. Note that in this presentation format values between +1 and -1 are not used. 

Also note scale differences between panels. Data are normalized to GAPDH expression. Stars indicate statistically 

significant differences in ΔCt values in comparison with wild-type on the control diet: * P < 0.05, ** P < 0.01, and 

*** P < 0.001. Corresponding ΔCt values are given in Supplemental data 2. 

Semi-synthetic diet reduces midazolam metabolism in wild-type and Cyp3a-/- mouse 

liver microsomes 

We have previously shown that the CYP3A model substrate midazolam is still 

efficiently metabolized in Cyp3a-/- mice as a result of up-regulated CYP2C enzymes (9). 

We therefore tested whether the reduced level of CYP2C in Cyp3a-/- mice receiving the 

semi-synthetic diet (as compared to mice on regular diet) is also reflected in demonstrably 

altered metabolism. We performed incubations with liver microsomes from wild-type and 

Cyp3a-/- mice that had been given either standard or semi-synthetic diet and studied the 

metabolism of midazolam by measuring 1’-OH midazolam formation (Figure 6). Whereas 

the 1’-OH midazolam formation was reduced by about 1.7-fold in wild-type mice that had 

received the semi-synthetic diet, it was reduced by about 3-fold in Cyp3a-/- mice. This 3-

fold diet-dependent reduction in midazolam metabolism in Cyp3a-/- mice is qualitatively 
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consistent with the reduced hepatic CYP2C RNA levels (Figure 4A and B). The (smaller) 

reduction seen in wild-type mice can probably be attributed to reduction of both CYP3A 

and CYP2C RNA levels (Figure 5). 
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Figure 6: Effect of semi-synthetic diet on the 1’-OH midazolam formation by wild-type and Cyp3a-/- pooled 

mouse liver microsomes (n = 4-5 mice). The final concentration of midazolam in the incubations was 25 μM and 

0.5 mg/ml protein was used. After a preincubation of 5 min the reaction was started by adding an NADPH-

regenerating system and the mixture was subsequently incubated for 5 minutes. All values are the means of 

duplicate determinations. 
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DISCUSSION 

Our data indicate a prominent role for the nuclear receptors PXR and CAR in the in vivo 

regulation of CYP2C55. In addition, we found that food-derived compounds are primarily 

responsible for the induction of CYP2C55 as well as of several other detoxifying systems, 

including drug-metabolizing, drug efflux and drug uptake systems, in Cyp3a-/- mice. 

Mechanistically most interesting, our studies with CYP3A4 transgenic mice revealed that 

not only hepatic, but also intestinal CYP3A activity can be a major determinant of the 

regulation of detoxifying systems in the liver. We therefore propose that intestinal CYP3A4 

activity can limit the hepatic exposure to food-derived activators of PXR, CAR, and 

possibly other xenobiotic nuclear receptors. Intestinal CYP3A activity can thus not only 

directly affect xenobiotic availability (e.g., ref 8), but indirectly also the expression levels 

of a broad range of other detoxifying systems. Finally, also the induction level of 

detoxifying systems in the intestine is importantly reduced by intestinal CYP3A4 activity. 

Given the diversity and potential impact of the detoxifying systems affected, our findings 

suggest that intestinal CYP3A activity can have far-reaching biological effects. 

Among the 15 mouse Cyp2c genes, it has been shown that the induction of CYP2C29 

and CYP2C37 can be mediated by CAR (14, 15). However, CYP2C44 could not be up-

regulated by either PXR or CAR activators (16). Thus far, the role of PXR and CAR in the 

regulation of CYP2C55 has not been addressed. In this study we demonstrated that 

activation of both CAR and PXR results in an up-regulation of CYP2C55. However, given 

the very high up-regulation seen after TCPOBOP treatment, CAR-mediated induction 

seems more likely to be an important determinant in the regulation of CYP2C55. These 

results indicate that also in Cyp3a-/- mice, PXR and/or CAR could be involved in the up-

regulation of CYP2C55. Moreover, since PXR and CAR regulate a wide variety of 

detoxifying genes, it could be expected that more target genes of these nuclear receptors are 

altered in Cyp3a-/- mice. Indeed, we demonstrated that not only CYP2C55 but also 

CYP2B10, CYP2C29, Mdr1a, Mrp3 and Oatp1a4 are up-regulated in the liver of Cyp3a-/-

mice.  

Since CYP2C55 is up-regulated in Cyp3a-/- mice, we hypothesized that transgenic 

expression of CYP3A4 could compensate for the loss of murine CYP3A activity and that 

consequently expression levels of CYP2C55 would be normalized. Interestingly, the 

induction of CYP2C55 observed in livers of Cyp3a-/- mice was reversed not only in 

transgenic mice with liver-specific CYP3A4 expression (Cyp3a-/-A) but also in mice that 

only have intestinal CYP3A4 expression (Cyp3a-/-V). This suggests that CYP3A 

functionality in the intestine is important for limiting hepatic (and systemic) exposure to 
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orally ingested inducing agents and thereby regulating the induction pattern of CYP2C55 in 

the liver. In contrast, expression of CYP3A4 in the liver did not influence the expression of 

intestinal CYP2C55, whereas intestinal CYP3A4 expression did result in reduced intestinal 

CYP2C55 levels. This suggests that local intestinal exposure to CYP2C55-inducing 

compounds (e.g., PXR/CAR activators) is determined by intestinal CYP3A activity rather 

than hepatic. Importantly, our results demonstrate that intestinal CYP3A activity is not only 

relevant for the regulation of hepatic CYP2C55 but also for a range of other hepatic 

detoxifying systems such as CYP2B10, CYP2C29, Mdr1a, Mrp3 and Oatp1a4. We note 

that in some cases transgenic CYP3A4 expression did not only ‘normalize’ expression 

levels of the target genes but even reduced them compared to wild-type. This might be 

caused by species differences in catalytic properties between mouse and human CYP3A 

towards the (dietary) inducers. Also subtle differences in effective expression levels 

between the mouse CYP3A enzymes and the transgenic CYP3A4 enzyme could be partly 

responsible for this.  

It is known that many dietary phytochemicals can activate PXR and CAR (2). Clearly, 

the CYP3A-mediated breakdown of phytochemicals is absent from Cyp3a-/- mice. It is 

therefore likely that levels of a number of inducing phytochemicals are higher in Cyp3a-/-

mice and that consequently PXR, CAR and possibly other xenobiotic nuclear receptors are 

more activated in these mice. Indeed, we demonstrated that when mice were given a semi-

synthetic diet containing lower levels of phytochemicals, the induction of several 

detoxifying systems in Cyp3a-/- mice was markedly reduced. With this result the 

importance of intestinal CYP3A activity in the regulation of hepatic detoxifying systems 

can be readily explained: the inducing compounds are mainly food-derived, yielding 

immediate exposure of intestinal epithelial cells irrespective of hepatic metabolism. 

Nevertheless, although our study shows a prominent role for food-derived compounds in 

the up-regulation of detoxifying systems in Cyp3a-/- mice, a significant contribution of 

endogenous inducers (e.g., bile acids, steroids) cannot be excluded. Indeed, although the 

induction of CYP2C55 in Cyp3a-/- mice was much less pronounced on the semi-synthetic 

diet, there was still a significant increase when compared to wild-type mice that had been 

given the same chow (Figure 4A). We further note that semi-synthetic diets may affect bile-

acid synthesis and/or metabolism, thereby altering detoxifying systems (e.g. ref 17). We 

therefore cannot exclude that some of the effects of the diet change could be due to altered 

bile acid levels. Clearly, the identification of the dietary (and/or endogenous) inducing 

compounds will be of interest, but difficult, especially as it is likely that several compounds 

work in concert, each possibly activating different nuclear receptors and corresponding 

target genes, making the assessment of individual contributions complicated. 
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We have previously demonstrated that the CYP3A probe drug midazolam is still 

efficiently metabolized in Cyp3a-/- mice as a result of up-regulated CYP2C enzymes (9). 

Here, we show that when mice were given a semi-synthetic diet, the microsomal formation 

of 1’-OH midazolam was reduced more in Cyp3a-/- than in wild-type mice, directly 

illustrating the relevance of the expression changes at the drug metabolism level. This 

change is qualitatively in accordance with the reduced levels of CYP2C enzymes in Cyp3a-

/- mice receiving the semi-synthetic diet. Clearly though, the strong (more than 30-fold) 

reduction in CYP2C55 RNA expression levels seen on semi-synthetic diet (Supplemental 

data 2) is not completely reflected in the 1’-OH midazolam formation data. We note, 

however, that, based on turnover rates and absolute RNA expression levels, CYP2C29 

rather than CYP2C55 is likely to be the major enzyme responsible for the 1’-OH 

midazolam formation in Cyp3a-/- mice (9). Indeed, quite consistent with the ~3-fold 

reduced 1’-OH midazolam formation (Figure 6), absolute CYP2C29 RNA levels were 2.8-

fold reduced in Cyp3a-/- mice due to semi-synthetic diet feeding (Supplemental data 2). 

In addition to PXR- and CAR-mediated induction, activation of the arylhydrocarbon 

receptor (AhR) is also known to regulate important detoxifying systems such as CYP1A1. 

In order to activate target genes, AhR has to form a heterodimer with the AhR nuclear 

translocator (Arnt). Recently, Ito et al. (2007) have reported that dietary phytochemicals 

can regulate the expression of CYP1A1 in the liver and other organs via an Arnt–dependent 

system in the gut. By studying a mutant mouse in which the Arnt gene was specifically 

disrupted in the gut, they found that CYP1A1 expression levels were up-regulated in liver 

as well as in several other non-gut tissues (18). In addition, they found that the CYP1A1 

up-regulation was lost upon administration of a semi-synthetic diet. For unknown reasons, 

the up-regulation was CYP1A1 selective and was not observed for other prototypical AhR 

target genes. Although this mechanism of regulation is different from the one reported here, 

it also demonstrates the importance of intestinal metabolism of xenobiotics in the 

regulation of a hepatic detoxifying system. Clearly though, our present study shows that 

intestinal CYP3A activity has a much broader biological effect as it can regulate a range of 

detoxifying systems rather than one.   

We have recently utilized the transgenic Cyp3a-/- mice expressing human CYP3A4 in 

either the intestine or the liver to determine the relative importance of intestinal versus 

hepatic CYP3A4 activity in first-pass drug metabolism. These studies revealed that 

intestinal CYP3A4 alone was sufficient to virtually abrogate docetaxel entry from the gut, 

whereas hepatic CYP3A4 was more important in systemic docetaxel clearance (8). This 

study clarified the potential significance of intestinal metabolism, which has been a matter 

of debate for decades (19-21). In addition to this, our present study reveals an important 
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role for intestinal CYP3A4 activity in the regulation of detoxifying systems in the liver. It 

seems likely that, like docetaxel, food-derived inducing compounds are efficiently 

extracted and degraded by CYP3A4 already at the level of the enterocyte, preventing 

significant exposure of the liver. Although our studies are done in mice, this concept is 

likely to be relevant for the human situation as well. As such, specific inhibition of 

intestinal CYP3A4 activity by for example grapefruit juice (22) could result in higher levels 

of detoxifying systems (including CYP3A) in the liver. Also, people with high intestinal 

CYP3A levels, could have lower levels of hepatic detoxifying systems and vice versa. 

Accordingly, this would mean that intestinal and hepatic expression levels of CYP3A (but 

also of other detoxifying systems) do not always correlate or may at times even be 

inversely correlated. Indeed, several clinical studies have indicated that individuals with 

low intestinal CYP3A activity have relatively high hepatic CYP3A activity (23-25). 

Although more (clinical) evidence has to be provided in favor of such an inverse 

relationship, it could have important implications for the prediction of drug exposure. 
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Supplementary data 1 

AM-II (STANDARD DIET) 
CODE: 2140 
Hope Farms / Arie Blok b.v. Woerden, The Netherlands
-------------------------------------------------- 
Composition 
-------------------------------------------------- 
Alfalfa 
Oats 
Linseed 
Meat meal 
Wheat 
Molasses (46% sugar) 
Refined soy oil 
Wheypowder 
Dried Yeast 
HF Premix 
-------------------------------------------------- 
* Percentages of ingredients are not provided by supplier 
-------------------------------------------------- 

SEMI-SYNTHETIC DIET (20%CASEIN) 
CODE: 4068.02 
Hope Farms / Arie Blok b.v. Woerden, The Netherlands
-------------------------------------------------- 
Composition 
-------------------------------------------------- 
Vitamin premix     0.250 
Mineral premix     0.250 
CaHPO4.2H2O        1.300 
CaCO3       1.000 
KH2PO4       0.700 
KCl        0.700 
NaCL       0.300 
MgSO4.7H2O     0.400 
MgO         0.200 
Methionine Synth. DL     0.200 
Choline       0.400 
Casein sour    20.000 
Maize starch meal   10.000 
Cellulose        5.000 
Refined soy oil     5.000 
Glucose/Dextrose   54.300 
--------------------------------------------------  Total 100.000 
-------------------------------------------------- 
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Supplementary data 2: Overview of the corresponding ΔCt values belonging to the RT-

PCR results as shown in Figure 2, 3 and 4. Analysis of the results was done by the 

comparative Ct method. Quantitation of the target cDNAs in all samples was normalized

against the endogenous control GAPDH (Cttarget – CtGAPDH = ΔCt). Accordingly, the lower 

the value, the higher the expression level. 4 mice were used for each strain. 

Liver 

Wild-type Cyp3a-/- Cyp3a-/-A Cyp3a-/-V 

CYP2C55 9.17 ± 0.63 4.00 ± 1.04 9.97 ± 0.40 8.89 ± 0.33 

CYP2B10 13.51 ± 1.56 10.70 ± 0.35 17.70 ± 1.01 16.78 ± 0.65 

CYP2C29 -1.15 ± 0.18 -1.89 ± 0.19 -0.23 ± 0.49 -1.05 ± 0.26 

Mdr1a 9.30 ± 0.79 8.06 ± 0.5 10.37 ± 0.43 11.46 ± 1.08 

Mrp3 5.57 ± 0.61 3.52 ± 0.23 5.21 ± 0.36 5.19 ± 0.51 

Oatp1a4 3.94 ± 0.37 1.90 ± 0.26 4.23 ± 0.62 4.62 ± 0.30 

Intestine 

Wild-type Cyp3a-/- Cyp3a-/-A Cyp3a-/-V 

CYP2C55 7.21 ± 0.52 5.09 ± 0.34 5.27 ± 0.51 9.96 ± 0.37 

CYP2B10 8.53 ± 0.15 8.72 ± 0.49 9.90 ± 0.37 12.25 ± 0.86 

CYP2C29 5.37 ± 0.51 6.31 ± 0.78 5.78 ± 0.83 7.64 ± 0.28 

Mdr1a 2.10 ± 0.12 2.17 ± 0.91 5.07 ± 0.25 4.58 ± 0.76 

Mrp3 6.7 ± 0.08 5.78 ± 0.38 7.03 ± 0.71 7.10 ± 0.21 

Liver 

Normal diet Semi-synthetic diet

Wild-type Cyp3a-/- Wild-type Cyp3a-/- 

CYP2C55 9.17 ± 0.63 4.00 ± 1.04 11.36 ± 1.05 8.98 ± 0.42 

CYP2B10 13.51 ± 1.56 10.70 ± 0.35 14.84± 0.11 13.52 ± 0.31 

CYP2C29 -1.15 ± 0.18 -1.89 ± 0.19 -0.45 ± 0.3 -0.40 ± 0.14 

Mdr1a 9.30 ± 0.79 8.06 ± 0.5 8.76 ± 0.43 8.99 ± 0.39 

Mrp3 5.57 ± 0.61 3.52 ± 0.23 5.5 ± 0.39 5.46 ± 0.29 

Oatp1a4 3.94 ± 0.37 1.9 ± 0.26 4.72 ± 0.45 3.76 ± 0.33 

CYP3A11 -0.55 ± 0.31 - 1.17 ± 0.48 - 

CYP3A25 1.17 ± 0.1 - 1.90 ± 0.15 - 
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Inhibition and stimulation of intestinal and hepatic CYP3A activity: studies in 

humanized CYP3A4 transgenic mice using triazolam  
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van Herwaarden*, Jos H. Beijnen†,‡, Alfred H. Schinkel* 

*Division of Molecular Biology, The Netherlands Cancer Institute, Amsterdam, The 

Netherlands; Department of Pharmaceutical Sciences, Utrecht University, Utrecht, The 

Netherlands; ‡Slotervaart Hospital, Department of Pharmacy and Pharmacology, 

Amsterdam, The Netherlands. 

ABSTRACT 

 

CYP3A4 is an important determinant of drug-drug interactions. Here, we evaluated 

whether Cyp3a-/- and CYP3A4 transgenic (CYP3A4-Tg) mice can be utilized to study 

drug-drug interactions in the liver and intestine. Triazolam was used as a probe drug 

because it is a highly specific CYP3A substrate and not a P-glycoprotein substrate. 

Triazolam metabolism was profoundly reduced in Cyp3a-/- mice, both in vitro and in vivo. 

In vitro studies revealed clear species differences in human and mouse, but triazolam 

metabolism in microsomes derived from CYP3A4-Tg “humanized” mice closely resembled 

that in human microsomes. Interestingly, studies with tissue-specific CYP3A4-Tg mice 

revealed that intestinal CYP3A4 has a major impact on oral triazolam exposure, whereas 

the effect of hepatic CYP3A4 was limited. To mimic a drug-drug interaction, we co-

administered triazolam with the prototypical CYP3A inhibitor ketoconazole, which 

increased triazolam exposure in all CYP3A-proficient mouse strains but not in Cyp3a-/- 

mice. We further found that the anti-cancer drug gefitinib is a potent stimulator of 1’-OH 

triazolam formation, in vitro. Importantly, also in vivo we could demonstrate stimulation of 

triazolam metabolism by gefitinib, resulting in a lower oral triazolam exposure. To our 

knowledge this is the first in vivo example of direct stimulation of CYP3A4 activity after 

oral drug administration. Overall, this study illustrates how Cyp3a-/- and CYP3A4-Tg mice 

can be utilized to study drug-drug interactions. The data clarify that also for drugs that are 

not P-glycoprotein substrates, intestinal metabolism can be more important than hepatic 

metabolism after oral administration. 
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INTRODUCTION 

The cytochrome P450 3A (CYP3A) enzymes represent one of the most important drug 

metabolizing systems, affecting ~50% of currently prescribed drugs (1). Since so many 

drugs are substrates and/or inhibitors for CYP3A, the enzyme is also an important 

determinant of many drug-drug interactions (2, 3). The most common type of CYP3A-

mediated drug-drug interaction is that one drug inhibits CYP3A activity, which leads to higher 

levels of other drugs metabolized by CYP3A, potentially leading to toxicity. This was for 

example the case for the antihistaminic terfenadine and the antihypertensive mibefradil, 

which were consequently both withdrawn from the market. While most drug-drug 

interactions are undesirable, in certain cases CYP3A can be inhibited on purpose to 

improve drug therapy. For instance, the CYP3A inhibitor ritonavir is given in combination 

with lopinavir, which improves the lopinavir oral bioavailability considerably (4). Not only 

drugs but also food constituents can be potent inhibitors of CYP3A. For example, 

components of grapefruit juice potently inhibit CYP3A and several clinically relevant drug-

grapefruit juice interactions have been described (5, 6). 

Another possible mechanism of a drug-drug interaction is that one drug directly 

increases the rate of CYP3A-mediated metabolism of another drug. This stimulation of the 

metabolism is also known as heterotropic positive cooperativity (7, 8). Stimulation of 

metabolism could be of clinical relevance as it could result in sub-therapeutic drug levels. 

A classical example of a drug that is known to stimulate several CYP3A-mediated reactions 

is 7,8-benzoflavone, which for instance increases the metabolism of diazepam and aflatoxin 

B1 in vitro (9, 10). It has to be noted that, although many in vitro examples of CYP3A 

stimulation have been published, there is only very limited in vivo evidence for this 

particular drug-drug interaction (7, 11).  

Recently, we have generated Cyp3a knockout mice to study this important drug-

handling system in vivo (12). In addition, we created Cyp3a-/- transgenic mice with 

expression of human CYP3A4 exclusively in the intestine or in the liver (12). We 

subsequently utilized these mice to determine the relative importance of intestinal versus 

hepatic CYP3A4 activity in first-pass drug metabolism. These studies revealed that 

intestinal CYP3A4 alone was sufficient to virtually abrogate net docetaxel entry from the 

gut, whereas hepatic CYP3A4 was more important in systemic docetaxel clearance (12). 

This study clarified the potential significance of intestinal metabolism, which has been a 

matter of debate for decades (13-15). 

Besides being a good CYP3A4 substrate, however, docetaxel is also a very good 

substrate of the apical drug transporter P-glycoprotein (P-gp) (16). It has been hypothesized 
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that the function of P-gp could prevent saturation of intestinal CYP3A and give the enzyme 

repeated access to its substrates, resulting in highly efficient intestinal metabolism (17). We 

considered that P-gp might have contributed greatly to the efficiency of intestinal CYP3A4-

mediated docetaxel metabolism. Hence, it is not clear whether intestinal CYP3A can also 

dominate the metabolism of substrates that are not transported by P-gp, such as midazolam. 

Unfortunately, useful analysis of midazolam pharmacokinetics in our mouse models was 

precluded by the upregulation of (midazolam-metabolizing) mouse CYP2C in the Cyp3a−/− 

mice (18).  

In contrast to midazolam, the closely related drug triazolam is a more specific 

substrate for CYP3A compared to other mouse CYP isoforms (19). It might therefore be a 

better probe drug to characterize our Cyp3a-/- and CYP3A4 transgenic mouse lines. Similar 

to midazolam, triazolam is also not a P-gp substrate (20). In this study we therefore used 

triazolam to study the relative contribution of intestinal and hepatic CYP3A–mediated 

metabolism. Furthermore, we also assessed whether our mouse models could be utilized to 

study in vivo drug-drug interactions such as inhibition and stimulation of CYP3A activity.

MATERIALS & METHODS 

 

Materials 

Triazolam and 1’-OH triazolam were obtained from Sigma (St. Louis, MO, USA). D4- 

triazolam and D4-1’-hydroxy-triazolam were both obtained as 100 μg/ml solutions in 

methanol from Cerilliant (Round Rock, TX, USA). NADPH-generation system, pooled 

human liver and intestinal microsomes were obtained from BD Bioscience (Alphen aan den 

Rijn, The Netherlands). Gefitinib, imatinib, erlotinib, dasatinib, sorafinib and sunitinib 

were purchased from Sequoia Research Products Ltd. (Pangbourne, UK).  Pentobarbital 

(Nembutal) was obtained from Sanofi Sante BV (Maassluis, the Netherlands) and 

methoxyflurane (Metofane) was obtained from Medical Developments Australia Pty. Ltd. 

(Springvale, Australia). All other chemicals were of analytical grade and were obtained 

from commercial sources. 

Animals 

The mice used in this study were housed and handled according to institutional guidelines 

complying with Dutch legislation. The animals were kept in a temperature-controlled 

environment with a 12:12-hour light/dark cycle and permitted ad libitum consumption of 

acidified water and a standard (AM-II) diet (Hope Farms, the Netherlands), unless 



Chapter 5  
 

 108 

indicated otherwise. Wild-type, Cyp3a knockout (Cyp3a-/-), or Cyp3a-/- mice with specific 

expression of human CYP3A4 in either the liver (Cyp3a-/-Tg-3A4Hep (previously Cyp3a-/-

A)), intestine (Cyp3a-/-Tg-3A4Int (previously Cyp3a-/-V)) or both (Cyp3a-/-Tg-3A4Hep/Int 

(previously Cyp3a-/-AV)) (van Herwaarden et al., 2007) were used. All mouse strains were 

of a homogeneous (>99%) FVB genetic background and all experiments were done using 

male mice between 8 and 12 weeks old. 

 

Microsomal incubations 

Mouse liver and intestinal microsomes were prepared as previously described (18). The 

incubations were carried out in a total volume of 200 μl, containing 100 mM potassium 

phosphate (KPi) buffer pH 7.4. Protein concentrations were 0.5 mg/ml for liver microsomes 

and 1 mg/ml for intestinal microsomes, unless indicated otherwise. Formation of triazolam 

metabolites was linear with respect to incubation time and microsomal protein 

concentration. Control experiments without cofactor were performed to ascertain CYP-

dependent metabolism. Final concentration of methanol was 0.5% in all incubations. After 

5 min of preincubation at 37°C, the reactions were initiated by addition of a NADPH-

regenerating system. After 20 minutes the reactions were stopped by adding 100 μl ice-cold 

acetonitrile and cooling on ice for 5 minutes. After centrifugation (10 min at 6,800 g), 50 μl 

of the sample was injected into the HPLC system. 

The enzyme kinetics for both 1’-OH and 4-OH triazolam were investigated using GraphPad 

Prisms 4.0 non-linear regression analysis. Most of the kinetic data could be fitted using a 

standard Michaelis-Menten equation: 
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Where indicated, a Michaelis-Menten kinetics model with non-competitive substrate 

inhibition (21) was used. 
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Stimulation of 1’-OH triazolam formation in vitro

Microsomes were pre-incubated for 4 minutes in the presence of gefitinib, imatinib, 

erlotinib, dasatinib, sorafinib and sunitinib (12.5 μM final concentration) leading to 0.2% 

DMSO in the final incubation. Subsequently, triazolam was added and pre-incubated for 1 

minute after which the reaction was started by adding the NADPH-regenerating system. 

Other conditions were similar as described above. 

 

Chemical and immunoinhibition 

For the inhibition experiments two antibodies targeting rat CYP2C11 were used. Polyclonal 

anti-CYP2C11 goat antibodies were obtained from Daiichi Pure Chemical Co. (Tokyo, 

Japan) and monoclonal anti-CYP2C11 mouse antibodies were obtained from Invitrogen 

(Venlo, The Netherlands) referred to as Anti-CYP2C-A and Anti-CYP2C-B, respectively. 

After 10 min of pre-incubation with ketoconazole (2.5 μM final concentration) or one of 

two anti-CYP2C11 antibodies, the microsomal reaction mixture was incubated for 20 

minutes. The final concentration of triazolam in the incubations was 50 μM. All other 

conditions were as described above.  

 

HPLC 

For determination of triazolam and its metabolites, the HPLC mobile phase consisted of 

20% acetonitrile, 24% methanol and 56% 5 mM phosphate buffer (pH: 7.4, 0.15% 

triethylamine), with a flow rate of 0.4 ml/min. The analytical column was a reverse phase 

C18 XBridge; 3.0 x 150, 3.5 μm (Waters, Milford, MA, USA). Column effluent was 

monitored by UV absorption at 230 nm.  

Identity and quantity of 1’-OH and 4-OH triazolam metabolites were verified using the 

retention time and standard curve of an authentic 1’-OH triazolam standard. For 

determining triazolam in the presence of gefitinib, the mobile phase consisted of two 

solutions. Solution A consisted of 20% acetonitrile, 30% methanol and 50% 5 mM 

phosphate buffer (pH: 7.4, 0.15% triethylamine). Solution B consisted of 60% acetonitrile 

and 40% H2O. From 0 to 5 and from 8 to 20 minutes after injection, the mobile phase 

consisted of 100% A. Between 5 and 8 minutes after injection, the mobile phase consisted 

of a mix of A and B (10:90). 

Triazolam pharmacokinetics in vivo

30 min before triazolam administration, fasted mice (2 hrs) received orally either 

ketoconazole (35 mg/kg) in PEG 400, gefitinib (25 mg/kg) in PEG 400 or vehicle (PEG 

400). At t = 0, triazolam in ethanol and saline (1:99) was administered by oral gavage at 0.5 
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mg/kg. 10, 20, 40, 80, 160 and 320 minutes after triazolam administration, blood samples 

were collected by tail sampling. Blood was centrifuged for 6 min at 6,800 g, after which 25 

μl of serum was collected and stored at –20 ºC until further analysis. 

LC-MS/MS 

Mouse plasma samples were measured by LC-MS/MS. To a 20-μl plasma sample, 100 μl 

of  25% (v/v) methanol, 20 μl of 40 ng/ml D4-triazolam and 10 ng/ml D4-1’-hydroxy-

triazolam in 25% (v/v) methanol and 200 μl of 5 mM sodium hydroxide were added. The 

analytes were extracted with 2 ml diethylether and the organic phase was evaporated under 

a stream of nitrogen at 30ºC. The residue was reconstituted in 100 μl of 50% (v/v) 

methanol before injection in the chromatographic system.  

The LC-MS/MS equipment consisted of a DGU-14A degasser, a Sil-HTc autosampler, two 

LC10-ADvp-μ pumps and a CTO10-Avp column oven (all from Shimadzu, Kyoto, Japan) 

and a Finnigan TSQ Quantum Discovery Max triple quadrupole mass spectrometer with 

electrospray ionization (Thermo Electron, Waltham, MA, USA). Data were processed with 

the Finnigan Xcalibur software (version 1.4, Thermo Electron). 

20 μl injections were made on a Polaris 3 C18-A column (50 x 2 mm, dp = 3 μm, average 

pore diameter = 10 nm, Varian, Middelburg, The Netherlands) with a Polaris 3 C18-A pre-

column (10 x 2 mm, dp = 3 μm, Varian). The column temperature was maintained at 35˚C 

and the autosampler was maintained at 4˚C. The flow rate was 0.3 ml/min and the eluent 

comprised 35% (v/v) of 0.01% (v/v) formic acid in water and 65% (v/v) methanol.  

Mass transitions (collision energies (V)) were 343→308(29), 239(43) and 315 (28) for 

triazolam, 359→331(27), 239(44) and 250(38) for 1’-OH triazolam, 347→312(27) for D4-

triazolam and 365→337(29) for D4-1
’-OH triazolam (transition of 37Cl-D4-1’-hydroxy-

triazolam was used because of isotopic interference, mainly by 37Cl2-1’-hydroxy-

triazolam). The mass resolutions were set at 0.2 full with at half height for the first 

quadrupole and at 0.7 full with at half height (unit resolution) for the third quadrupole for 

all compounds. 
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RESULTS 

 

Triazolam metabolism in liver and intestinal microsomes of Cyp3a-/- and CYP3A4-Tg 

mice 

The biotransformation of triazolam by CYP3A enzymes yields 1’-OH and 4-OH 

triazolam as the principal metabolites (21, 22). To evaluate the differences in metabolic 

activity between wild-type, Cyp3a-/- and CYP3A4 transgenic mice, we performed 

microsomal incubations with triazolam. In wild-type mouse liver microsomes triazolam 

was metabolized to its 1’-OH and 4-OH metabolites and both metabolite formation 

reactions obeyed normal Michaelis-Menten kinetics (Figure 1). Note that at lower triazolam 

concentrations 1’-OH triazolam is the major metabolite whereas 4-OH triazolam becomes 

more prominent at higher concentrations. These results are consistent with those observed 

in other mouse strains (19, 23).  

As expected, triazolam metabolism was profoundly reduced in liver microsomes from 

Cyp3a-/- mice, albeit not completely abolished, when compared to wild-type mice (Figure 

1; Table 1). Accordingly, the intrinsic clearance (Vmax/Km) for the 1’-OH formation was 

reduced more than 40-fold and for 4-OH triazolam formation more than 14-fold (Table 1). 

The residual metabolic activity was NADPH-dependent, indicating that other CYPs in 

Cyp3a-/- mice can take over the triazolam metabolism to some extent. Notably, the kinetic 

profile for the 1’-OH triazolam formation in the Cyp3a-/- mouse liver microsomes was 

clearly different from that observed in wild-type and could be fitted into a substrate 

inhibition model (KS = 507 ± 129 μM) (Figure 1).  

In liver microsomes of Cyp3a-/-Tg-3A4Hep mice, expressing human CYP3A4 

exclusively in the liver, a different kinetic profile for the 1’-OH and 4-OH triazolam 

formation was observed when compared to wild-type (Figure 1). For 1’OH-triazolam 

formation, although the affinity of human CYP3A4 is 5-fold lower than the (combined) 

affinity of the mouse CYP3A enzymes, the higher Vmax (3-fold) resulted in only a slightly 

lower intrinsic clearance (1.7-fold) when compared to wild-type (Table 1). For 4-OH 

triazolam formation the intrinsic clearance was increased 2.1-fold. Importantly, the 

metabolic and kinetic profile observed in liver microsomes of CYP3A4 transgenic mice 

(Cyp3a-/-Tg-3A4Hep) closely resembled that of human liver microsomes (Figure 1), and the 

kinetic parameters were in the same range (Table 1). 

We also tested liver microsomes from mice that have intestinal specific transgenic 

CYP3A4 expression (Cyp3a-/-Tg-3A4Int). Note that liver microsomes from these mice have 

no CYP3A activity and are in essence similar to those of Cyp3a-/- mice (12). Indeed, the 1’-

OH triazolam formation of these liver microsomes was roughly similar to that observed in 
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liver microsomes of Cyp3a-/- mice, including the substrate inhibition characteristics (Ks = 

478 ± 43 μM) (Figure 1). 

We also investigated triazolam metabolism in intestinal microsomes. In case of wild-

type microsomes metabolite formation could only be detected at the highest triazolam 

incubation concentrations and kinetic parameters could not be deduced from these data. In 

addition, no metabolite formation at all could be detected in intestinal microsomes from 

Cyp3a-/- and Cyp3a-/-Tg-3A4Hep mice. In contrast, 1’-OH and 4-OH metabolite formation 

could be readily detected in Cyp3a-/-Tg-3A4Int intestinal microsomes. Both 1’-OH triazolam 

and 4-OH triazolam formation obeyed normal Michaelis-Menten kinetics and closely 

resembled the kinetic profile of human intestinal microsomes (Figure 1, Table 1). 

Furthermore, the metabolic kinetic profile in Cyp3a-/-Tg-3A4Int intestinal microsomes was 

also very similar to that observed in liver microsomes from Cyp3a-/-Tg-3A4Hep mice (Figure 

1). 

These data indicate that there are clear species differences between mouse and human 

in the in vitro metabolism of triazolam. Of importance, the data further show that mouse 

microsomes with transgenic CYP3A4 expression (in a Cyp3a-/- background) closely 

resemble the triazolam metabolism in human hepatic and intestinal microsomes, both in 

terms of the metabolic kinetic profile (Figure 1) as well as the intrinsic clearance (Table 1). 

Finally, they also confirm the tissue-specific activity of CYP3A4 in the transgenic strains. 

 

Ketoconazole inhibits triazolam metabolism in wild-type but not in Cyp3a-/- 

microsomes 

Co-incubation with the CYP3A inhibitor ketoconazole (2.5 μM), resulted in virtually 

complete inhibition of triazolam metabolite formation in wild-type but not in Cyp3a-/- 

mouse liver microsomes (Figure 2). To test whether CYP2C enzymes were responsible for 

the residual triazolam metabolism in Cyp3a-/- mouse liver microsomes, we co-incubated 

with one of two antibodies raised against rat-CYP2C11. Antibody A was able to lower the 

formation of both hydroxy metabolites to around 50% (Figure 2), indicating that CYP2C 

enzymes are, at least partly, responsible for the triazolam metabolism in Cyp3a-/- mouse 

liver microsomes. In addition, also antibody B efficiently inhibited the 1’-OH but not the 4-

OH triazolam formation. This suggests specific and efficient inhibition of CYP2C enzymes 

that have a preference to produce 1’-OH triazolam over 4-OH triazolam by this antibody, in 

line with previous observations for midazolam (18). Taken together, these results indicate 

that the low-level, residual triazolam metabolism observed in Cyp3a-/- liver microsomes is 

for a large part mediated by CYP2C enzymes, even though in the wild-type situation the 

contribution of CYP2C is negligible. 
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Figure 1. Plots of 1’-OH and 4-OH triazolam formation by pooled liver (A) and intestinal (B) microsomes of wild-

type, Cyp3a-/-, Cyp3a-/-Tg-3A4Int, Cyp3a-/-Tg-3A4Hep mice and human. Note marked differences in y-axis scales 

between panels. Incubations were performed as described under Materials and Methods. Intestinal metabolic rates 

of wild-type, Cyp3a-/- and Cyp3a-/-Tg-3A4Hep mice were below the lower detection limit of our assay (< 2.5 

pmol/min/mg protein). Data are the means ± S.D. of triplicate incubations. Corresponding kinetic parameters are 

given in Table 1.  
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Table 1. Kinetic parameters for triazolam metabolism by liver and intestinal microsomes. All values are the means 

of three independent experiments ± S.D. Incubations were performed as described under Materials and Methods.

Microsomes 1’-OH triazolam    4-OH triazolam 

Strain Km
a Vmax

b Vmax/Km
c Km

a Vmax
b Vmax/Km

c 

Liver       

Wild-type 11.7 ± 1.96 742 ± 16.4 63.5 124 ± 12.9 956 ± 75.1 7.74 

Cyp3a-/- 73.3 ± 18.8d 115 ± 14.2d 1.56 53.1 ± 1.32 27.6 ± 1.05 0.52 

Cyp3a-/-Tg-3A4Hep 58.4 ± 8.46 2145 ± 124 36.8 406 ± 80.0 6485 ± 907 16.0 

Cyp3a-/-Tg-3A4Int 40.1 ± 2.73d 56.5 ± 3.14d 1.41 72.9 ± 8.22 18.0 ± 0.99 0.25 

Human 37.2 ± 3.27 1156 ± 42.2 31.1 168 ± 26.1 2070 ± 124 12.3 

Intestine       

Wild-type -e -e  -e -e  

Cyp3a-/- -f -f  -f -f  

Cyp3a-/- Tg-3A4Hep -f -f  -f -f  

Cyp3a-/-Tg-3A4Int 38.5 ± 4.04 194 ± 5.87 5.05 510 ± 27.6 894 ± 28.7 1.75 

Human 53.7 ± 3.01 847 ± 19.6 15.8 345 ± 40.8 2439 ± 215 7.07 
a Km expressed in μM 
b Vmax expressed in pmol/min/mg protein 
c Vmax/Km expressed in μL/min/mg protein 
d Fitted with substrate inhibition model as described under Materials and Methods  
e Metabolite observed but kinetics could not be assessed 
f No metabolite detected (< 2.5 pmol/min/mg protein) 
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Figure 2. Inhibition of 1’-OH and 4-OH triazolam formation by ketoconazole (2.5 μM), or one of two different 

antibodies against rat CYP2C11 (anti-CYP2C-A or anti-CYP2C-B), in mouse liver microsomes. After a 

preincubation of 10 min at 37 °C with vehicle, ketoconazole (2.5 μM) or the anti-CYP2C11 antibodies, the 

reaction was started by adding a NADPH-regenerating system and the mixture was subsequently incubated for 20 

minutes. The final concentration of triazolam in the incubations was 50 μM. All values are the means of n = 3 

determinations. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to control values of the same strain. 
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Gefitinib stimulates 1’-OH triazolam formation by human CYP3A4 but not by mouse 

CYP3A 

Recently, it was shown that the anti-cancer drug gefitinib stimulates the formation of 

1’OH-midazolam in human liver microsomes (24). Based on the structural similarity 

between midazolam and triazolam, we hypothesized that gefitinib could also stimulate 

triazolam metabolism. However, when we co-incubated gefitinib with triazolam we did not 

observe stimulation but rather inhibition of the 1’-OH triazolam formation in wild-type 

mouse liver microsomes. As expected, also no stimulation was observed in Cyp3a-/- 

microsomes. In contrast, 1’-OH triazolam formation was markedly stimulated in human 

liver microsomes (Figure 3). Consistent with these observations, we also found potent 

stimulation in Cyp3a-/-Tg-3A4Hep mouse liver microsomes (Figure 3). Co-incubation with 

imatinib, another tyrosine kinase inhibitor and known CYP3A4 substrate used as control, 

showed modest inhibition of 1’-OH triazolam formation in all preparations.  

More detailed examination of the stimulation in Cyp3a-/-Tg-3A4Hep mouse microsomes 

revealed that gefitinib changes both Km and Vmax of 1’-OH triazolam formation (Figure 4; 

Table 2). The Km values for 1’-OH triazolam formation dropped 3.5- and 2.8-fold for liver 

and intestine, respectively (Table 2). In addition, the Vmax for the same metabolite showed a 

2- and 2.2-fold increase, leading to a rise in intrinsic clearance of 6.7- and 6.3-fold for liver 

and intestine, respectively. In contrast, the formation of 4-OH triazolam was inhibited by 

gefitinib (Figure 4) and the intrinsic clearances were 2.9- and 4.1-fold decreased for liver 

and intestine, respectively (Table 2). 
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Figure 3. Stimulation of 1’-OH triazolam formation in presence of gefitinib (12.5 μM) or imatinib (12.5 μM) in 

liver microsomes of wild-type, Cyp3a-/- and Cyp3a-/-Tg-3A4Hep mice and of human. Incubations were performed as 

described under Materials and Methods. The final concentration of triazolam in the incubations was 25 μM and 

the protein concentration was 0.125 mg/ml. The incubation time was 10 min. Bars represent means ± S.D. of 

triplicate incubations. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to control values of the same strain. 
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Figure 4: Kinetics of triazolam metabolism in microsomes of Cyp3a-/- Tg-3A4Int and Cyp3a-/-Tg-3A4Hep mouse 

strains, in the presence or absence of gefitinib (12.5 μM). Incubations were performed as described under 

Materials and Methods. The protein concentration in the incubations was 0.125 mg/ml for liver microsomes and 

0.25 mg/ml for intestinal microsomes. The incubation time was 10 min. Data are the means ± S.D. of triplicate 

incubations. Corresponding kinetic parameters are given in Table 2. 

 

 

 

Table 2. Kinetic parameters for triazolam metabolism with or without gefitinib (12.5 μM) by CYP3A4-transgenic 

mouse liver and intestinal microsomes. All values are the means of three independent experiments ± S.D. 

Incubations were performed as described under Materials and Methods. 

     1’-OH triazolam   4-OH triazolam 

Microsomes  Strain Km
a Vmax

b Vmax/Km
c Km

a Vmax
b Vmax/Km

c 

Liver        

Control Cyp3a-/-Tg-3A4Hep 77.2 ± 3.75 1320 ± 34.4  17.1 343 ± 33.8 3366 ± 243 9.81 

Gefitinib Cyp3a-/-Tg-3A4Hep 22.5 ± 1.46 2602 ± 60.2  115 502 ± 34.1 1677 ± 38.1 3.34 

        

Intestine        

Control Cyp3a-/-Tg-3A4Int 22.5 ± 1.72 349 ± 6.18  15.5 277 ± 80.9 1089 ± 207 3.93 

Gefitinib Cyp3a-/-Tg-3A4Int 8.23 ± 0.74 812 ± 12.0  98.6 1329 ± 131 1265 ± 97.0 0.95 
 
a Km expressed in μM 
b Vmax expressed in pmol/min/mg protein 
c  Vmax/Km expressed in μl/min/mg protein 
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We subsequently tested whether more tyrosine kinase inhibitors could stimulate the 

1’-OH triazolam formation. In addition to gefitinib, only erlotinib showed some stimulation 

of the 1’-OH formation in Cyp3a-/-Tg-3A4Hep microsomes, though this was clearly less 

pronounced compared to gefitinib (Figure 5). All other drugs inhibited the 1’-OH triazolam 

formation and dasatinib appeared to be the most potent CYP3A4 inhibitor of all tyrosine 

kinase inhibitors tested. 
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Figure 5: Stimulation or inhibition of 1’-OH triazolam formation by a panel of tyrosine kinase inhibitors in Cyp3a-

/-Tg-3A4Hep mouse liver microsomes. Incubations were performed as described under Materials and Methods. The 

final concentration of tyrosine kinase inhibitor in the incubations was 12.5 μM and that of triazolam was 25 μM. 

The protein concentration in the incubations was 0.125 mg/ml. The incubation time was 10 min. Bars represent 

means ± S.D. of triplicate incubations. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to control values. 

 
Intestinal but not hepatic CYP3A4 determines oral triazolam exposure 

Next, we investigated the relative in vivo importance of intestinal and hepatic CYP3A 

in triazolam pharmacokinetics. Transgenic expression of CYP3A4 in the intestine (Cyp3a-/-

Tg-3A4Int) markedly reduced triazolam systemic exposure (~2.3-fold) after oral 

administration when compared to Cyp3a-/- mice (Figure 6; Table 3). Surprisingly, no 

difference in AUC between the Cyp3a-/- Tg-3A4Hep and Cyp3a-/- mice was observed. In 

accordance, triazolam levels in the double-transgenic Cyp3a-/-Tg-3A4Hep/Int strain were 

similar to those in the Cyp3a-/-Tg-3A4Int strain. These results indicate that after oral 

administration of triazolam, intestinal metabolism by CYP3A4 is far more important than 

hepatic metabolism in determining triazolam systemic exposure.  



Chapter 5  
 

 118 

We also measured the levels of 1’-OH triazolam but, due to technical limitations, not 

4-OH triazolam (Figure 6, Table 3). It should be noted that the interpretation of the in vivo 

behavior of metabolites is often complicated as both generation and further metabolism 

rates may be altered in the various strains. As expected, Cyp3a-/- mice had the lowest 

plasma levels of 1’-OH triazolam of all mouse strains investigated. Relatively high 1’-OH 

triazolam levels were observed in the strains with hepatic transgenic CYP3A4 expression 

(Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Hep/Int), whereas 1’-OH triazolam levels in the 

intestinal CYP3A4 transgenic strain (Cyp3a-/-Tg-3A4Int) were not significantly different 

from the Cyp3a-/- mice. Apparently, the site where 1’-OH triazolam is formed has an 

important impact on its further disposition. Possible explanations for this could be that 

metabolites formed in the intestine could, in part, be directly excreted in the intestinal 

lumen and/or - via the portal blood and liver - into the bile, thereby reducing their systemic 

exposure. In addition, 1’-OH triazolam formed in the intestine could be efficiently further 

metabolized by intestinal UDP glucuronosyltransferases (UGT) to its corresponding 

glucuronide-conjugates, thus also reducing the systemic exposure of 1’-OH triazolam.  

 

Inhibition and stimulation of intestinal and hepatic CYP3A activity 

To evaluate whether our mouse models are suitable for studying drug-drug 

interactions we co-administered the CYP3A inhibitor ketoconazole or the CYP3A4 

stimulator gefitinib with triazolam. Ketoconazole markedly increased the triazolam AUC in 

all mouse strains with transgenic CYP3A4 expression but, as expected, not in Cyp3a-/- mice 

(Figure 6 C,F; Table 3). Also the levels of 1’-OH triazolam were significantly reduced in 

all CYP3A-expressing strains, but not in Cyp3a-/- mice, consistent with specific inhibition 

of CYP3A. Interestingly, co-administration of gefitinib resulted in significantly lower 

triazolam exposure in Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Hep/Int but not in Cyp3a-/- and 

Cyp3a-/-Tg-3A4Int mice (Figure 6 A,B; Table 3). This indicates that stimulation of CYP3A4 

activity by gefitinib primarily takes place in the liver. These results illustrate how Cyp3a-/- 

and CYP3A4-Tg mice can be utilized to study CYP3A4-dependent drug-drug interactions 

in vivo. 
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Figure 6: Plasma concentration versus time curves of triazolam (A-C) and 1’-OH triazolam (D-F) after oral 

triazolam administration (0.5 mg/kg) and co-administration of gefitinib (25 mg/kg, B, E) or ketoconazole (35 

mg/kg, C, F) are shown for Cyp3a-/-, Cyp3a-/-Tg-3A4Hep, Cyp3a-/-Tg-3A4Int and Cyp3a-/-Tg-3A4Hep/Int mice. Note 

differences in scale for triazolam and 1’-OH triazolam panels. Data are shown as the mean concentrations, and 

error bars represent the S.D. (n = 4-5 per time point). 
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Table 3: Systemic exposure (AUC) of triazolam and 1’-OH triazolam after oral triazolam administration (0.5 

mg/kg) and oral co-administration of gefitinib (25 mg/kg) or ketoconazole (35 mg/kg) to mice.  

 

Vehicle Gefitinib Ketoconazole 

Triazolam    

Cyp3a-/- 317 ± 62 294 ± 21 374 ± 50 

Cyp3a-/-Tg-3A4Hep 370 ± 49 248 ± 14 * † 588 ± 68 ** †† 

Cyp3a-/- Tg-3A4Int 140 ± 15 ** 132 ± 23 * 458 ± 44 * ††† 

Cyp3a-/-Tg-3A4Hep/Int 130 ± 19 ** 77 ± 15 ** † 549 ± 38 ** ††† 

Wild-type 194 ± 23 * n.d. 467 ± 43 * ††† 

1’-OH Triazolam    

Cyp3a-/- 165 ± 34  145 ±13 186 ± 19 

Cyp3a-/-Tg-3A4Hep 304 ± 19 ** 193 ± 56 † 97 ± 13 ** ††† 

Cyp3a-/-Tg-3A4Int 211 ± 27  235 ± 35 * 144 ± 23 * † 

Cyp3a-/-Tg-3A4Hep/Int 261 ± 40 * 202 ± 45 ** 150 ± 22 † 

Wild-type 237 ± 29  n.d. 144 ± 14 * †† 

 

AUC(0-320 min), (hr.μg/l) area under plasma concentration-time curve up to 320 min. Data are presented as means ± 

SD, n = 4-5. * P < 0.05, ** P < 0.01 and *** P < 0.001 compared to Cyp3a-/- mice; † P < 0.05, †† P < 0.01 and ††† P < 

0.001 compared to untreated strain. n.d. not determined. 

DISCUSSION 

In this study we demonstrate that the metabolism of triazolam is profoundly reduced in 

Cyp3a-/- mice, both in vitro and in vivo. Counter to our expectations, our studies with 

tissue-specific CYP3A4 transgenic mice revealed that intestinal CYP3A4 has a major 

impact on oral triazolam systemic exposure, whereas the effect of hepatic CYP3A4 was 

relatively modest. We further evaluated whether the CYP3A4 transgenic mouse strains 

could be utilized to study drug-drug interactions. This was exemplified by co-

administration of the prototypical CYP3A inhibitor ketoconazole, which increases the 

triazolam exposure in all CYP3A proficient mouse strains but not in Cyp3a-/- mice. We 

found that the anti-cancer drug gefitinib is a potent stimulator of the 1’-OH triazolam 

formation by CYP3A4, in vitro. Interestingly, also in vivo we could demonstrate 

stimulation of triazolam metabolism by gefitinib, resulting in a lower triazolam plasma 

exposure. The latter observation represents to our knowledge the first example of a drug-

drug interaction that can be attributable to the direct in vivo stimulation of CYP3A4 activity 

after oral drug administration. 
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Previous efforts to use midazolam as a probe drug for the characterization of the 

Cyp3a-/- and CYP3A4 transgenic mouse strains were confounded by the upregulation of 

(midazolam-metabolizing) mouse CYP2C enzymes in Cyp3a-/- mice. When we gave 

midazolam at a dose of either 0.5 or 10 mg/kg i.v. there was no significant difference 

between wild-type and Cyp3a-/- in either the systemic exposure of midazolam or of its two 

major metabolites (18). Also after oral administration of 2 mg/kg there were no significant 

differences between wild-type and Cyp3a-/- mice (Supplementary data 1). In contrast to 

midazolam, triazolam is considered to be specific for the mouse CYP3A isoforms (19). 

Nonetheless, here we demonstrated that also in case of triazolam, there is still some 

residual triazolam metabolism mediated by CYP2C, even though the contribution of 

CYP2C enzymes in the wild-type situation is negligible. However, compared to the effect 

on midazolam this compensatory triazolam metabolism is much lower. 

Although the liver has long been considered as the most important organ where 

CYP3A-mediated metabolism takes place, evidence is accumulating that also intestinal 

CYP3A metabolism can have a pronounced impact on the oral bioavailability of drugs (25). 

Despite that we had previously shown that intestinal and not hepatic CYP3A4 is the major 

determinant of docetaxel oral bioavailability, the question remained whether intestinal 

metabolism is also important for drugs that are, unlike docetaxel, not a substrate for 

intestinal drug efflux transporters like P-gp. We therefore tested triazolam. Interestingly, 

our data revealed that also for oral triazolam exposure intestinal metabolism by CYP3A4 is 

more important than hepatic metabolism, qualitatively similar to what we found previously 

for docetaxel (12). Qualitatively similar results were also obtained with midazolam 

(Supplementary data 1). Overall, this demonstrates that also for drugs that are not substrates 

for P-gp, intestinal CYP3A4 activity can be a more important determinant of oral 

bioavailability than hepatic CYP3A4 activity.   

The fact that we did not observe a difference in triazolam AUCs between Cyp3a-/- and 

Cyp3a-/-Tg-3A4Hep mice would suggest that hepatic metabolism does not play any role after 

oral administration. This, however, might be misleading as we know that CYP2C enzymes 

are upregulated in the livers of Cyp3a-/- mice but not in Cyp3a-/-Tg-3A4Hep mice (26). 

Obviously, without the upregulated CYP2C enzymes there would have been less 

compensatory metabolism and triazolam plasma levels would consequently have been 

higher in Cyp3a-/- mice. So, although their AUCs appeared to be not different, in Cyp3a-/- 

mice the triazolam metabolism could be mainly attributed to the upregulated CYP2C 

enzymes, whereas in case of Cyp3a-/-Tg-3A4Hep mice this can be primarily attributed to 

hepatic CYP3A4. This latter interpretation is also supported by the fact that the CYP3A 
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inhibitor ketoconazole markedly increased the triazolam systemic exposure in Cyp3a-/-Tg-

3A4Hep mice but not in Cyp3a-/- mice (Table 3).  

We found that the anti-cancer drug gefitinib is a potent stimulator of the 1’-OH 

triazolam formation in vitro. Interestingly, also in vivo co-administration of gefitinib with 

triazolam resulted in significantly lower triazolam exposure in Cyp3a-/-Tg-3A4Hep and 

Cyp3a-/-Tg-3A4Hep/Int mice but not in Cyp3a-/- and Cyp3a-/-Tg-3A4Int mice, indicating that 

stimulation of CYP3A4 primarily takes place in the liver. So far, there are no recognized 

examples known of clinically relevant drug-drug interactions that can be attributed to the 

direct stimulation of CYP3A-mediated metabolism (as opposed to induction of CYP3A 

expression, which is quite common). Clearly, as it typically concerns only a specific 

combination of drugs, stimulation of drug metabolism by CYP3A4 is much more difficult 

to predict than inhibition. We note that gefitinib does not only stimulate the CYP3A4-

mediated metabolism of triazolam but also that of midazolam and the anti-cancer drug 

irinotecan in vitro (24, 27). Also, a recent clinical study reported a drug-drug interaction 

between gefitinib and sorafenib (28). When both drugs were given simultaneously, the 

AUC of gefitinib was reduced (38%) compared to when the drug was given alone, 

suggesting that sorafenib might stimulate gefitinib metabolism. In contrast, gefitinib had no 

effect on sorafenib pharmacokinetics. Clearly, as anti-cancer drugs in general have narrow 

therapeutic windows and are often combined, direct stimulation of CYP3A-mediated 

metabolism could be of clinical relevance. 

CYP3A4 is undoubtedly one of the most important players in many drug-drug 

interactions. Unfortunately, the prediction of in vivo drug-drug interactions based on in 

vitro data is not always straightforward (11, 29, 30). In addition, as a result of species 

differences in CYP3A, animal studies are not always representative for the human 

situation. The fact that for some drugs the intestine and not the liver is the most important 

organ for CYP3A-mediated drug-drug interactions can further complicate predictions. 

Humanized mouse models for CYP3A4, as we characterized and used here, could therefore 

be of great value to better understand and predict drug-drug interactions, especially at a 

relatively early stage in drug development. 

Acknowledgments 

Dilek Iusuf, Jurjen Lagas, Evita van de Steeg and Seng Chuan Tang are acknowledged for 

the critical reading of the manuscript.   



Inhibition and stimulation of intestinal and hepatic CYP3A 
                     

 123 

References 

 
1. Guengerich, F.P. 1999. Cytochrome P-450 3A4: regulation and role in drug metabolism. Annu Rev 

Pharmacol Toxicol 39:1-17. 
 
2. Thummel, K.E., and Wilkinson, G.R. 1998. In vitro and in vivo drug interactions involving human 

CYP3A. Annu Rev Pharmacol Toxicol 38:389-430. 
 
3. Dresser, G.K., Spence, J.D., and Bailey, D.G. 2000. Pharmacokinetic-pharmacodynamic consequences 

and clinical relevance of cytochrome P450 3A4 inhibition. Clin Pharmacokinet 38:41-57. 
 
4. Kumar, G.N., Dykstra, J., Roberts, E.M., Jayanti, V.K., Hickman, D., Uchic, J., Yao, Y., Surber, B., 

Thomas, S., and Granneman, G.R. 1999. Potent inhibition of the cytochrome P-450 3A-mediated 
human liver microsomal metabolism of a novel HIV protease inhibitor by ritonavir: A positive drug-
drug interaction. Drug Metab Dispos 27:902-908. 

 
5. Paine, M.F., and Oberlies, N.H. 2007. Clinical relevance of the small intestine as an organ of drug 

elimination: drug-fruit juice interactions. Expert Opin Drug Metab Toxicol 3:67-80. 
 
6. Dresser, G.K., and Bailey, D.G. 2003. The effects of fruit juices on drug disposition: a new model for 

drug interactions. Eur J Clin Invest 33 Suppl 2:10-16. 
 
7. Hutzler, J.M., and Tracy, T.S. 2002. Atypical kinetic profiles in drug metabolism reactions. Drug 

Metab Dispos 30:355-362. 
 
8. Houston, J.B., and Galetin, A. 2005. Modelling atypical CYP3A4 kinetics: principles and pragmatism. 

Arch Biochem Biophys 433:351-360. 
 
9. Ueng, Y.F., Kuwabara, T., Chun, Y.J., and Guengerich, F.P. 1997. Cooperativity in oxidations 

catalyzed by cytochrome P450 3A4. Biochemistry 36:370-381. 
 
10. Andersson, T., Miners, J.O., Veronese, M.E., and Birkett, D.J. 1994. Diazepam metabolism by human 

liver microsomes is mediated by both S-mephenytoin hydroxylase and CYP3A isoforms. Br J Clin 

Pharmacol 38:131-137. 
 
11. Wienkers, L.C., and Heath, T.G. 2005. Predicting in vivo drug interactions from in vitro drug 

discovery data. Nat Rev Drug Discov 4:825-833. 
 
12. van Herwaarden, A.E., Wagenaar, E., van der Kruijssen, C.M., van Waterschoot, R.A., Smit, J.W., 

Song, J.Y., van der Valk, M.A., van Tellingen, O., van der Hoorn, J.W., Rosing, H., et al. 2007. 
Knockout of cytochrome P450 3A yields new mouse models for understanding xenobiotic metabolism. 
J Clin Invest 117:3583-3592. 

 
13. Lin, J.H., Chiba, M., and Baillie, T.A. 1999. Is the role of the small intestine in first-pass metabolism 

overemphasized? Pharmacol Rev 51:135-158. 
 
14. Doherty, M.M., and Charman, W.N. 2002. The mucosa of the small intestine: how clinically relevant 

as an organ of drug metabolism? Clin Pharmacokinet 41:235-253. 



Chapter 5  
 

 124 

15. Thummel, K.E. 2007. Gut instincts: CYP3A4 and intestinal drug metabolism. J Clin Invest 117:3173-
3176. 

 
16. Bardelmeijer, H.A., Ouwehand, M., Buckle, T., Huisman, M.T., Schellens, J.H., Beijnen, J.H., and van 

Tellingen, O. 2002. Low systemic exposure of oral docetaxel in mice resulting from extensive first-
pass metabolism is boosted by ritonavir. Cancer Res 62:6158-6164. 

 
17. Benet, L.Z., and Cummins, C.L. 2001. The drug efflux-metabolism alliance: biochemical aspects. Adv 

Drug Deliv Rev 50 Suppl 1:S3-11. 
 
18. van Waterschoot, R.A., van Herwaarden, A.E., Lagas, J.S., Sparidans, R.W., Wagenaar, E., van der 

Kruijssen, C.M., Goldstein, J.A., Zeldin, D.C., Beijnen, J.H., and Schinkel, A.H. 2008. Midazolam 
metabolism in cytochrome P450 3A knockout mice can be attributed to up-regulated CYP2C enzymes. 
Mol Pharmacol 73:1029-1036. 

 
19. Perloff, M.D., von Moltke, L.L., Court, M.H., Kotegawa, T., Shader, R.I., and Greenblatt, D.J. 2000. 

Midazolam and triazolam biotransformation in mouse and human liver microsomes: relative 
contribution of CYP3A and CYP2C isoforms. J Pharmacol Exp Ther 292:618-628. 

 
20. von Moltke, L.L., Granda, B.W., Grassi, J.M., Perloff, M.D., Vishnuvardhan, D., and Greenblatt, D.J. 

2004. Interaction of triazolam and ketoconazole in P-glycoprotein-deficient mice. Drug Metab Dispos 
32:800-804. 

 
21. von Moltke, L.L., Greenblatt, D.J., Harmatz, J.S., Duan, S.X., Harrel, L.M., Cotreau-Bibbo, M.M., 

Pritchard, G.A., Wright, C.E., and Shader, R.I. 1996. Triazolam biotransformation by human liver 
microsomes in vitro: effects of metabolic inhibitors and clinical confirmation of a predicted interaction 
with ketoconazole. J Pharmacol Exp Ther 276:370-379. 

 
22. Kronbach, T., Mathys, D., Umeno, M., Gonzalez, F.J., and Meyer, U.A. 1989. Oxidation of midazolam 

and triazolam by human liver cytochrome P450IIIA4. Mol Pharmacol 36:89-96. 
 
23. Perloff, M.D., von Moltke, L.L., Cotreau, M.M., and Greenblatt, D.J. 1999. Unchanged cytochrome 

P450 3A (CYP3A) expression and metabolism of midazolam, triazolam, and dexamethasone in mdr(-/-
) mouse liver microsomes. Biochem Pharmacol 57:1227-1232. 

 
24. Li, J., Zhao, M., He, P., Hidalgo, M., and Baker, S.D. 2007. Differential metabolism of gefitinib and 

erlotinib by human cytochrome P450 enzymes. Clin Cancer Res 13:3731-3737. 
 
25. van Herwaarden, A.E., van Waterschoot, R.A., and Schinkel, A.H. 2009. How important is intestinal 

cytochrome P450 3A metabolism? Trends Pharmacol Sci 30:223-227. 
 
26. van Waterschoot, R.A., Rooswinkel, R.W., Wagenaar, E., van der Kruijssen, C.M., van Herwaarden, 

A.E., and Schinkel, A.H. 2009. Intestinal cytochrome P450 3A plays an important role in the regulation 
of detoxifying systems in the liver. FASEB J 23:224-231. 

 
 
 



Inhibition and stimulation of intestinal and hepatic CYP3A 
                     

 125 

27. Fujita, K., Ando, Y., Narabayashi, M., Miya, T., Nagashima, F., Yamamoto, W., Kodama, K., Araki, 
K., Endo, H., and Sasaki, Y. 2005. Gefitinib (Iressa) inhibits the CYP3A4-mediated formation of 7-
ethyl-10-(4-amino-1-piperidino)carbonyloxycamptothecin but activates that of 7-ethyl-10-[4-N-(5-
aminopentanoic acid)-1-piperidino]carbonyloxycamptothecin from irinotecan. Drug Metab Dispos 
33:1785-1790. 

 
28. Adjei, A.A., Molina, J.R., Mandrekar, S.J., Marks, R., Reid, J.R., Croghan, G., Hanson, L.J., Jett, J.R., 

Xia, C., Lathia, C., et al. 2007. Phase I trial of sorafenib in combination with gefitinib in patients with 
refractory or recurrent non-small cell lung cancer. Clin Cancer Res 13:2684-2691. 

 
29. Lin, J.H. 2000. Sense and nonsense in the prediction of drug-drug interactions. Curr Drug Metab 

1:305-331. 
 
30. Obach, R.S. 2009. Predicting drug-drug interactions from in vitro drug metabolism data: challenges 

and recent advances. Curr Opin Drug Discov Devel 12:81-89. 
 

 



Chapter 5  
 

 126 

Supplementary data 1: Plasma concentration versus time curves of midazolam (top panel) 

and 1’-OH midazolam (lower panel) after oral midazolam administration (2 mg/kg) are 

shown for wild-type, Cyp3a-/-, Cyp3a-/-Tg-3A4Hep, Cyp3a-/-Tg-3A4Int and Cyp3a-/-Tg-

3A4Hep/Int mice. Data are shown as the mean concentration, and error bars represent the S.D. 

(n = 4 per time point). Midazolam levels were not significantly different between Cyp3a-/- 

and wild-type mice. Note that midazolam metabolism in Cyp3a-/- mice can be attributed to 

upregulated CYP2C enzymes (van Waterschoot et al., 2008) and that these upregulated 

CYP2C levels are (partly) normalized in Cyp3a-/-Tg-3A4Hep and Cyp3a-/-Tg-3A4Int mice 

(van Waterschoot et al., 2009). Exclusive expression of transgenic CYP3A4 the intestine 

(Cyp3a-/-Tg-3A4Int) resulted in a markedly reduced midazolam exposure whereas 

expression in the liver (Cyp3a-/-Tg-3A4Hep) resulted in a higher exposure, when compared 

to Cyp3a-/- mice. No difference in midazolam exposure was observed between Cyp3a-/-Tg-

3A4Int and Cyp3a-/-Tg-3A4Hep/Int. These data demonstrate that intestinal CYP3A4 has a 

major impact on oral midazolam exposure, whereas the effect of hepatic CYP3A4 is very 

modest. 
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Highly efficient detoxification by CYP3A and P-glycoprotein is based on 

additive but not synergistic collaboration  
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ABSTRACT 

 

The drug-metabolizing Cytochrome P450 3A (CYP3A) enzymes and the drug-exporting P-

glycoprotein (P-gp; MDR1) represent two important broad-specificity detoxification systems. 

It has been hypothesized that CYP3A and P-gp work synergistically in limiting the 

systemic exposure to orally ingested drugs. However, it has been difficult to examine this 

interplay in vivo. We therefore generated mice lacking all CYP3A and P-gp genes. 

Although missing two primary detoxification systems, Cyp3a/Mdr1a/1b-/- mice are viable, 

fertile and without spontaneous abnormalities. When orally challenged with the anti-cancer 

drug docetaxel, a disproportionate (>70-fold) increase in systemic exposure was observed 

compared to the increases in single Cyp3a-/- (12-fold) or Mdr1a/1b-/- (3-fold) mice. 

Unexpectedly, although CYP3A and P-gp collaborated extremely efficiently in lowering 

docetaxel exposure, their individual efficacy was not dependent on activity of the other 

protein. Upon reflection, this absence of synergism makes biological sense as synergism 

would conflict with a robust detoxification defense. Importantly, the disproportionate 

increase in docetaxel exposure in Cyp3a/Mdr1a/1b-/- mice resulted in dramatically altered 

and lethal toxicity, with severe intestinal lesions as a major cause of death. Simultaneous 

inhibition of CYP3A/P-gp might thus be a highly effective strategy to improve oral drug 

bioavailability, but with serious risks when applied to drugs with narrow therapeutic 

windows. 
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INTRODUCTION 

Cytochrome P450 3A represents one of the most important drug-metabolizing enzyme 

systems. The human isoenzyme Cytochrome P450 3A4 (CYP3A4) is of particular interest, 

because of its extremely broad substrate specificity and its high inter- and intra-individual 

variation in expression and activity levels (1). The enzyme is involved in the metabolism of 

approximately 50% of the currently marketed drugs. Importantly, interactions at the 

CYP3A4 level are often the cause of drug-drug interactions (2). For example, the widely used 

anti-histamine drug terfenadine was withdrawn from the market due to CYP3A4-mediated 

drug-drug interactions that resulted in several cases of lethal cardiotoxicity (3). Drug-drug 

interactions are also important in the field of oncology where patients are often simultaneously 

treated with multiple drugs, including drugs that are potentially highly toxic (4).  

In addition to CYP3A-mediated metabolism, many drugs are subject to active efflux 

by drug-transporting proteins of which P-glycoprotein (P-gp; MDR1) is one of the most 

important (5). Both CYP3A and P-gp can have a strong effect in reducing the oral 

bioavailability and in mediating the elimination of numerous drugs and it is of notice that there 

is a very extensive overlap between their substrates. In addition to the liver, the intestine is 

increasingly recognized as an important drug-metabolizing organ (6). Although the total 

amount of intestinal CYP3A is relatively low compared to that in the liver, its strategic co-

localization with P-gp in the villous tip of the enterocyte may provide a highly effective 

barrier against drug absorption. In view of the extensive overlap in their substrates, it has 

been hypothesized that for many drugs, it is the combination of back-transport by P-gp in 

the intestinal epithelial cell and the presence of CYP3A-mediated metabolism within the 

same cell that makes for efficient first-pass metabolism of orally administered drugs (7-12). 

The idea is that, by lowering the intracellular drug concentration, P-gp might help to 

prevent saturation of enterocyte CYP3A. The argument has also been brought up that P-gp 

might give CYP3A repeated access to its substrates by pumping drugs back to the intestinal 

lumen, allowing renewed uptake into enterocytes and hence repeated exposure to CYP3A 

metabolic activity. P-gp activity would thus improve the efficacy of CYP3A, and this 

synergistic interaction would lead to highly efficient and extensive intestinal metabolism.  

We have recently demonstrated a major impact of intestinal CYP3A metabolism on 

the oral pharmacokinetics of the widely used anti-cancer drug docetaxel (13). Interestingly, 

besides being a good CYP3A substrate, docetaxel is also a very good P-gp substrate (14). 

We therefore considered that P-gp might have contributed greatly to the efficiency of 

CYP3A-mediated docetaxel metabolism, especially in the intestine. 
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While the individual contributions of CYP3A and P-gp to pharmacokinetics can be 

assessed reasonably well in model systems, it has been difficult to examine the effect of 

both systems functioning together. Although informative in vitro studies have been 

performed that support a collaborative function (15, 16), unambiguous in vivo evidence is 

lacking. In case of a true synergistic collaboration between CYP3A and P-gp, the absence 

of either CYP3A or P-gp alone should already result in a profound increase in systemic 

drug exposure. An additional further increase when both systems are absent would, 

however, be expected to be relatively modest. Because so many drugs are affected, basic 

insight into how CYP3A and P-gp work together can be of great value in developing 

clinical strategies to improve the oral bioavailability of drugs, for example by individual or 

simultaneous inhibition of CYP3A and/or P-gp. In this study, we have generated mice that 

lack all murine orthologs of both CYP3A and P-gp. This novel mouse model enabled us to 

investigate the functional interplay between these two important drug-handling systems in 

vivo. Our two main questions, one basic-pharmacological, and the other clinical-applied, 

were: 1) Is there a strong synergistic interaction between CYP3A and P-gp?; and 2) What 

are the promises and risks of simultaneous interference with CYP3A and P-gp activity in 

order to improve oral availability of drugs?    

   

MATERIALS & METHODS 

Animals

Mice were housed and handled according to institutional guidelines. All mouse 

experiments were approved by the Animal Experiments Review Board of the Netherlands 

Cancer Institute, complying with Dutch legislation. Mdr1a/1b-/- (17) and Cyp3a-/- (13) were 

crossed to obtain Cyp3a/Mdr1a/1b-/- double knockout mice. Genotypes of mice were 

evaluated by PCR. All mice used in this study had a >99% FVB genetic background and 

were between 8 and 14 weeks of age. All experiments were done using male mice. Animals 

were kept in a temperature-controlled environment with a 12-hour light/12-hour dark cycle 

and received a standard diet (AM-II, Hope Farms, Woerden, the Netherlands) and acidified 

water ad libitum.  

Docetaxel plasma pharmacokinetics

Docetaxel (10 mg/ml) formulated in polysorbate 80/ethanol/water [20:13:67 (v/v/v)] 

(Taxotere, Aventis, Gouda, The Netherlands) was diluted with saline (0.9% NaCl) and 

administered by oral gavage or by injection into the tail vein of male mice. To minimize 
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variation in absorption, mice were fasted for 2 hours before docetaxel was administered by 

gavage into the stomach using a blunt-ended needle. Multiple blood samples (~40 μl) were 

collected from the tail vein at 15 and 30 minutes and 1, 2, 4, and 8 hours using heparinized 

capillary tubes (Oxford Labware, St. Louis, MO). In case of  intravenous administration the 

first time point was 7.5 min instead of 15 min. Blood samples were centrifuged at 2,100 x g 

for 10 minutes at 4°C, and the plasma fraction was collected, supplemented to 200 μl with 

human plasma, and stored at –20°C until analysis.  

Fecal and urinary excretion

Mice were individually housed in Ruco Type M/1 stainless steel metabolic cages 

(Valkenswaard, the Netherlands). They were allowed 2 days to adapt before 10 mg/kg 

docetaxel, supplemented with [3H]docetaxel (~0.5 μCi/animal), was administered by oral 

gavage or by injection into the tail vein. Feces and urine were collected over a 24-hour 

period; urine was diluted 5-fold with human plasma and feces were homogenized in 4% 

bovine serum albumin (1 ml/100 mg feces). Part of the sample was used to determine levels 

of radioactivity by liquid scintillation counting; the rest was stored at –20°C until analysis.  

Drug analysis

Docetaxel concentrations in plasma samples were determined using a previously described 

sensitive and specific liquid chromatograpy-mass spectrometry/mass spectrometry assay 

(18). Feces and urine samples were processed using liquid-liquid and solid-phase extraction 

followed by reversed-phase HPLC with UV detection (13, 14).

Clinical-chemical analysis of serum

Standard clinical chemistry analyses on serum of wild-type and Cyp3a/Mdr1a/1b-/- mice (n 

= 9-11, males) were performed on a Roche Hitachi 917 analyzer (Roche Diagnostics, 

Basel, Switzerland) to determine levels of bilirubin, alkaline phosphatase, aspartate 

aminotransaminase, alanine aminotransaminase, γ-glutamyl transferase, lactate 

dehydrogenase, creatinine, ureum, Na+, K+, Ca2+, phosphate, total protein, albumin and 

cholesterol.  

Hematological analysis

Hemoglobin, hematocrit, mean corpuscular volume, red and white blood cells, and platelets 

were analyzed in peripheral blood on a Beckman Coulter (Miami, FL) Ac·T Diff analyzer. 
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Histological analysis

Whole body necropsy was performed and tissues and organs were fixed in acidified 

formalin (ethanol/acetic acid/formaldehyde/saline at 40:5:10:45 v/v) and embedded in 

paraffin. Sections were cut at 2 μm from the paraffin blocks and stained with hematoxylin 

and eosin (H&E) according to standard procedures. The sections were reviewed with a 

Zeiss Axioskop2 Plus microscope (Carl Zeiss Microscopy, Jena, German) equipped with 

Plan-Apochroma and Plan-Neofluar objectives. Images were captured with a Zeiss 

AxioCam HRc digital camera and processed with AxioVision 4 software (both from Carl 

Zeiss Vision, Munich, Germany).  

Oligoarray analysis of Cyp3a/Mdr1a/1b-/- mice 

32K murine oligo microarrays were hybridized with Cy-dye labeled pooled liver and 

intestinal amplified RNA (n = 4) of adult wild-type and Cyp3a/Mdr1a/1b-/- males, using the 

TECAN HS4800 hybridization station. The original data and detailed protocols for RNA 

isolation, amplification, labeling, hybridization and gene ID list are available at 

(http://microarrays.nki.nl)  and  are  deposited  at ArrayExpress, EBI (http://www.ebi.ac.uk/  

arrayexpress), accession number: E-NCMF-26.

Pharmacokinetic calculations and statistical analysis

Pharmacokinetic variables were calculated by noncompartmental methods using the 

software package PK Solutions 2.0.2 (Summit, Research Services, Ashland, OH, USA). 

The area under plasma concentration-time curves (AUCs) were calculated using the 

trapezoidal rule, with extrapolation to infinity. Elimination half-lives (t1/2) were calculated 

by linear regression analysis of the log-linear part of the plasma concentration-time curves. 

Plasma clearance after i.v. docetaxel administration was calculated by the formula 

clearance = dose / AUCi.v. and the oral bioavailability (F) was calculated by the formula F = 

AUCoral / AUCi.v. x 100%. The two-sided unpaired Student's t test was used for statistical 

analysis. Data obtained with single and combination knockout mice were compared with 

each other and with data obtained with wild-type mice. Differences were considered 

statistically significant when P < 0.05. Data are presented as mean ± SD. 
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RESULTS 

Generation and characterization of Cyp3a/Mdr1a/1b knockout mice 

To study the interplay between CYP3A and P-gp, we generated a novel mouse model 

by cross-breeding Cyp3a knockout (13) with Mdr1a/1b knockout mice (17). In spite of 

lacking two important multispecific detoxification systems, homozygous Cyp3a/Mdr1a/b-/-

mice were viable and fertile, and they had normal life spans and body weights. In addition, 

no macroscopic or microscopic anatomic abnormalities were evident in these mice. Most 

serum clinical-chemical and all hematological parameters (see Materials and Methods) 

showed no significant differences between wild-type and Cyp3a/Mdr1a/1b-/- mice. Adult 

males did show moderate increases in serum levels of creatinine (21.8 ± 7.5 μM in 

knockout versus 14.7 ± 3.2 μM in wild-type (P = 0.016)), urea (17.8 ± 2.8 mM versus 10.7 

± 2.0 mM (P < 0.001)) and triglycerides (2.45 ± 0.82 mM versus 1.19 ± 0.28 mM (P < 

0.001)). None of these differences were observed in ‘single’ Mdr1a/1b-/- and Cyp3a-/- mice 

(not shown). These modest changes seem unlikely to affect the usefulness of this mouse 

strain for pharmacokinetic studies. 

To evaluate possible alterations in gene expression, a 32K mouse microarray analysis 

was performed to compare RNA levels in liver and small intestine of wild-type and 

Cyp3a/Mdr1a/1b-/- adult males. Several genes were significantly (>2-fold; P < 0.01) 

upregulated (n = 99) or downregulated (n = 86) in the livers of Cyp3a/Mdr1a/1b-/- mice 

(data deposited at ArrayExpress, EBI). Consistent with observations in Cyp3a-/- mice (13, 

19, 20), a number of genes involved in drug metabolism and disposition was upregulated in 

the livers of Cyp3a/Mdr1a/1b-/- mice, including members of the Cyp2b and Cyp2c family, 

Oatp1a4 and Mrp3 (Supplemental Table 1). In addition, a couple of Cyp4a genes were 

upregulated, whereas Cyp7b1 was downregulated. Some glutathione S-transferase (Gst) 

genes were upregulated in the livers of Cyp3a/Mdr1a/1b-/- mice (Supplemental Table 1). 

Also in the small intestine a number of genes was significantly downregulated (n = 27) or 

upregulated (n = 48), including several Cyp2c and Gst genes (Supplemental Table 1). 

Overall, however, alterations in gene expression appeared to be modest and the deletion of 

all Cyp3a and Mdr1 genes does not appear to cause marked physiological abnormalities. 

Although we realize that upregulations of other detoxifying systems can for some drugs 

affect the results obtained (19), we have no indications that these upregulations are 

detrimental for the evaluation of docetaxel pharmacokinetics (see below) and thus 

considered this mouse model suitable to obtain more insight into the interplay between 

CYP3A and P-gp.  
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Disproportionate increase in oral docetaxel exposure in Cyp3a/Mdr1a/1b-/- mice 

Docetaxel is a well-characterized substrate for both CYP3A and P-gp (14). To assess 

the impact of separate and combined deficiency in CYP3A and P-gp on oral bioavailability 

and pharmacokinetics we administered docetaxel orally or intravenously to wild-type, 

Mdr1a/1b-/-, Cyp3a-/- and Cyp3a/Mdr1a/1b-/- mice and subsequently determined docetaxel 

plasma levels at several time points (Figure 1). Consistent with previous studies (13, 14), 

the area under the curve (AUC) after oral administration was significantly higher in 

Mdr1a/1b-/- (2.8-fold) and Cyp3a-/- mice (11.5-fold) than in wild-type mice (Table 1). These 

results indicate that CYP3A by itself is an even more important determinant of docetaxel 

pharmacokinetics than Mdr1a/1b. Interestingly, however, in the Cyp3a/Mdr1a/1b-/-

combination knockout strain we found a more than 70-fold increase in AUC after oral 

docetaxel administration. This far more than additive effect of depleting both detoxifying 

systems illustrates how CYP3A and Mdr1a/1b together can have a disproportionately large 

effect on reducing the systemic exposure of oral docetaxel. 

When we administered docetaxel intravenously, we also found marked increases in 

AUC in Mdr1a/1b-/- (2-fold) and Cyp3a-/- (4.9-fold) mice, but these changes were lower 

than seen after oral administration of the same dose (Table 1). Moreover, in the 

Cyp3a/Mdr1a/1b-/- strain the effect of combined disruption was less striking than after oral 

administration, with a 17-fold increase in AUC compared to the wild-type strain (Figure 1, 

Table 1). Accordingly, whereas in wild-type mice we found an oral docetaxel 

bioavailability (AUCoral/AUCi.v. * 100%) of 10%, this was increased up to nearly 45% in 

the Cyp3a/Mdr1a/1b-/- strain. Importantly, the absolute systemic exposure in 

Cyp3a/Mdr1a/1b-/- mice after oral docetaxel administration was 7.6-fold higher than that in 

wild-type mice after intravenous administration (Table 1). This further illustrates the 

pronounced impact of the simultaneous loss of CYP3A and P-gp activity on oral docetaxel. 

Analysis of pharmacokinetic parameters (Table 1, Figure 1) revealed that the terminal 

elimination half life (t1/2) was also substantially increased in Cyp3a/Mdr1a/1b-/- mice after 

both oral and intravenous administration. As the intravenous t1/2 was even slightly shorter 

in single Cyp3a-/- than in wild-type mice, the markedly delayed elimination (increased t1/2) 

in the Cyp3a/Mdr1a/1b-/- strain must primarily be caused by the absence of P-gp. 

Upregulation of Mdr1a/1b (and perhaps of other uptake and/or efflux transporters for which 

docetaxel is a substrate) might explain the faster elimination in the Cyp3a-/- mice compared 

to wild-type. Indeed, we have previously shown that Mdr1a is upregulated in the liver of 

Cyp3a-/- mice (20). Note that, because of the wide range of plasma concentrations between the 

strains, the intravenous clearance parameters (Table 1) may not behave linearly. For example, 

the clearance mechanism(s) responsible for the residual docetaxel elimination in
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Cyp3a/Mdr1a/1b-/- mice (0.27 l/h.kg) could be saturated, and mediate a larger fraction of the 

clearance at lower plasma exposure levels.   

0 1 2 3 4 5 6 7 8
0

500

1000

1500

2000

2500

Time (h)

0 1 2 3 4 5 6 7 8
1

10

100

1000

10000

0 1 2 3 4 5 6 7 8
0

1500

3000

4500

6000

7500

Time (h)

0 1 2 3 4 5 6 7 8
1

10

100

1000

10000

D
oc

et
ax

el
 (n

g/
m

l)

oral

i.v.

A

B

Wild-type

Mdr1a/1b-/-

Cyp3a-/-

Cyp3a/Mdr1a/1b-/-

D
oc

et
ax

el
 (n

g/
m

l)

Figure 1: Plasma concentration-time curves of docetaxel in male FVB wild-type, Mdr1a/1b-/-, Cyp3a-/- and 

Cyp3a/Mdr1a/1b-/- mice after oral (A) and intravenous (B) administration of docetaxel (10 mg/kg). Data are shown 

as the mean concentration, and error bars represent the SD (n = 5-8 per time point). Insets show semilog plots of 

the data. 
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Table 1:  Plasma pharmacokinetic parameters after oral and intravenous administration of docetaxel at 10 mg/kg to 

wild-type, Mdr1a/1b-/-, Cyp3a-/-, and Cyp3a/Mdr1a/1b-/- mice. 

Wild-type Mdr1a/1b-/- Cyp3a-/- Cyp3a/Mdr1a/1b-/- 

Oral 

AUC (0-∞ h) (ng-h/ml) 228 ± 130 645 ± 272 ** 2627 ± 1011 *** 16466 ± 2020 *** 

Fold vs wild-type 1 2.8 11.5 72.2 

% of Cyp3a/Mdr1a/1b-/- 1.4 3.9 16.0 100 

Cmax (ng/ml) 150 ± 108 677 ± 296 ** 975 ± 482 ** 2062 ± 346 *** 

tmax (h) 0.58 ± 0.34 0.5 ± 0.0  1.0 ± 0.0* 1.2 ± 0.5* 

i.v. 

AUC (0-∞ h) (ng-h/ml) 2166 ± 227 4342 ± 820 *** 10523 ± 1683 *** 37106 ± 5777 *** 

Fold vs wild-type 1 2.0 4.9 17.1 

% of Cyp3a/Mdr1a/1b-/- 5.8 11.7 28.4 100 

Cl (l/h.kg) 4.66 ± 0.48 2.37 ± 0.44 *** 0.97 ± 0.14 *** 0.27 ± 0.04 ***  

t1/2, el (h) 2.2 ± 0.15 2.3 ± 0.3 1.63 ± 0.04 *** 6.1 ± 1.1 *** 

F (%) 10.5 14.9 25.0 44.4 

Area under the plasma concentration versus time curve (AUC), maximal concentration obtained after oral 

administration (Cmax) and the corresponding time of maximum concentration (Tmax), terminal elimination half life 

(t1/2, el), clearance (Cl) and oral bioavailability (F) are indicated. Values represent the mean ± SD (n = 5-8); * P < 

0.05, ** P < 0.01, *** P < 0.001, compared to wild-type mice. 
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To investigate how the individual and combined activity of CYP3A and P-gp 

determines the excretion pattern of docetaxel we collected feces and urine for 24 hours 

after oral and i.v. administration of 3H-docetaxel (10 mg/kg) to the mouse strains. In wild-

type mice substantial amounts of docetaxel and its CYP3A-generated metabolites M1-4 (14) 

were primarily excreted via the feces with only minor quantities in urine (not shown) after 

both oral and i.v. administration (Figure 2), in accordance with previous studies (13, 14).

Whereas in Mdr1a/1b-/- mice virtually no unchanged docetaxel but only the docetaxel 

metabolites M1-M4 were found in the feces, in Cyp3a-/- mice it was primarily parent 

docetaxel and not the metabolites M1-M4 that could be recovered. In contrast, only low 

quantities of both parent docetaxel as well as the metabolites M1-M4 were excreted in the 

feces of Cyp3a/Mdr1a/1b-/- mice (Figure 2). Accordingly, a reduced amount of the total 

radioactivity (~50%) was recovered over 24 hours in feces of Cyp3a/Mdr1a/1b-/- mice after 

oral or iv administration (Figure 2). The radioactivity levels found in urine were below 3% 

for all strains (not shown). Overall, these data demonstrate that whereas docetaxel and/or its 

primary metabolites are still the main vehicle of excretion and elimination in the absence of 

either CYP3A or P-gp, this excretion is severely impaired when both detoxifying systems 

are absent. 
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Figure 2: Amounts of docetaxel and metabolites (M1-M4) excreted in feces by wild-type, Mdr1a/1b-/-, Cyp3a-/- and 

Cyp3a/Mdr1a/1b-/- mice within 24 hr after oral (A) or intravenous (B) administration of docetaxel (10 mg/kg). 

White bars indicate levels of 3H-label after administration of 3H-docetaxel. Excretion is given as percentage of the 

dose (mean ± SD, n = 4-5). * P < 0.05, ** P < 0.01 and *** P < 0.001, compared to wild-type mice. 
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Lethal and qualitatively altered toxicity of oral docetaxel in Cyp3a/Mdr1a/1b-/- mice  

Combined CYP3A and Mdr1a/1b deficiency resulted in a strikingly increased 

sensitivity to docetaxel toxicity, as we noted in a pilot chemotherapy experiment, where we 

gave the panel of mouse strains an oral docetaxel administration of 10 mg/kg on 3 

consecutive days. Although the initial body weight loss in Cyp3a/Mdr1a/1b-/- mice was 

comparable with that of Cyp3a-/- mice, the condition of Cyp3a/Mdr1a/1b-/- mice 

deteriorated quickly and they all died by day 4 (Figure 3A). The Cyp3a-/- mice, while 

looking comparatively better on day 3, continued to lose weight and had to be euthanized 

on day 6 as most animals had lost more than 20% of their body weights. In contrast, wild-

type and Mdr1a/1b-/- mice hardly lost any weight, or even gained some, during the study 

(Figure 3A). 

Pathological examination performed 72 hours after the first docetaxel administration 

revealed severe intestinal toxicity in Cyp3a/Mdr1a/1b-/- mice that was not apparent at all in 

wild-type mice (Figure 4 A-B). Degeneration and necrosis of the intestinal mucosa took 

place throughout the entire intestinal tract from duodenum to distal colon and was 

accompanied by edematous changes in the submucosa (Figure 4B). The lesions in colon 

and ileum were even more severe than those in jejunum and duodenum. However, there 

was no indication for perforation of the intestinal wall. Moderate toxicity was apparent in 

the small intestine of Cyp3a-/- mice whereas this was only mild in Mdr1a/1b-/- mice. In 

striking contrast to the Cyp3a/Mdr1a/1b-/- mice, however, no pathological alterations were 

seen in the colon of these single knockout strains.

In addition to the intestinal toxicity, massive depletion of hematopoietic cells of all 

three cell lineages was observed in bone marrow of sternum (Figure 4 C-D) and hind limbs 

as well as in the red pulp of the spleen of Cyp3a/Mdr1a/1b-/- but not wild-type mice 

(Supplemental Figure 1). Also in Cyp3a-/- mice some diminishment of the hematopoietic 

cells was observed, but this was not encountered in Mdr1a/1b-/- mice (not shown). 

Furthermore, highly increased numbers of degenerative and necrotic spermatogenic cells 

were present in the testis of Cyp3a/Mdr1a/1b-/- mice which was accompanied by the 

formation of many multinucleated giant cells and a reduced number of germinal epithelial 

cells in seminiferous tubules (Supplemental Figure 1). Wild-type testis appeared 

completely normal (Supplemental Figure 1) as was the case for the testis of Cyp3a-/- and 

Mdr1a/1b-/- mice (not shown). None of the other major organs of wild-type or 

Cyp3a/Mdr1a/1b-/- mice revealed indications for localized pathological changes. The 

Cyp3a/Mdr1a/1b-/- mice thus displayed a qualitative shift in toxicity, with severe damage to 

colon and testis that was not observed in either wild-type or the single Cyp3a and Mdr1a/1b

knockout strains. 
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Figure 3: Toxic effects (weight loss) in male wild-type, Mdr1a/1b-/-, Cyp3a-/- and Cyp3a/Mdr1a/1b-/- mice upon 

oral docetaxel dosing. A) 3 oral docetaxel administrations of 10 mg/kg/day. All Cyp3a/Mdr1a/1b-/- died (†) by day 

4. Also, the Cyp3a-/- mice had to be euthanized (x) on day 6 as 5 of 6 animals had lost more than 20% of their 

body weights. B) Single oral administration of 10 mg/kg. Cyp3a/Mdr1a/1b-/- mice had to be euthanized (x) on day 

4 as all animals had lost more than 20% of their body weights. n = 4-8 mice were used for each group. 

Given the dramatic outcome with the triple docetaxel administration, we repeated the 

docetaxel exposure experiment under milder conditions and gave only a single oral 

docetaxel dose of 10 mg/kg and monitored weight loss. Again, Cyp3a/Mdr1a/1b-/- mice 

rapidly lost weight and they had to be euthanized on day 4 as their weight loss exceeded 

20% (Figure 3B). Pathological examination of Cyp3a/Mdr1a/1b-/- mice (72 hours after 

docetaxel administration) revealed a very similar, and equally severe toxicity profile as 

described above for the triple administration. Interestingly, in this experimental set-up, not 

only the wild-type and Mdr1a/1b-/- mice, but also the Cyp3a-/- mice stayed around their 

initial body weight (Figure 3B) and did not display any particular pathological alterations. 

Also when we gave a single intravenous docetaxel administration (5 mg/kg) to 

Cyp3a/Mdr1a/1b-/- mice we encountered a similar toxicity profile as described above for 

the oral administration, including the severe intestinal toxicity, whereas no pathological 

alterations were found in Mdr1a/1b-/- and Cyp3a-/- mice (data not shown). Collectively, 

these experiments demonstrate that the combined absence of CYP3A and Mdr1a/1b 

severely increases the susceptibility to docetaxel toxicity, and leads to a qualitative shift of 

toxicity in colon and testis. 
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Figure 4: Microphotographs of H&E sections of colon (A and B) and bone marrow (C and D) from wild-type (left 

panels) and Cyp3a/Mdr1a/1b-/- mice (right panels), after 3 (once daily) oral administrations of docetaxel (10 

mg/kg/day). Mice were sacrificed for pathological examination 24 hours after the last docetaxel administration. 

The Cyp3a/Mdr1a/1b-/- mice demonstrated severe pathological alterations such as mucosal necrosis and 

submucosal edema (B) and depletion of hematopoietic cells in bone marrow (D). Docetaxel showed no 

toxicological effect on the wild-type mice. L: intestinal lumen. M: mucosa. S: submucosa. The original 

magnification: A, B: 20X; C, D: 10X..    

Wild-type      Cyp3a/Mdr1a/1b-/-
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DISCUSSION

To study the functional interplay between CYP3A and P-glycoprotein, we generated 

mice lacking all Cyp3a and Mdr1 genes. Although these mice are missing two important 

broad-specificity detoxification systems, Cyp3a/Mdr1a/1b-/- mice are viable and fertile and 

do not show marked spontaneous abnormalities. However, challenging Cyp3a/Mdr1a/1b-/-

mice with the anti-cancer drug docetaxel resulted in a more than 70-fold increase in 

systemic exposure after oral administration compared to wild-type mice. This effect of 

combined ablation was far more than additive when compared to the single Mdr1a/1b-/- and 

Cyp3a-/- mice, illustrating the significance of both systems working together in lowering 

oral bioavailability. It is worth noting that the fold induction in systemic exposure seen in 

Cyp3a/Mdr1a/1b-/- versus wild-type mice was much more pronounced after oral than after 

intravenous administration (72- vs 17-fold), in line with the importance of intestinal 

metabolism in limiting docetaxel oral bioavailability (13). Importantly, the disproportionate 

increase in docetaxel exposure resulted in qualitatively altered and lethal toxicity of a 

modest single oral dose of docetaxel in Cyp3a/Mdr1a/1b-/- mice.

Although potentially clinically relevant, it has been difficult to assess the combined 

contribution of CYP3A and P-gp to reducing bioavailability. Whereas a number of in vitro

studies have addressed the question whether CYP3A and P-gp can work synergistically to 

lower the bioavailability of drugs, strong in vivo evidence is lacking. The present study 

demonstrates that the combined absence of both CYP3A and P-gp has a disproportionate 

effect on the systemic exposure of docetaxel, which could have important clinical 

implications. From a fundamental point of view, however, it is important to realize that this 

disproportionate increase demonstrates effective collaboration, but not necessarily true 

functional synergism between CYP3A and P-gp. A basic implication of synergism is that 

CYP3A and/or P-gp would function more efficiently in the presence of the other system 

than in its absence. A fair way of assessing this is to compare the impact of P-gp or CYP3A 

alone or in combination, relative to a fully deficient situation (Cyp3a/Mdr1a/1b-/-). When 

compared to the Cyp3a/Mdr1a/1b-/- situation, either the activity of CYP3A (in Mdr1a/1b-/-

mice) or P-gp (in Cyp3a-/- mice) alone can reduce the oral docetaxel systemic exposure 

with 96.1% (to 3.9%) or 84% (to 16%), respectively (Table 1). Based on these percentages, 

the theoretically predicted combined effect of CYP3A and P-gp on the systemic exposure is 

a reduction to 0.62% (3.9% of 16%). This is close to the 1.4% of the AUC of the 

Cyp3a/Mdr1a/1b-/- we experimentally observed for the wild-type. Clearly, in case of true 

functional synergism this experimental percentage for the wild-type should have been 

(much) lower that 0.62%. Our data therefore rather demonstrate that each of the two 
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systems functions with equal efficiency, independent of the presence or absence of the 

other system.  

An explanation for this lack of synergism between P-gp and CYP3A might be that 

intestinal CYP3A does not reach saturation even in the absence of P-gp activity, i.e., the 

enterocyte intracellular drug concentration remains well below the effective Km of CYP3A. 

When the intracellular kinetics of metabolism remains more or less linear, one does not 

expect more than additive collaboration between P-gp and CYP3A. A more general 

prediction is therefore that true synergism may only be found in those cases where the Km

of CYP3A for a certain drug is very low (and where intestinal P-gp activity is not 

saturated). In view of the very broad specificity of CYP3A (and the correspondingly high 

Km values for the vast majority of substrates), this might be a relatively rare occurrence. 

We note that, while conceptually appealing, from a biological point of view true 

functional synergism between CYP3A and P-gp would create a highly vulnerable situation, 

as disruption or inhibition of just one of the participating systems would already lead to a 

functional collapse of the detoxification mechanism. This would conflict with the 

biological need for robust protection from xenobiotic toxins. Indeed, the results of this 

study show that, in the case of docetaxel, CYP3A and P-gp have independent but 

overlapping and efficiently cooperating functions, that allow each to still “perfect” the 

function of the other.  

Docetaxel is one of the most widely used anti-cancer drugs, and applied against 

numerous cancers. Due to the fact that docetaxel is a good CYP3A and P-gp substrate it has 

a very low oral bioavailability and is therefore administered intravenously in the clinic. As 

there are many advantages of the oral route, enhancing docetaxel oral bioavailability has 

received considerable interest in recent years (21-23). For example, in a recent clinical 

proof-of-concept study it was demonstrated that simultaneous oral co-administration of 

docetaxel with the CYP3A inhibitor ritonavir resulted in an docetaxel exposure that was in 

the same range (130%) as achieved after intravenous administration (100%, without 

ritonavir) (23). In the present study we demonstrate that when CYP3A and P-gp are both 

absent, the oral systemic exposure was increased to 760%, when compared to CYP3A/Pgp 

proficient wild-type animals that had received the drug intravenously (100%). Hence, 

although inhibition of either CYP3A or P-gp alone could improve oral bioavailability to 

some extent, the present study indicates that simultaneous inhibition of CYP3A and P-gp 

could be a promising strategy to really boost the oral availability of docetaxel. 

The disproportionate increase in systemic exposure when CYP3A and P-gp are both 

absent or inactive can have far-reaching consequences. For example, in people with 

dysfunctional (due to polymorphisms) or inhibited CYP3A and P-gp, drug plasma levels 
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could easily rise to toxic levels, especially for orally administered drugs as illustrated in the 

docetaxel toxicity experiment. While we did not observe any signs of toxicity in wild-type 

mice, we encountered severe toxicities in Cyp3a/Mdr1a/1b-/- mice, especially in those 

tissues with rapidly dividing cells (intestinal, hematopoietic and spermatogenic), consistent 

with the anti-mitotic action of docetaxel. Apart from the increased toxicity in small 

intestine and bone marrow, the qualitative emergence of additional toxicities in colon and 

testis was especially striking. All other major organs of Cyp3a/Mdr1a/1b-/- mice, including 

liver, kidney, brain and lungs were not noticeably affected by the docetaxel treatment. 

Among the toxicities observed, the severe intestinal toxicity is likely the most important 

cause of the early death of the Cyp3a/Mdr1a/1b-/- mice. Importantly, this suggests a 

qualitative shift in the type of toxicity as hematotoxicity is typically dose-limiting for 

docetaxel in mice whereas intestinal toxicity has not previously been observed in safety 

studies with intravenous docetaxel in this species (24, 25). In contrast to mice, humans 

already show some intestinal toxicity (diarrhea) even with intravenous docetaxel (26). A 

possible further shift towards intestinal toxicity in humans should therefore be monitored 

very carefully and could well limit the applicability of combined CYP3A and P-gp 

inhibition to improve docetaxel oral bioavailability. 

In conclusion, the results from this study demonstrate that the absence of both CYP3A 

and P-gp results in a dramatic, disproportionate increase in systemic docetaxel exposure 

with a concomitantly increased and altered risk of toxicity. Especially with drugs that have 

a narrow therapeutic window, there are serious risks when such drugs are deliberately or 

unintentionally co-administered with other drugs or food constituents that interfere with 

CYP3A and P-gp activity. The risk of such drug-drug and drug-food interactions is 

especially relevant given the high number and large overlap in substrates and inhibitors for 

CYP3A and P-gp. Variable activity of CYP3A alone can lead to lethal overdosing or 

subtherapeutic underdosing of orally taken drugs (27). It is clear from this study that 

interfering with both CYP3A and P-gp activity could drastically exacerbate such 

consequences, and should therefore be carefully considered during further drug 

development and application. 
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Supporting information Figure 1

Microphotographs of H&E sections of spleen (A and B) and testis (C and D), from wild-type (left panels) and 

Cyp3a/Mdr1a/1b-/- mice (right panels), after 3 (once daily) oral administration of docetaxel (10 mg/kg/day). Mice 

were sacrificed for pathological analysis 24 hours after the last docetaxel administration. The Cyp3a/Mdr1a/1b-/-

mice demonstrated severe pathological alterations including depletion of the hematopoietic cells in red pulp of the 

spleen (B) and testicular degeneration (D). Docetaxel showed no toxicological effect in wild-type mice. R: red 

pulp. W: white pulp. The original magnification: 20X. 

Wild-type      Cyp3a/Mdr1a/1b-/-
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Supporting information Table 1: List of up- and downregulated genes for detoxifying 

systems in Cyp3a/Mdr1a/1b-/- mice versus wild-type mice n = 4 mice, P < 0.01. Microarray 

data are deposited at ArrayExpress, EBI (http://www.ebi.ac.uk/arrayexpress), accession 

number: E-NCMF-26 

Liver fold     Intestine fold 

Upregulated Ces3 31.06 

     

    Ces3 13.51 

Cyp2c55 16.23     Cyp2c55 8.85 

Cyp2b10  10.42     Es22 4.87 

Cyp2b9  10.26     Gstm1 3.07 

Es22 8.86     Cyp2c29  2.99 

Es1 6.88     Gstm3 2.57 

Oatp2 (Oatp1a4) 6.81     Cyp2c66 2.46 

Cyp4a10 3.98 

Mrp3 3.80 

Cyp2c39  3.76 

Cyp2c38 3.64 

Cyp4a14 3.18 

Gstt3 2.96 

Cyp4a31 2.75 

Gsta2 2.70 

Cyp2c54 2.39 

Cyp2c29  2.30 

Downregulated Cyp7b1  -3.57       - - 
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ABSTRACT 

 

Docetaxel is one of the most widely used anti-cancer drugs. A major problem with 

docetaxel treatment, however, is the considerable inter-patient variability in docetaxel 

exposure. Another disadvantage of the drug is that it has a very low oral bioavailability and 

can therefore only be administered intravenously. The drug-metabolizing enzyme CYP3A 

and the drug transporter MDR1 P-glycoprotein are considered to be major determinants of 

docetaxel pharmacokinetics. In vitro studies have indicated that docetaxel is also a substrate 

for the drug transporter MRP2, but the in vivo importance of MRP2 for docetaxel is 

currently unknown. We therefore investigated the role of MRP2 in the pharmacokinetics   

of docetaxel by utilizing Mrp2-/- mice. We also generated and characterized 

Cyp3a/Mdr1a/b/Mrp2-/- combination knockout mice to get more insight into how these 

drug-handling systems work together in determining docetaxel pharmacokinetics. The 

systemic exposure in Mrp2-/- mice was not significantly different from wild-type, after 

either oral or intravenous administration. Strikingly, however, in Cyp3a/Mdr1a/b/Mrp2-/- 

mice, systemic docetaxel exposure was increased 166-fold after oral administration when 

compared to wild-type. Interestingly, this effect was disproportionate compared to the 

Cyp3a (12-fold) or Mdr1a/b/Mrp2 (4-fold) knockouts. We found that the oral 

bioavailability was increased to 73% in the Cyp3a/Mdr1a/b/Mrp2-/- strain, whereas this was 

only 10% in wild-type mice. These findings could thus have important implications for 

improving the oral bioavailability and reducing the variability in docetaxel exposure.  
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INTRODUCTION

Docetaxel is a widely used anti-cancer drug and applied against a variety of cancer types 

including breast, lung and prostate. A major problem with docetaxel treatment is the 

considerable inter-patient variability in docetaxel exposure (1). Several studies have 

indicated that the drug-metabolizing enzyme system Cytochrome P450 3A (CYP3A) is a 

major determinant of this variability (1). CYP3A enzymes metabolize approximately 50% 

of the currently marketed drugs, including many anti-cancer drugs. It is known that there 

are considerable inter- but also intra-individual differences in expression and activity levels 

of CYP3A enzymes. Docetaxel is metabolized by CYP3A to several metabolites which are 

all considered to be therapeutically less effective (2, 3). Like the majority of anti-cancer 

drugs, docetaxel has a narrow therapeutic window resulting in a significant risk of under- or 

overdosing of patients. It is therefore of importance to have a good understanding of the 

drug-handling systems that determine the docetaxel pharmacokinetics such as CYP3A. 

In addition to be metabolized by CYP3A, docetaxel is also subject to active efflux by 

the drug transporter MDR1 (P-glycoprotein; ABCB1) (4).  It is well established that MDR1 

in the intestine can markedly restrict the intestinal uptake of various substrates whereas in 

the liver MDR1 facilitates the excretion of substrates in the bile. Docetaxel has a very low 

oral bioavailability and is therefore only administered intravenously in the clinic. This low 

oral bioavailability might for a large part be attributable to the fact that the drug is such a 

good substrate for CYP3A and MDR1. As there are many advantages of the oral 

administration route, enhancing docetaxel oral bioavailability by inhibiting CYP3A or 

MDR1 has received considerable interest in recent years (5-7). For example, in a recent 

clinical proof-of-concept study it was demonstrated that simultaneous oral co-

administration of docetaxel with the CYP3A inhibitor ritonavir resulted in an docetaxel 

exposure that was in the same range as that achieved after intravenous administration 

(without ritonavir) (7).  

Interestingly, we have recently demonstrated that the combined absence of CYP3A 

and Mdr1a/b in mice results in a disproportionate increase in docetaxel exposure (8). In 

case CYP3A and Mdr1a/b are both absent, the systemic exposure was even increased to 

760% of the values in wild-type animals that had received the drug intravenously (100%). 

Simultaneous inhibition of CYP3A and MDR1 might thus be a promising strategy to 

further improve the oral bioavailability of docetaxel.  

Similar to MDR1, the apical drug transporter multidrug resistance protein 2 

(MRP2/ABCC2) can have a profound impact on the pharmacokinetics of drugs (9). We 

have previously demonstrated that docetaxel is a good substrate for MRP2 in vitro (10). 
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Yet, little in vivo evidence is currently available how important MRP2 actually is in the 

pharmacokinetics of docetaxel. However, earlier studies with the closely related drug 

paclitaxel have revealed an increase in systemic exposure in Mrp2-/- mice after intravenous, 

though not after oral, administration (11). In addition, the paclitaxel exposure in 

Mdr1a/b/Mrp2-/- mice was significantly higher compared to the single Mdr1a/b and Mrp2 

knockout mice, both after oral and intravenous administration (11). In the present study, we 

aimed to get more insight into the importance of MRP2 in the pharmacokinetics of 

docetaxel. In addition, we also investigated the effect of a possible interplay between 

MRP2, MDR1 and CYP3A on docetaxel pharmacokinetics.  

MATERIALS & METHODS 

Animals

Mice were housed and handled according to institutional guidelines complying with Dutch 

legislation. Mdr1a/b knockout (Mdr1a/b-/-), Mrp2 knockout (Mrp2-/-) Mdr1a/b/Mrp2-/-, 

Cyp3a-/- and Cyp3a/Mdr1a/b-/- mice have been described (8, 11-13). Mdr1a/b/Mrp2-/- and 

Cyp3a-/- mice were crossed to obtain Cyp3a/Mdr1a/b/Mrp2-/- double knockout mice. 

Genotypes of mice were evaluated by PCR. All mice used in this study had a >99% FVB 

genetic background and were between 8 and 14 weeks of age. All experiments were done 

using male mice. Animals were kept in a temperature-controlled environment with a 12-

hour light/12-hour dark cycle and received a standard diet (AM-II, Hope Farms, Woerden, 

the Netherlands) and acidified water ad libitum.  

Docetaxel plasma pharmacokinetics  

Docetaxel (10 mg/ml) formulated in polysorbate 80/ethanol/water [20:13:67 (v/v/v)] 

(Taxotere, Aventis, Gouda, The Netherlands) was diluted with saline (0.9% NaCl) and 

administered by oral gavage or by injection into the tail vein of male mice. To minimize 

variation in absorption, mice were fasted for 2 hours before docetaxel was administered by 

gavage into the stomach using a blunt-ended needle. Multiple blood samples (~40 μl) were 

collected from the tail vein at 15 and 30 minutes and 1, 2, 4, and 8 hours using heparinized 

capillary tubes (Oxford Labware, St. Louis, MO). In case of  intravenous administration the 

first time point was 7.5 min instead of 15 min. Blood samples were centrifuged at 2,100 x g 

for 10 minutes at 4°C, and the plasma fraction was collected, supplemented to 200 μl with 

human plasma, and stored at –20°C until analysis.  
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Drug analysis

Docetaxel concentrations in plasma samples were determined using a previously described 

sensitive and specific liquid chromatograpy-mass spectrometry/mass spectrometry assay 

(14). Feces and urine samples were processed using liquid-liquid and solid-phase extraction 

followed by reversed-phase HPLC with UV detection (4, 12).

Clinical-chemical analysis of serum  

Standard clinical chemistry analyses on serum of wild-type and Cyp3a/Mdr1a/b/Mrp2-/-

mice (n = 9-11, males) were performed on a Roche Hitachi 917 analyzer (Roche 

Diagnostics, Basel, Switzerland) to determine levels of bilirubin, alkaline phosphatase, 

aspartate aminotransaminase, alanine aminotransaminase, γ-glutamyl transferase, lactate 

dehydrogenase, creatinine, ureum, Na+, K+, Ca2+, phosphate, total protein, albumin and 

cholesterol.  

Oligoarray analysis of Cyp3a/Mdr1a/b/Mrp2-/- mice  

Illumina MEEBO 40K oligo microarrays were hybridized with Cy-dye labeled pooled liver 

and intestinal amplified RNA (n = 4) of adult wild-type and Cyp3a/Mdr1a/b/Mrp2-/- males, 

using the TECAN HS4800 hybridization station. The original data and detailed protocols 

for RNA isolation, amplification, labeling, hybridization and gene ID list are available at 

(http://microarrays.nki.nl) and will be deposited at ArrayExpress, EBI 

(http://www.ebi.ac.uk/arrayexpress).

Pharmacokinetic calculations and statistical analysis  

Pharmacokinetic variables were calculated by noncompartmental methods using the 

software package PK Solutions 2.0.2 (Summit Research Services, Ashland, OH, USA). The 

area under the plasma concentration-time curves (AUCs) were calculated using the 

trapezoidal rule, with extrapolation to infinity. Elimination half-lives (t1/2) were calculated 

by linear regression analysis of the log-linear part of the plasma concentration-time curves. 

Plasma clearance after i.v. docetaxel administration was calculated by the formula 

clearance = dose / AUCi.v. and the oral bioavailability (F) was calculated by the formula F = 

AUCoral / AUCi.v. x 100%. The two-sided unpaired Student's t test was used for statistical 

analysis. Data obtained with single and combination knockout mice were compared with 

each other and with data obtained with wild-type mice. Differences were considered 

statistically significant when P < 0.05. Data are presented as means ± SD. 
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RESULTS & DISCUSSION 

To allow investigation of the combined role of CYP3A, MDR1 and MRP2 in the 

pharmacokinetics of docetaxel, we first generated a mouse model by cross-breeding Cyp3a

knockout mice (12) with Mdr1a/b/Mrp2 knockout mice (11). In spite of missing three 

important detoxifying systems, homozygous Cyp3a/Mdr1a/b/Mrp2-/- mice were viable, 

fertile and had normal life spans and body weights. In addition, no macroscopic or 

microscopic anatomic abnormalities were evident in these mice. Standard clinical-chemical 

analysis of serum of adult males revealed several alterations, including significant increases 

in bilirubin, creatinine and urea (Supplementary data 1). The increased serum bilirubin 

levels are also seen in Mdr1a/b/Mrp2-/- mice (11). 

To evaluate possible alterations in gene expression, an Illumina mouse microarray 

analysis was performed to compare RNA expression in liver and small intestine of wild-

type and Cyp3a/Mdr1a/b/Mrp2-/- adult males. Several genes were significantly (fold > 2) 

upregulated (n = 53) or downregulated (n = 18) in the livers of Cyp3a/Mdr1a/b/Mrp2-/-

mice (data deposited at ArrayExpress, EBI). Also in the small intestine a number of genes 

were up- (n = 80) or down-regulated (n = 46). Among the genes that were differentially 

expressed, several detoxifying systems genes were up regulated (Supplementary data 2), 

consistent with earlier studies in CYP3A deficient mice (8, 12, 15, 16). It is important to 

realize that these up-regulations of other detoxifying systems can for some drugs affect the 

results obtained, as we have demonstrated previously (15). Still, we have no indications 

that these up regulations are detrimental for the evaluation of docetaxel pharmacokinetics 

and thus considered the Cyp3a/Mdr1a/b/Mrp2-/- mouse model suitable for the 

pharmacokinetic analysis of docetaxel.

To address the importance of MRP2 in the pharmacokinetics of docetaxel we 

administered docetaxel orally and intravenously to wild-type, Mrp2-/-, Mdr1a/b/Mrp2-/- and 

Cyp3a/Mdr1a/b/Mrp2-/- mice and subsequently determined docetaxel plasma levels at 

several time points (Figure 1). To allow good comparisons between the different knockout 

strains we also included previously reported data (8) for Mdr1a/b-/-, Cyp3a-/- and 

Cyp3a/Mdr1a/b-/- mice in Figure 1 and Table 1. Despite that docetaxel has been found to be 

a good substrate for both human and mouse MRP2/Mrp2 in vitro (10, 17), the systemic 

exposure in Mrp2-/- mice was not significantly different from wild-type, after both oral and 

intravenous administration (Figure 1, Table 1). The docetaxel exposure was significantly 

higher in Mdr1a/b/Mrp2-/- mice in comparison to wild-type mice (3.6- and 1.4-fold after 

oral and intravenous administration, respectively). Yet, there was no significant difference 

between Mdr1a/b/Mrp2-/- and Mdr1a/b-/- mice, indicating that the increase in 
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Mdr1a/b/Mrp2-/- mice is primarily caused by the absence of Mdr1a/b and that Mrp2 has 

apparently no effect. These results are qualitatively different from those observed with 

paclitaxel, where we did see a significant, albeit modest, effect of Mrp2 absence (11). 

Interestingly, however, in Cyp3a/Mdr1a/b/Mrp2-/- mice the systemic exposure after oral 

administration appeared to be 166-fold higher compared to wild-type and was substantially 

(and significantly: P < 0.001) higher than in the Mrp2 proficient Cyp3a/Mdr1a/b-/- strain 

(Figure 1; Table 1). The increase in docetaxel exposure in Cyp3a/Mdr1a/b/Mrp2-/- mice 

was less pronounced after intravenous administration but still 24-fold when compared to 

wild-type (Table 1). Accordingly, whereas in wild-type mice the oral docetaxel 

bioavailability was 10%, this was increased to 73% in the Cyp3a/Mdr1a/b/Mrp2-/- strain. 

These data indicate that, in the absence of CYP3A and Mdr1a/b, Mrp2 does have a 

noticeable impact on reducing docetaxel exposure upon both oral and intravenous drug 

administration. Moreover, the absolute systemic exposure in Cyp3a/Mdr1a/b/Mrp2-/- mice 

after oral drug administration was even 17-fold higher than achieved in wild-type mice 

after intravenous administration, further illustrating the pronounced impact of the 

simultaneous loss of CYP3A, Mdr1a/b and Mrp2 activity (Table 1).  
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Figure 1: Plasma concentration-time curves of docetaxel in male FVB wild-type, Mdr1a/b-/-, Cyp3a-/-, 

Cyp3a/Mdr1a/b-/-, Mrp2-/-, Mdr1a/b/Mrp2-/-, Cyp3a/Mdr1a/b/Mrp2-/- mice after oral (A) and intravenous (B)

administration of docetaxel (10 mg/kg). Data are shown as the mean concentration, and error bars represent the SD 

(n = 5-8 per time point). Inset shows semilog plot of the data. Previously published data (8) have been included to 

allow good comparison between the strains. 
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While there are many drugs that are substrate for CYP3A, MDR1 and MRP2, it is 

important to realize that the disproportionate increase observed with docetaxel when all 

systems are absent/inhibited is not necessarily a general phenomenon. For example, we 

recently demonstrated that there was a very large increase in the systemic exposure of the 

anti-hiv drug lopinavir in Cyp3a-/- mice (>2000-fold) when compared to wild-type (18). 

Despite that we also observed a significant increase in lopinavir exposure in Mdr1a/b and 

Mdr1a/b/Mrp2-/- mice (11-fold), there appeared to be no significant difference in lopinavir 

exposure between Cyp3a-/-, Cyp3a/Mdr1a/b-/- and Cyp3a/Mdr1a/b/Mrp2-/- mice, in contrast 

to the abovementioned results for docetaxel. 

Given the advantages of the oral administration route, enhancing docetaxel oral 

bioavailability by inhibiting CYP3A or MDR1 has received considerable interest in recent 

years (5-7). We here found a substantial increase in systemic exposure and oral 

bioavailability in Cyp3a/Mdr1a/b/Mrp2-/- mice, when compared to wild-type mice but also 

when compared to Cyp3a/Mdr1a/b-/- mice. Yet, we could not observe an effect of Mrp2 at 

the relatively low docetaxel levels achieved in a CYP3A-proficient situation. This indicates 

that Mrp2 is a low affinity (high capacity) transporter for docetaxel, compared to the other 

detoxifying systems that predominate at the lower plasma levels. We have previously 

demonstrated that the combined absence of CYP3A and Mdr1a/b already results in 

substantial increase in oral bioavailability, resulting in a systemic exposure that was even 

higher than normally achieved in wild-type after intravenous administration (Figure 1; 

Table 1) (8). As such, the combined inhibition of CYP3A and Mdr1a/b will suffice to get a 

very substantial improvement of the oral bioavailability and the additional inhibition of 

MRP2, while further increasing the oral bioavailability, is more a theoretical option with 

limited added value. Moreover, there are to our knowledge no established safe, potent and 

specific inhibitors of MRP2 known. One has to be aware, however, that in regimens where 

CYP3A and MDR1 are both inhibited, variation in MRP2 activity levels might still result in 

considerable inter-patient variation in docetaxel exposure.  

In a recent pharmacogenetic study it was found that polymorphisms in the CYP3A 

genes can have a profound effect on docetaxel exposure, whereas polymorphisms in MDR1 

or MRP2 could not be correlated to altered docetaxel exposure (19). Accordingly, it was 

concluded that the involvement of the genotype status of these drug transporters in 

docetaxel pharmacokinetics is relatively unimportant (19). Our present study shows a 

modest but clear increase in exposure even when both drug transporters are absent, in 

contrast to the strong effect of CYP3A deficiency. Yet, we recall that the combined absence 

of CYP3A, MDR1 and MRP2 results in a disproportionate increase, and that in particular 

cases polymorphisms in MDR1 and MRP2 may thus be of clinical relevance in docetaxel 
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therapy. For example, in strategies that focus on improving the oral bioavailability by 

solely inhibiting CYP3A (7), patients with polymorphisms in MDR1 and/or MRP2 could 

be at risk of reaching toxic docetaxel levels.  

The increased docetaxel oral bioavailability and the altered pharmacokinetics (e.g. 

longer half-life) when CYP3A and MDR1 are both inhibited would allow more chronic 

treatment regimens. A more chronic exposure, accompanied by a much lower maximal 

plasma concentration (Cmax) than achieved after intravenous administration, could result in 

a more effective treatment with lower toxicity. Indeed, in vitro studies have indicated a 

better response of tumor cells to an increased exposure duration rather than to an increased 

docetaxel concentration (20). Also, recent clinical trials have demonstrated that patients 

who are on a weekly schedule with a lower docetaxel dose (33-40 mg/m2, intravenous) 

have a similar overall survival as the standard treatment, which is a single administration 

every 3 weeks with a higher dose (75 mg/m2, intravenous) (21). Importantly, however, 

significantly less and less severe febrile neutropenia, the most dangerous docetaxel-related 

toxicity, was reported in the weekly dosing schedules (21).  

Despite the interesting opportunities it should be noted that there are also potential 

risks of the combined inhibition of CYP3A and drug transporters. The oral administration 

route but also the significantly altered pharmacokinetics can give rise to toxicities that have 

not been previously encountered. Indeed, when we administered docetaxel orally to 

Cyp3a/Mdr1a/b-/- mice, we did not only found hematotoxicity but also severe, even lethal, 

intestinal toxicity (8), a toxicity that was not observed in previous safety studies where 

wild-type mice received the drug intravenously (22). Intestinal toxicity should therefore 

receive special attention during clinical trials that focus on improving docetaxel oral 

bioavailability by inhibiting CYP3A and MDR1. 
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Supplementary Table 1: Clinical-chemical analysis of serum from wild-type and 

Cyp3a/Mdr1a/b/Mrp2-/- mice. 
  

ALAT, alanine aminotransaminase; ASAT, aspartate aminotransaminase; γ-GT, y-glutamyl transferase; LD, 

lactate dehydrogenase Results are presented as means ± SD, n = 9-12, * P < 0.05, ** P<0.01, *** P< 0.001 

compared to wild-type mice.  

Parameter Strain 

Wild-type Cyp3a/Mdr1a/b/Mrp2-/- 

Total Bilirubin (μM) 2.4 ± 0.8 4.9 ± 1.8 *** 

Alkaline phosphatise (U/l) 68.1 ± 16.4 60.8 ± 17.2 

ASAT (U/l) 70.7 ± 22.4 75.5 ± 27.0 

ALAT (U/l) 31.9 ± 6.3 47.7 ± 26.0 

γγγγ-GT (U/l) 3.0 ± 0.0 3.0 ± 0.0 

LD (U/l) 330 ± 111 395 ± 135 

Creatinine (μM) 14 ± 3.0 20.8 ± 4.5 *** 

Urea (mM) 10.5 ± 2.9 16.1 ±2.6 *** 

Sodium (mM) 154.3 ± 1.9 156.5 ± 4.3 

Potassium (mM) 4.8 ± 0.5 5.0 ± 0.9 

Calcium (mM) 2.4 ± 0.1 2.6 ± 0.2 * 

Phosphate (mM) 2.8 ± 0.6 2.7 ± 0.4 

Chloride (mM) 101.3 ± 28.5 111.4 ± 3.6 

Total protein (g/l) 49.6 ± 2.0 53.1 ± 3.4 ** 

Albumin (g/l) 29.3 ± 1.3 28.7 ± 1.7 

Uric acid (mM) 0.2 ± 0.0 0.2 ± 0.1 

Cholesterol (mM) 4.6 ± 0.4 5.7 ± 1.2 ** 

HDL-Cholesterol (mM) 4.3 ± 0.3 4.8 ± 0.8 * 

Triglyceride (mM) 1.6 ± 0.6 3.4 ± 1.4 *** 
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Supplementary Table 2: List of up- and downregulated genes for detoxifying systems in 

Cyp3a/Mdr1a/b/Mrp2-/- mice versus wild-type mice n = 4. Microarray data will be 

deposited at ArrayExpress, EBI (http://www.ebi.ac.uk/arrayexpress). 

Liver fold     Intestine   fold 

Upregulated Es1 35     Cyp2c55 4.9 

Cyp2c55 13     Gstm1 3.1 

CyP2b10  6.0     Gsta1 2.7 

Gstm3 3.5     Gsta2 2.6 

Mrp3 3.3     Gstm3 2.3 

Cyp4a12b 3.2     Gsta4  2.2 

Gsta1 2.7     Gstm6 2.1 

Por 2.6 

Cyp2b23 2.4 

Ces6 2.2 

Cyp2a5 2.2 

UGT1A1 2.1 

Downregulated Gstt2 2.2       - - 
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Impact of CYP3A and the drug transporters MDR1 and MRP2 on the 

pharmacokinetics of lopinavir 

Robert A.B. van Waterschoot*, Rob ter Heine†, Els Wagenaar*, Cornelia M.M. van der 

Kruijssen*, Rogier W. Rooswinkel*, Alwin D.R. Huitema†, Jos H. Beijnen†, Alfred H. 

Schinkel* 

*Division of Molecular Biology, The Netherlands Cancer Institute, Amsterdam, The 

Netherlands; †Slotervaart Hospital, Department of Pharmacy and Pharmacology, 

Amsterdam, The Netherlands 

ABSTRACT

Objectives: 1) Investigate the individual and combined effects of CYP3A and the drug 

transporters MDR1 and MRP2 on the pharmacokinetics of lopinavir. 2) Determine the 

relative importance of intestinal and hepatic lopinavir metabolism. 3) Evaluate whether 

ritonavir increases lopinavir oral bioavailability by inhibition of CYP3A, MDR1 and/or 

MRP2. 

Methods: MDCK cells expressing MDR1 and MRP2 were used to study in vitro lopinavir 

transport. Oral lopinavir kinetics (+/- ritonavir) was studies in mice that were knockout for 

Cyp3a, Mdr1a/b and/or Mrp2, or in transgenic mice expressing human CYP3A4 

exclusively in the liver and/or intestine.  

Results: Lopinavir is transported by MDR1 but not by MRP2 in vitro. Accordingly, the 

lopinavir AUCoral is significantly increased in Mdr1a/b-/- mice (~9-fold vs. wild-type) but 

not in Mrp2-/- mice. A more than 2000-fold increase in lopinavir AUCoral was observed in 

Cyp3a-/- mice compared to wild-type mice. Interestingly, no significant difference in 

AUCoral between Cyp3a-/- and Cyp3a/Mdr1a/b/Mrp2-/- mice was observed. CYP3A4 

activity in the intestine or liver could already reduce the lopinavir AUCoral with more than 

100-fold compared to the Cyp3a-/- situation. Ritonavir increased the lopinavir AUCoral

considerably in all CYP3A-proficient mouse strains.

Conclusions: CYP3A is the major determinant of lopinavir pharmacokinetics, not the drug 

transporters Mdr1a/b or Mrp2. Both intestinal and hepatic CYP3A activity contribute to the 

low oral bioavailability of lopinavir. Ritonavir boosts the lopinavir bioavailability primarily 

by inhibiting CYP3A. The impact of Mdr1a/b was only detectable in the presence of 

CYP3A, suggesting saturation of Mdr1a/b in the absence of CYP3A activity.
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INTRODUCTION

Lopinavir is currently one of the most widely used HIV protease inhibitors (PIs). The drug 

itself is rapidly metabolized and has very low oral bioavailability. The metabolism of 

lopinavir is primarily mediated by cytochrome P450 3A (CYP3A) enzymes and yields 

metabolites that are less potent PIs (1). CYP3A enzymes are not only involved in the 

metabolism of lopinavir but also in metabolism of about 50% of the currently marketed 

drugs (2). While the liver has long been considered to be the most important organ where 

CYP3A-mediated metabolism takes place, evidence is accumulating that also intestinal 

CYP3A metabolism can have a profound impact on the oral bioavailability of drugs (3, 4). 

Inhibition or induction of CYP3A can have profound clinical consequences, especially 

with drugs that have narrow therapeutic windows, such as PIs (5). Importantly, there is a 

high inter- but also intra-individual variation in CYP3A activity levels (6). These factors, 

together with the wide substrate specificity of the enzyme, make CYP3A an important 

determinant of drug-drug interactions (7).  

In addition to CYP3A, active drug transporters such as P-glycoprotein (P-gp; MDR1; 

ABCB1) and the multidrug resistance protein 2 (MRP2; ABCC2) can have a strong effect on 

the oral bioavailability and elimination of administered drugs (8). Recently, lopinavir was 

reported to be a substrate for P-gp and MRP2 in vitro (9, 10). Although this could have 

clinical implications, the impact of these drug transporters on the in vivo pharmacokinetics 

of lopinavir has not been elucidated.  

It is noteworthy that many MDR1 and/or MRP2 substrates are also substrates for CYP3A 

(e.g. lopinavir), and it has been hypothesized that the combined activity of drug transporters 

and CYP3A results in efficient first-pass metabolism of orally administered drugs (11-14). 

Especially in the intestine, the apically located drug transporters such as MDR1 or MRP2 

may reduce the probability of CYP3A4 saturation and would also give the enzyme repeated 

and prolonged access to its substrates. However, little in vivo evidence for this theory is 

currently available. Yet, we have recently demonstrated that the combined activity of 

CYP3A and Mdr1a/b is an important determinant of the low bioavailability of the anti-

cancer drug docetaxel and that the absence of both systems leads to disproportionate 

increases in systemic docetaxel exposure with a concomitant higher toxicity risk (15).  

In humans, lopinavir is co-formulated with ritonavir, which improves the oral 

bioavailability of lopinavir dramatically. Although ritonavir is a PI as well, the ritonavir 

concentrations achieved in the combination therapy are not considered therapeutic. 

Although ritonavir primarily inhibits CYP3A mediated metabolism of lopinavir, it is 

noteworthy that ritonavir can also inhibit MDR1 and MRP2 (16, 17). Inhibition of MDR1 
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and/or MRP2 by ritonavir might therefore be in part responsible for the increased oral 

bioavailability of lopinavir. 

In addition to the Cyp3a/Mdr1a/b combination knockout mouse model (15), we 

recently generated Cyp3a/Mdr1a/b/Mrp2 combination knockout mice. In this study we 

have utilized these novel mouse models to investigate the individual and combined effects 

of CYP3A and the drug-transporters Mdr1a/b and Mrp2 on lopinavir pharmacokinetics in 

vivo. Moreover, by using a set of ‘humanized’ CYP3A4-transgenic mouse strains, we 

assessed the relative importance of intestinal and hepatic CYP3A4-mediated metabolism of 

lopinavir. Finally, we aimed to obtain more insight into how ritonavir increases the oral 

bioavailability of lopinavir.  

MATERIALS & METHODS 

Materials 

Lopinavir and ritonavir were purchased from Sequoia Research Products Ltd. (Pangbourne, 

UK). Elacridar (GF120918) was a kind gift of GlaxoSmithKline (Research Triangle Park, 

NC). All other chemicals were of analytical grade and obtained from commercial sources. 

Cell lines and tissue culture 

The polarized canine kidney cell line MDCK-II was used in transport assays. Human 

MDR1-, and MRP2-transduced MDCK-II subclones were described previously (18, 19). 

The MDCK-II cells and transduced subclones were cultured in Dulbecco's modified Eagle's 

medium supplied with Glutamax (Invitrogen, Carlsbad, CA) and supplemented with 50

units/ml penicillin, 50 μg/ml streptomycin, and 10% (v/v) fetal calf serum (Invitrogen) at 

37°C in the presence of 5% CO2. The cells were trypsinized every 3 to 4 days for 

subculturing. 

Transport assay 

Transport assays were performed as reported previously with minor modifications (20). 

Briefly, cells were seeded on microporous polycarbonate membrane filters (Transwell 

3414; Costar, Corning, NY) at a density of 1.0 × 106 cells/well in 2 ml of complete medium 

and were subsequently grown for 3 days. Two hours before the start of the experiment, 

complete medium in the apical and basolateral compartments was replaced with Optimem 

medium (Life Technologies), without serum, and with or without ritonavir (50 μM). In 

addition, 5 μM of elacridar was present in experiments with MRP2 cells, to inhibit the 



Chapter 8  

174

endogenous P-glycoprotein activity. At t = 0 h the experiment was started by replacing the 

medium with fresh Optimem medium with 5 μM lopinavir in the appropriate compartment. 

Depending on the cell line and experiment, this was done in the presence of 50 μM 

ritonavir and/or 5 μM elacridar. Cells were incubated at 37°C in 5% CO2, and 100 μl 

aliquots of medium were taken at t = 2 and 4 hr. Samples were stored at –20°C until 

analysis by LC-MS as described below. 

Animals 

Mice were housed and handled according to institutional guidelines complying with Dutch 

legislation. Mdr1a/b-/- (21),  Mrp2-/- (22) and Cyp3a-/- mice (4) were crossed to obtain 

Cyp3a/Mdr1a/b/Mrp2-/- triple knockout mice. Genotypes of mice were evaluated by PCR. 

In addition, homozygous Cyp3a-/-Tg-3A4Hep (previously Cyp3a-/-A) and Cyp3a-/-Tg-3A4Int

(previously Cyp3a-/-V) mice were crossed to obtain homozygous Cyp3a-/-Tg-3A4Hep/Int mice 

and genotypes were verified as described (4). All mice used in this study had a >99% FVB 

genetic background and were between 8 and 14 weeks of age. All experiments were done 

using male mice. Animals were kept in a temperature-controlled environment with a 12-

hour light/12-hour dark cycle and received a standard diet (AM-II, Hope Farms, Woerden, 

The Netherlands) and acidified water ad libitum.  

Lopinavir plasma pharmacokinetics 

Lopinavir with or without ritonavir was formulated in ethanol/propylene glycol [19:81 

(v/v)] and administered by oral gavage into the stomach of male mice. To minimize 

variation in absorption, mice were fasted for 2 hours before lopinavir was administered. 

Multiple blood samples (~40 μl) were collected from the tail vein at several time points up 

to 24 hours using heparinized capillary tubes (Oxford Labware, St. Louis, MO). Blood 

samples were centrifuged at 2,100 x g for 10 minutes at 4°C, and the plasma fraction was 

collected, completed to 50 μl with human plasma, and stored at –20°C until analysis.  

Drug analysis 

Lopinavir and ritonavir concentrations in plasma samples were determined using a 

previously described sensitive assay using liquid chromatography coupled to tandem mass 

spectrometry (23). Pharmacokinetic calculations and statistical analysis were performed as 

described (15). 
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RESULTS

To determine whether lopinavir is transported by MDR1 and MRP2, we analyzed 

transepithelial transport using monolayers of MDCK-II cells transduced with human 

MDR1 or MRP2. In MDCK-II parental cells, the translocation of lopinavir in the apical 

direction was already higher than in the basolateral direction (Figure 1A). Yet, in the 

MDR1-transduced MDCK-II cells, this apically directed translocation was significantly 

increased whereas basolaterally directed translocation was sharply decreased, resulting in 

an increase in apical over basolateral transport ratio (r) from 2 to 32 (Figure 1C). In the 

presence of ritonavir, the lopinavir transport was completely inhibited in the parental cells, 

but only modestly in the MDR1-transduced cells (Figure 1B and 1D). The apically directed 

transport in the parental cell line can most likely be attributed to low-level endogenous 

canine P-gp activity. Accordingly, the P-gp inhibitor elacridar was added to parent and 

MRP2-transduced cells to allow a fair assessment of MRP2 transport activity (20). The 

vectorial translocation of lopinavir, however, was not different in MRP2-transduced cells 

compared to that in parental cells (Figure 1G and 1H). Combined, these in vitro results 

demonstrate that lopinavir is efficiently transported by MDR1 but not by MRP2, and that 

ritonavir is a modest inhibitor of MDR1-mediated lopinavir transport. 

We further evaluated the in vivo role of MDR1 and MRP2 in lopinavir oral 

pharmacokinetics by utilizing Mdr1a/b and Mrp2 knockout mice. Lopinavir was 

administered orally at 25 mg/kg to wild-type and knockout mice and at various time points 

blood samples were taken. In line with our in vitro results, we found a marked increase 

(8.6-fold) in systemic exposure (AUC) in Mdr1a/b-/- mice when compared to wild-type 

mice (Table 1). In contrast, no significant increase in systemic exposure could be 

determined for Mrp2-/- mice (Table 1), again in line with our in vitro data. Because Mdr1a/b 

and Mrp2 can sometimes take over each others function (24), we also administered 

lopinavir to Mdr1a/b/Mrp2 combination knockout mice. The AUC in Mdr1a/b/Mrp2-/- mice 

(Table 1), however, was not significantly different from that in Mdr1a/b-/- mice, further 

supporting the observation that Mrp2 is not an important determinant of lopinavir plasma 

pharmacokinetics.  
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Figure 1: Transepithelial transport of lopinavir (5 μM) in MDCK-II cells either non-transduced (A, B, E and F), 

transduced with human MDR1 (C and D) or human MRP2 (G and H) cDNA in the absence (A, C, E and G)) or 

presence (B, D, F and H) of ritonavir (50 μM). Parent and MRP2 cells were incubated in the presence of 5 μM 

elacridar (C, D, G and H). At t = 0 h, lopinavir was applied in one compartment (apical or basolateral) and the 

percentage of lopinavir transported to the opposite compartment at t = 2 and 4 h was measured by LC-MS/MS (n = 

3). Data represent means ± SD. r represents the relative transport ratio (i.e., the apically directed translocation 

divided by the basolaterally directed translocation) at t = 4 hr. 
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In addition to the drug transporters, we also studied the dependence of lopinavir 

pharmacokinetics on CYP3A using Cyp3a-/- mice (4). We note that lopinavir metabolism 

appears highly comparable between mouse and human in terms of rate and metabolic 

profile (1). Interestingly, a more than 2000-fold increase in systemic exposure was 

observed in Cyp3a-/- mice when compared to wild-type mice (Figure 2A; Table 1). These 

data illustrate that CYP3A is by far the most important determinant of lopinavir 

pharmacokinetics, greatly surpassing any impact of drug transporters.   
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Figure 2: Plasma concentration-time curves of lopinavir in male wild-type, Mdr1a/b/Mrp2-/-, Cyp3a-/- and 

Cyp3a/Mdr1a/b/Mrp2-/- mice after oral administration of lopinavir (25 mg/kg) in the absence (A) and presence (B) 

of ritonavir (25 mg/kg). The corresponding plasma concentration-time curves of ritonavir are given in panel C. 

Data are shown as the mean concentration, and error bars represent the SD (n = 3-4 per time point).

We have recently demonstrated that the simultaneous absence of both CYP3A and P-

glycoprotein leads to a disproportionate increase in systemic exposure for the anti-cancer 

drug docetaxel (15). By utilizing Cyp3a/Mdr1a/b-/- and Cyp3a/Mdr1a/b/Mrp2-/-

combination knockout mice, we evaluated whether an analogous effect could also be 

observed for oral lopinavir pharmacokinetics. It appeared, however, that plasma levels in 

both combination knockout strains were in the same range as observed in Cyp3a-/- mice 

with no significant differences in AUC between Cyp3a-/-, Cyp3a/Mdr1a/b-/- and 

Cyp3a/Mdr1a/b/Mrp2-/- (Figure 2: Table 1). Thus, whereas we observed a marked (8.6-

fold) effect of Mdr1a/b absence in a CYP3A-proficient situation, this was no longer seen in 

the CYP3A-deficient background (Table 1). 
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Ritonavir is considered to be an inhibitor of not only CYP3A but also Mdr1a/b and 

Mrp2 (16, 17, 25). Although ritonavir is known to increase the oral bioavailability of 

lopinavir, it is not completely understood whether this can be solely attributed to CYP3A 

inhibition or that inhibition of MDR1 and MRP2 contributes to this. To evaluate this, we 

co-administered ritonavir (25 mg/kg) with lopinavir (25 mg/kg) to wild-type, 

Mdr1a/b/Mrp2-/-, Cyp3a-/-, and Cyp3a/Mdr1a/b/Mrp2-/- mice and subsequently determined 

lopinavir plasma levels. Interestingly, the AUC in wild-type mice was more than 1000-fold 

increased when ritonavir was co-administered (Figure 2: Table 1), illustrating a major 

effect of ritonavir on the oral bioavailability of lopinavir. However, no significant 

difference in systemic exposure was seen between Cyp3a-/- mice that received lopinavir in 

combination with ritonavir and Cyp3a-/- mice that only received lopinavir. In addition, also 

in Mdr1a/b/Mrp2-/- mice plasma levels were highly increased (209-fold) when ritonavir was 

co-administered and the AUC reached a similar level as in Cyp3a-/- mice (Table 1). 

Collectively, these data indicate that ritonavir increases the lopinavir oral bioavailability 

primarily by inhibition of CYP3A.  

Evidence is accumulating that intestinal CYP3A metabolism can often strongly affect 

the pharmacokinetics of orally administered drugs (4, 26-29). As our data above indicate 

that CYP3A is a major determinant of oral lopinavir pharmacokinetics, we further 

investigated how relevant intestinal versus hepatic metabolism is for the disposition of 

lopinavir. For this purpose, we used transgenic mice that have either hepatic or intestinal 

specific CYP3A4 expression in a murine Cyp3a knockout background, denoted as Cyp3a-/-

Tg-3A4Hep and Cyp3a-/-Tg-3A4Int mice, respectively (4). In addition, an analogous mouse 

strain with transgenic CYP3A4 expression in both intestine and liver (Cyp3a-/-Tg-

3A4Hep/Int) was studied. The transgenic CYP3A4 activity in liver or intestine of these mouse 

strains is comparable with the endogenous CYP3A activity in the respective organs of wild-

type mice (4), indicating physiologically relevant levels of CYP3A4. Consistent with our 

observations in wild-type mice, we found that the systemic lopinavir exposure in Cyp3a-/-

Tg-3A4Hep/Int mice was dramatically reduced (> 4400-fold) when compared to Cyp3a-/- mice 

(Table 2) and was in the same order as we observed for wild-type mice (Table 1). Note, 

however, that in this experiment we used a 4-fold higher lopinavir dose (i.e. 100 mg/kg) to 

allow quantification of the lopinavir plasma levels in all strains up to at least 4 hours after 

administration. Interestingly, exclusive expression of CYP3A4 in either the intestine 

(Cyp3a-/-Tg-3A4Int) or in the liver (Cyp3a-/-Tg-3A4Hep) could each by itself already reduce 

the systemic exposure of lopinavir substantially (135- and 103-fold, respectively) when 

compared to Cyp3a-/- mice (Figure 3; Table 2). 
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Figure 3: Plasma concentration-time curves of lopinavir in male Cyp3a-/-, Cyp3a-/-Tg-3A4Hep, Cyp3a-/-Tg-3A4Int

and Cyp3a-/-Tg-3A4Hep/Int mice after oral administration of lopinavir (100 mg/kg) in the absence (A) and presence 

(B) of ritonavir (25 mg/kg). The corresponding plasma concentration-time curves of ritonavir are given in panel C. 

Data are shown as the mean concentration, and error bars represent the SD (n = 3-4 per time point). 

To assess whether ritonavir primarily inhibits intestinal or hepatic CYP3A4 we co-

administered ritonavir (25 mg/kg) with lopinavir (100 mg/kg) to the CYP3A4 transgenic 

mouse strains. Ritonavir co-administration increased the lopinavir AUC roughly 20-30-fold 

in all strains that have transgenic CYP3A4 expression but not in Cyp3a-/- mice (Figure 3A 

and B; Table 2). Yet, when compared to the Cyp3a-/- mice, lopinavir plasma levels 

remained rather low in mice that have both intestinal and hepatic CYP3A4 expression 

(Cyp3a-/-Tg-3A4Hep/Int) (Figure 3A and B). Furthermore, the increase in lopinavir exposure 

in this strain was also much less pronounced than we observed when ritonavir was co-

administered to wild-type mice (Figure 2; Table 1), which also has (mouse) CYP3A 

expression in both intestine and liver. A possible reason for this might be that ritonavir is 

rapidly degraded in the CYP3A4-expressing mouse strains, especially the Cyp3a-/-Tg-

3A4Hep/Int line, Indeed, ritonavir levels were highly affected by CYP3A4 and were much 

more reduced in Cyp3a-/-Tg-3A4Hep/Int mice than in wild-type mice (Figure 2C and 3C). For 

example, whereas we could detect ritonavir levels up to 24 hours after administration in 

wild-type mice, in Cyp3a-/-Tg-3A4Hep/Int mice levels were already below the limit of 

quantification at 4 hours. Most likely this discrepancy between Cyp3a-/-Tg-3A4Hep/Int and 

wild-type can be attributed to differences in the kinetic properties (Km, Vmax) of ritonavir 

metabolism by human CYP3A4 and the mouse CYP3A enzymes. Yet, regardless of this 

difference, our data indicate that ritonavir can inhibit both intestinal and hepatic CYP3A4 

and that both processes contribute to similar extents to the lopinavir exposure.  
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DISCUSSION 

Our results demonstrate that CYP3A is a major determinant of oral lopinavir 

pharmacokinetics. Compared to CYP3A, the drug transporter Mdr1 has only limited effect 

and Mrp2 has no noticeable effect on lopinavir exposure. Interestingly, no further increase 

in lopinavir systemic exposure could be observed when Mdr1a/b/Mrp2 was absent in 

addition to CYP3A. More detailed examination of the role of CYP3A indicated that both 

hepatic and intestinal CYP3A activity have a major impact on the bioavailability of 

lopinavir. Furthermore, our study demonstrates that ritonavir affects lopinavir 

pharmacokinetics by inhibition of both intestinal and hepatic CYP3A.  

The systemic exposure of lopinavir in Cyp3a-/- mice was more than 1000-fold 

increased when compared to wild-type, unambiguously demonstrating the importance of 

CYP3A in the lopinavir pharmacokinetics. Furthermore, our results demonstrate that both 

intestinal as well as hepatic CYP3A4 could reduce lopinavir exposure considerably. These 

results differ somewhat from our previous study in which we investigated the relative 

importance of intestinal versus hepatic CYP3A4 metabolism for docetaxel (4). Whereas for 

oral lopinavir we found a roughly comparable effect of intestinal and hepatic CYP3A4, this 

balance was much more in favor of intestinal CYP3A4 metabolism in case of orally 

administered docetaxel (4). So, perhaps not surprisingly, the relative importance of 

intestinal and hepatic CYP3A-mediated metabolism is substrate dependent. Nonetheless, 

although our results show that both intestinal and hepatic CYP3A4 can limit the lopinavir 

exposure to a similar extent, one has to consider that after oral administration, lopinavir 

will first be subject to intestinal metabolism and so only a minor fraction of the initial dose 

will reach the liver. As such, intestinal CYP3A4 is still likely to account for the majority of 

the lopinavir metabolism.  

The majority of PIs are substrates for MDR1 and it has been shown that MDR1 can 

limit the oral bioavailability of PIs (e.g. ref (30)). In addition to MDR1, also the drug-

transporter MRP2 can have a relevant impact on the oral bioavailability of drugs (e.g. ref 

(24)). Recently, Agarwal et al. (2007) reported that lopinavir is a substrate for MRP2 in 

vitro (9). We, however, could not detect any substantial active transport of lopinavir by 

MRP2. In addition, we also did not find a significant difference in systemic lopinavir 

exposure between Mrp2-/- and wild-type mice. Furthermore, also no difference between 

Mdr1a/b-/- and Mdr1a/b/Mrp2-/- mice was observed. We note that many other PIs have been 

identified as MRP2 substrates in vitro (20). In case of lopinavir, which is to our knowledge 

the first PI evaluated in Mrp2-/- mice, we thus found no obvious in vivo role for this drug 
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transporter. Whether MRP2 could affect the pharmacokinetics of other PIs remains to be 

determined.  

Given the prominent role of CYP3A in the pharmacokinetics of lopinavir, the known 

inter- and intra-individual variation in CYP3A activity can have profound effects on the 

therapeutic effectiveness and toxicity of lopinavir. It is indeed known that there is large 

variation in lopinavir plasma levels between patients (31). Ritonavir might reduce the inter-

individual variation in lopinavir exposure to some extent but, as also observed in this study 

(Figure 3C), ritonavir levels itself can also be highly affected by CYP3A. Indeed, it has 

been reported that there is not only considerable inter-individual variation in lopinavir but 

also in ritonavir plasma levels in patients (31). Accordingly, also lopinavir plasma levels 

have been found to positively correlate with ritonavir levels in patients (31, 32). 

Several drug-drug interactions affecting lopinavir have been documented (33-38), 

which can probably all be attributed to interactions at the CYP3A level. For example, when 

lopinavir is given in combination with efavirenz or nevirapine, two known inducers of 

CYP3A4, the lopinavir exposure is significantly reduced (39, 40). Not only other drugs but 

also food constituents can affect CYP3A activity through either inhibition or induction of 

the enzyme (41). For example, grapefruit juice is known to potently inhibit intestinal 

CYP3A (27). This interaction might be of particular relevance as we demonstrated that 

intestinal CYP3A4 significantly contributes to lopinavir metabolism. In addition, also some 

herbal products, which are widely used among HIV patients, are known to interfere with 

CYP3A  activity (42). In view of that, an interesting case study of an HIV-patient taking 

lopinavir in combination with herbal products (evening primrose, colayur and rheum 

frangula) was recently reported (43). This patient obtained toxic lopinavir levels and 

suffered from severe diarrhea (43). It was concluded that inhibition of CYP3A4 by the 

herbals was the most plausible explanation for the observed toxic lopinavir levels (43). 

Indeed, efamol, an ingredient of evening primrose, has been found to inhibit CYP3A4 (44), 

though little is known about the inhibition potential of the other herbs. These examples, 

together with our present data, clearly demonstrate that CYP3A is an important enzyme for 

lopinavir treatment. Variable CYP3A activity levels as well as possible lopinavir-drug, -

food or -herbal interactions could result in ineffective treatment or toxicity. Clearly, these 

interactions are not always easy to predict.  

It has been suggested that the combined activity of CYP3A and drug transporters is 

important in limiting the systemic exposure of many orally administered drugs (11-14). 

Recently, we demonstrated that when Cyp3a/Mdr1a/b-/- mice were challenged with 

docetaxel, a more than 70-fold increase in systemic exposure after oral administration was 

observed when compared to wild-type. Importantly, this effect was more than additive 
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when compared to the single Cyp3a-/- (12-fold) and Mdr1a/b-/- (3-fold) mice, illustrating a 

disproportional increase in oral bioavailability when both systems are absent or inhibited. 

Interestingly, in the present study we also found a significant increase in lopinavir exposure 

in both Cyp3a-/- and Mdr1a/b/(Mrp2)-/- mice when compared to wild-type mice, but we did 

not observe a further increase in lopinavir exposure in Cyp3a/Mdr1a/b/(Mrp2)-/- mice 

compared to Cyp3a-/- mice. This indicates that the function of Mdr1a/b/(Mrp2)-/- is only 

noticeable at lower plasma concentrations but not at relatively higher (therapeutic) levels. 

The most likely explanation for this is that CYP3A activity, which drastically lowers 

lopinavir plasma (and tissue) concentrations, prevents saturation of Mdr1a/b and Mrp2. 

Apparently, both MDR1 and MRP2 have a relatively low maximal clearance rate for 

lopinavir and so these transporters become relatively easily saturated. Note that this is 

consistent with the in vitro study of Argawal et al. (2007), where they could readily detect 

lopinavir transport by MDR1 and MRP2 at concentrations of 0.5 μM, but hardly at higher 

concentrations (1-25 μM). An important theoretical argument of the proposed interplay 

between CYP3A and drug transporters is that the function of the drug transporter would 

prevent saturation of CYP3A (11-14). Yet, in case of lopinavir it seems it is not so much 

the drug transporters that prevent saturation of CYP3A but, rather, that CYP3A prevents 

saturation of the drug transporters. This is an interesting finding of which, to our 

knowledge, no examples have been previously described. It also clearly illustrates how 

entangled and unpredictable the interplay between CYP3A and drug transporters can be. It 

is therefore important to be aware that the interplay between CYP3A and drug transporters 

cannot be simply generalized and will be highly substrate and dose dependent.  
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ABSTRACT  

Purpose: Trabectedin (Yondelis; ET-743) is a novel anti-cancer drug with potent activity 

against various tumors. However, dose-limiting hepatotoxicity was observed during clinical 

trials. As recent reports have suggested that cytochrome P450 3A (CYP3A) as well as the 

drug transporters MDR1, MRP2 and MRP3 might protect against trabectedin-mediated 

hepatotoxicity, we investigated the individual and combined roles of these detoxifying 

systems. 

Experimental design: MDCK cells expressing MRP2 and MRP3 were used to study in 

vitro trabectedin transport. We investigated the hepatotoxicity of trabectedin, and the 

plasma and liver levels of this drug and its metabolites, in mice deficient for CYP3A, 

Mdr1a/b, Mrp2 and/or Mrp3 after intravenous trabectedin administration.  

Results: Contrary to our expectation, absence of CYP3A resulted in only a marginal 

increase in hepatotoxicity. Whereas hepatotoxicity was apparent in Mrp2-/- mice, it was not 

observed in Mdr1a/b-/- and Mrp3-/- mice. Strikingly, severe hepatotoxicity was found in 

Mdr1a/b/Mrp2-/- and Mrp2/Mrp3-/- mice. Surprisingly, however, hepatotoxicity was 

drastically decreased in Cyp3a/Mdr1a/b/Mrp2-/- compared to Mdr1a/b/Mrp2-/- mice, 

suggesting that the formation of CYP3A specific metabolites is an important prerequisite 

for the trabectedin-mediated hepatotoxicity. Further studies revealed that there is increased 

accumulation of metabolites of trabectedin, but not of trabectedin itself, in the livers of 

mice that lack Mrp2 but are CYP3A proficient. 

Conclusions: Our data demonstrate that MDR1, MRP2 and MRP3 have a profound and 

partially redundant function in protection from trabectedin-mediated hepatotoxicity. 

Importantly, our data further indicate that the CYP3A-generated metabolites are primarily 

responsible for trabectedin-mediated hepatotoxicity.  
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INTRODUCTION

Trabectedin is an anti-cancer drug isolated from a marine tunicate that has recently 

been approved for the treatment of soft tissue carcinoma. In addition, several phase II and 

III clinical trials of this drug for other cancer types have been published or are still ongoing, 

including trials for breast (1), ovarian (2, 3) and prostate cancer (4). Although trabectedin 

has an impressive anti-tumor activity, dose-limiting hepatotoxicity became apparent during 

several clinical trials (reviewed in ref (5)).

Mass balance studies have revealed that trabectedin is extensively metabolized and 

virtually all trabectedin is excreted in its metabolite form into bile. The chemical structure 

of trabectedin provides numerous sites for metabolic conversion. Indeed, a large number of 

(unknown) metabolites, without clearly predominating metabolites, could be observed in 

radiochromatograms after intravenous administration of [14C]trabectedin to patients (6). No 

metabolites in plasma have been structurally identified so far and only a few metabolites 

from feces (6). The low dose, high volume of distribution and long terminal half-life of 

trabectedin result in very low concentrations of trabectedin and its metabolites in plasma, 

urine and feces, hampering the structural elucidation of the trabectedin metabolites (6, 7). 

Consequently, there is also only very limited evidence whether the trabectedin metabolites 

are pharmacodynamically active or could in part be responsible for the trabectedin-

mediated hepatotoxicity. 

In vitro studies have indicated that cytochrome P450 3A (CYP3A) enzymes are 

primarily responsible for the metabolic degradation of trabectedin (8, 9). CYP3A enzymes 

are known to metabolize ~50% of the currently marketed drugs, including many anti-cancer 

drugs (10). Importantly, interactions at the CYP3A level are often the cause of drug-drug 

interactions. This is especially relevant in the field of oncology, where patients often receive 

multiple drug treatments and with drugs that are potentially highly toxic (11). 

Interestingly, pretreatment with the glucocorticoid dexamethasone, 24 hours before 

trabectedin administration, reduces the hepatotoxic effects of trabectedin, while direct 

dexamethasone co-administration has no effect (12, 13). The mechanism of how 

dexamethasone reduces the hepatotoxicity is not understood but it has been suggested that 

its protective effect could be due to increased metabolism by CYP3A enzymes (14, 15). 

Indeed, dexamethasone is a well-known inducer of CYP3A expression (e.g. ref (16)). 

Recent reports have suggested that in addition to CYP3A also drug transporters of the 

ATP-binding cassette (ABC) family are involved in the disposition of trabectedin. For 

example, trabectedin was shown to be a substrate for human MDR1 as well as for mouse 

Mdr1a in vitro (17). In addition, it was recently shown that there was altered toxicity in 



CYP3A and drug transporters determine trabectedin hepatotoxicity 
                     

195

hepatocytes from MRP2-deficient (TR-) rats, indicating a possible role for MRP2 in the 

hepatotoxicity of trabectedin (14). It was also hypothesized that the basolaterally located 

drug transporter MRP3 could affect the trabectedin-mediated hepatotoxicity (14). Little in 

vivo evidence, however, is currently available about whether any of these drug transporters 

affects the disposition, and possibly also the hepatotoxicity, of trabectedin. 

In this study we aimed to investigate the individual and combined roles of CYP3A and 

the drug transporters MDR1, MRP2 and MRP3 in the trabectedin-mediated hepatotoxicity. 

To this end, we administered trabectedin to several mouse strains that are lacking CYP3A, 

Mdr1a/b, Mrp2 and/or Mrp3. Based on the available literature we expected a strong 

protective role for CYP3A in the trabectedin-mediated hepatotoxicity. However, our data 

revealed that in an Mrp2-deficient situation, CYP3A has a toxifying rather than a 

detoxifying role. These unexpected findings qualify the role of CYP3A in the detoxification 

of trabectedin and indicate a protective role for especially MRP2. The findings presented in 

this paper could have important implications for the clinical use of trabectedin.  

Translational relevance 

Trabectedin (Yondelis; ET-743) is a novel anti-cancer drug with potent activity against 

various tumors. However, dose-limiting hepatotoxicity was observed during clinical trials. 

In this study we found that metabolites of trabectedin which are specifically formed by 

the drug-metabolizing enzyme CYP3A are an important determinant of trabectedin-

mediated hepatotoxicity. In particular when the drug efflux transporter Mrp2 is absent, 

these trabectedin metabolites accumulate in the liver which results in hepatotoxicity. This 

trabectedin-mediated hepatoxicity becomes especially severe when in addition to Mrp2 

also the drug transporter Mdr1a/b or Mrp3 is absent. Therefore, patients with reduced 

MRP2 (and MDR1 or MRP3) activity, due to polymorphisms or due to inhibition by co-

medication and/or food constituents, might be at increased risk for severe hepatotoxicity 

during trabectedin treatment. These hepatotoxic effects caused by trabectedin could be 

even more severe in patients where low MRP2 activity is accompanied by high CYP3A 

activity.
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MATERIALS & METHODS 

Chemicals and reagents 

Trabectedin (Yondelis; Ecteinascidin 743; ET-743) was obtained from the National Cancer 

Institute, Developmental Therapeutics Program Repository  (http://dtp.nci.nih.gov/branches 

/dscb/repo_open.html) [14C]-trabectedin was kindly provided by by Dr. L. Lopez-Lazaro 

(PharmaMar, Madrid, Spain). Methoxyflurane (Metofane) was obtained from Medical 

Developments Australia Pty. Ltd. (Springvale, VIC, Australia). All other chemicals were of 

analytical grade and obtained from standard commercial suppliers, unless mentioned 

otherwise.

Animals 

All mice used in this study were housed and handled according to institutional guidelines 

complying with Dutch national law. All mice were constantly kept in a temperature-

controlled environment, where a 12:12 hour light/dark-cycle was maintained. The animals 

were given a standard AM-II diet from Hope Farms (Woerden, the Netherlands) and 

acidified water ad libitum. The different mouse strains used in this study consisted of wild-

type (FVB), Cyp3a knockout (Cyp3a-/-) (18), Mdr1a/b knockout (Mdr1a/b-/-) (19), Mrp2 

knockout (Mrp2-/-) (20), Mrp3 knockout (Mrp3-/-) (21),  Mdr1a/b/Mrp2 knockout 

(Mdr1a/b/Mrp2-/-) (22), Mrp2/Mrp3 knockout (Mrp2/Mrp3-/-) (23) and 

Cyp3a/Mdr1a/b/Mrp2 knockout (Cyp3a/Mdr1a/b/Mrp2-/-) mice. All knockouts were on a 

99% FVB background. Only 8 to 15 weeks old male mice were used throughout the study. 

All experiments were approved by the local committee for animal experiments. 

Cell lines and tissue culture 

The polarized canine kidney cell line MDCK-II was used in transport assays. Human 

MRP2- and MRP3- as well as mouse Mrp2-transduced MDCK-II subclones were described 

previously (24-26). The MDCK-II cells and transduced subclones were cultured in 

Dulbecco's modified Eagle's medium supplied with Glutamax (Invitrogen, Carlsbad, CA) 

and supplemented with 50 units/ml penicillin, 50 μg/ml streptomycin, and 10% (v/v) fetal 

calf serum (Invitrogen) at 37°C in the presence of 5% CO2. The cells were trypsinized 

every 3 to 4 days for subculturing. 

In vitro transport studies 

Transport assays were performed as reported previously with some minor modifications 

(17, 27). Briefly, cells were seeded on microporous polycarbonate membrane filters 
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(Transwell 3414; Costar, Corning, NY) at a density of 1.0 × 106 cells/well in 2 ml of 

complete medium and subsequently grown for 3 days. Two hours before the start of the 

experiment, complete medium in the apical and basolateral compartments was replaced 

with Optimem medium (Life Technologies), without serum, and in the precence of 5 μM of 

elacridar (to inhibit any endogenous P-glycoprotein activity). At t = 0 h the experiment was 

started by replacing the medium with fresh Optimem medium with [14C]-trabectedin (166 

ng/ml) in the appropriate compartment. This was done in the presence of 5 μM elacridar. 

Cells were incubated at 37°C in 5% CO2, and 100 μl aliquots of medium were taken at t = 2 

and 4 hr. Subsequently, 4 ml of scintillation fluid (Ultima-Gold; PerkinElmer Life and 

Analytical Sciences, Waltham, MA) was added to the samples, and radioactivity was 

measured using a dual-channel scintillation counter. Transport was calculated as the 

fraction of drug found in the acceptor compartment relative to the total amount added to the 

donor compartment at the beginning of the experiment. Transport was given as mean 

percentage ± S.D. (n = 3). Membrane tightness was assessed using [3H]inulin, which was 

added to the donor compartment. Leakage was not allowed to be >1% of the total added 

radioactivity per hour. 

In vivo study of hepatotoxicity caused by trabectedin  

Wild-type, Cyp3a-/-, Mdr1a/b-/-, Mrp2-/-, Mrp3-/-, Mrp2/Mrp3-/-, Mdr1a/b/Mrp2-/- and 

Cyp3a/Mdr1a/b/Mrp2-/- mice were used. Prior to drug administration blood was collected 

by tail sampling. After intravenous injection of trabectedin (100 μg/kg) in ethanol and 

KH2PO4 (50 mM; pH 4) (1:100), blood was drawn by tail sampling after 2, 3 and 4 days. 

All samples were collected in heparinized tubes and plasma was obtained after 

centrifugation at 8,000 rpm for 6 minutes. An aliquot of 50 μl of plasma was diluted 3-fold 

with saline and analyzed for ALAT, ASAT, AP and bilirubin levels. At every time point, 

loss of body weight of individual mice was determined and did not exceed 20% during the 

experiment. 4 days after drug administration the mice were sacrificed by cardiac puncture 

under methoxyflurane anesthesia followed by cervical dislocation. 

Clinical-chemical analysis of plasma

Standard clinical chemistry analyses on mouse plasma were done on a Roche Hitachi 917 

analyzer (Roche Diagnostics, Basel, Switzerland) to determine levels of total bilirubin, 

alkaline phosphatase, aspartate aminotransaminase (ASAT), alanine aminotransaminase 

(ALAT), γ-glutamyl transferase, lactate dehydrogenase, creatinine, ureum. 
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Determination of trabectedin levels in plasma and liver  

To investigate the role of CYP3A and several drug transporters in the pharmacokinetics    

of trabectedin, wild-type, Cyp3a-/-, Mdr1a/b-/-, Mrp2-/-, Mdr1a/b/Mrp2-/- and 

Cyp3a/Mdr1a/b/Mrp2-/- mice were used in this study. At t = 0, trabectedin (200 μg/kg) in 

ethanol and KH2PO4 (50 mM; pH 4) (1:50) was administered intravenously. After 40 

minutes, cardiac puncture was performed under anesthesia with methoxyflurane for 3 mice 

per time point. 40 min was selected based on previous pharmacokinetic studies with 

trabectedin in mice (28). Blood was collected in heparinized syringes and plasma was 

obtained after centrifugation at 2,100 x g for 6 minutes. Mice were sacrificed by cervical 

dislocation and livers were isolated. Plasma samples and liver homogenates were analyzed 

for trabectedin using liquid chromatography with tandem mass spectrometry, according to 

Rosing et al. (29).

To get insight into the trabectedin metabolism, [14C]-trabectedin (200 μg/kg) was 

administered i.v. to wild-type, Cyp3a-/-, Mdr1a/b-/-, Mrp2-/-, Mrp3-/-, Mdr1a/b/Mrp2-/-, 

Mrp2/Mrp3-/- and Cyp3a/Mdr1a/b/Mrp2-/- mice. After 20 minutes, blood was collected in 

heparinized tubes via tail sampling. After 40 minutes, a cardiac puncture was performed 

under anesthesia with methoxyflurane. After centrifugation of the blood samples (2,100 x g 

for 6 min), plasma was obtained of both time points. Mice were sacrificed by cervical 

dislocation and livers were isolated. Livers were weighed and directly dissolved in 4 ml 

Solvable tissue solubilizer from Packard (Groningen, the Netherlands). Plasma and liver 

samples were quantified for radioactivity. 

Statistical analysis

For data comparisons, the student’s unpaired, two-tailed t-test was used. Data are presented 

as means ± SD. * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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RESULTS

In vitro transport of trabectedin by MRP2 and MRP3 

Previous in vitro studies have demonstrated that trabectedin can be transported by 

human and mouse MDR1/Mdr1a (17). A recent study suggested that trabectedin might also 

be a substrate for MRP2 (14). To determine whether trabectedin is indeed transported by 

MRP2, we analyzed transepithelial transport using monolayers of MDCK-II cells that were 

transduced with either human MRP2 or mouse Mrp2. Because MDCK cells have 

endogenous MDR1 expression, the MDR1 inhibitor elacridar was added to allow a fair 

assessment of MRP2 transport activity (27). Whereas there was no difference between 

apically and basolaterally directed transport in MDCK-II parental cells, in both MRP2- and 

Mrp2-transduced cells the translocation of trabectedin in the apical direction was higher 

than in the basolateral direction (Figure 1). Since it has been hypothesized that trabectedin 

is also a substrate for the basolateral transporter MRP3 (14), we also tested trabectedin 

transport by this drug transporter. The net basolaterally directed transport of trabectedin 

was modestly but significantly increased in MRP3-transduced cells compared to that in 

parental cells (Figure 1). In vitro, trabectedin is thus fairly efficiently transported by 

MRP2/Mrp2 but only modestly by MRP3.

Role of CYP3A, Mdr1a/b and Mrp2 in the trabectedin-mediated hepatotoxicity

Hepatotoxicity caused by trabectedin has been reported based on elevated blood levels 

of several markers, including alanine aminotransferase (ALAT), aspartate aminotransferase 

(ASAT), alkaline phosphatase (AP) and bilirubin (5). Previous studies in mice indicated 

that according to these markers the hepatotoxicity is maximal three days after trabectedin 

administration (28). CYP3A has been suggested to efficiently metabolize trabectedin in the 

liver, thereby reducing the hepatotoxic effects (8, 9, 12). To get more insight into the in 

vivo protective role of CYP3A in trabectedin-mediated hepatotoxicity, we administered 

trabectedin (100 μg/kg i.v.) to Cyp3a-/- and wild-type mice. ALAT and bilirubin levels were 

unchanged 3 days after administration when compared to wild-type mice (Figure 2A and 

D). A modest increase (less than 2-fold) was observed in ASAT and AP levels for Cyp3a-/-

mice compared to wild-type mice, representing a very mild hepatotoxic profile (Figure 2B 

and C). Also pathological examination did not reveal any signs of hepatotoxicity (Figure 3). 

Nonetheless, 4 days after drug administration ALAT, ASAT and AP levels were slightly 

increased in Cyp3a-/- mice (Supplementary data 1), perhaps suggesting a very modest late 

hepatotoxicity in these mice compared to wild-type mice.  
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Figure 1: Transepithelial transport of [14C]trabectedin (0.22 μM) in MDCK-II cells either nontransduced (A) or 

transduced with human MRP2 (B), mouse Mrp2 (C) or human MRP3 (D) cDNA, in the presence of elacridar (5 

μM). At t = 0 h, [14C]trabectedin was applied in one compartment (apical or basolateral), and the percentage of 

radioactivity translocated to the opposite compartment at t = 2 and 4 h was measured by scintillation counting (n = 

3). Translocation from the basolateral to the apical compartment (B to A); translocation from the apical to the 

basolateral compartment (A to B). Data represent means ± S.D. r represents the relative transport ratio (i.e., the 

apically directed translocation divided by the basolaterally directed translocation) at t = 4 hr. 

Trabectedin can be transported by MDR1/Mdr1a and MRP2/Mrp2 in vitro (see (17) 

and above). To address the in vivo importance of these drug transporters in the protection 

against trabectedin-mediated hepatotoxicity, we administered trabectedin to Mdr1a/b/Mrp2-

/- mice. Strikingly, severe hepatotoxicity was observed in Mdr1a/b/Mrp2-/- mice, with levels 

of ALAT and ASAT that were each elevated more than 100-fold in comparison with wild-

type (Figure 2). Also AP levels were increased about 6-fold at this time point (Figure 2). In 

addition, while levels of bilirubin were below the detection limit in wild-type mice (<6 

U/l), they reached levels above 100 U/l in Mdr1a/b/Mrp2-/- mice (Figure 2D).  
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Figure 2: Levels of alanine aminotransaminase (ALAT) (A), aspartate aminotransaminase (ASAT) (B), alkaline 

phosphatase (Alk. Phos.) (C) and total (free plus conjugated) bilirubin (D) in plasma of wild-type, Cyp3a-/-, 

Mdr1a/b/Mrp2-/-, Cyp3a/Mdr1a/b/Mrp2-/- before and 3 days after i.v. administration of 100 μg/kg trabectedin. 

Values represent means ± SD. n = 6-9 male mice for each strain. Significance is represented as comparison to 

wild-type. Note break in y-axes of the ALAT and ASAT levels.

Histopathological examination also revealed severe hepatotoxicity (Figure 3). The 

parenchymal cells of liver from Mdr1a/b/Mrp2-/- mice underwent massive degeneration and 

necrosis and collapse of the lobular structures. The hepatocytes showed vacuolization and 

eosinophilic changes of the cytoplasm and pyknosis and breakdown of the nuclei. In strong 

contrast, livers from wild-type and Cyp3a-/- mice showed hardly any pathologic alterations 

after trabectedin treatment (Figure 3).  
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Overall, these data indicate that in contrast to wild-type and Cyp3a-/- mice, severe 

hepatotoxicity was observed in Mdr1a/b/Mrp2-/- mice. We note that besides the 

hepatotoxicity markers no other clinical chemistry parameters (see Materials & Methods) 

were significantly different in these mice (data not shown). 

To investigate the effect of the combined loss of both CYP3A and the drug 

transporters Mdr1a/b and Mrp2 on the trabectedin-mediated hepatotoxicity, we 

administered trabectedin to Cyp3a/Mdr1a/b/Mrp2-/- mice. Surprisingly, in contrast to 

Mdr1a/b/Mrp2-/- mice, only very mild hepatotoxicity was observed in 

Cyp3a/Mdr1a/b/Mrp2-/- mice with vastly lower ALAT, ASAT, AP and bilirubin levels than 

in Mdr1a/b/Mrp2-/- mice (Figure 2). Accordingly, histopathological analysis of 

Cyp3a/Mdr1a/b/Mrp2-/- livers revealed hardly any pathologic alterations (Figure 3). These 

data point to an important role for CYP3A-generated metabolites in the hepatotoxicity of 

trabectedin in Mdr1a/b- and Mrp2-deficient mice.  

                                   

Figure 3: Three days after trabectedin treatment (100 μg/kg), the parenchymal cells of liver from Mdr1a/b/Mrp2-/-

mice were undergoing massive degeneration and necrosis and collapse of the lobular structures. The hepatocytes 

showed vacuolization and eosinophilic changes of the cytoplasm and pyknosis and breakdown of the nuclei. In 

contrast, livers from wild-type, Cyp3a-/-, and Cyp3a/Mdr1a/b/Mrp2-/- mice showed hardly any pathologic 

alterations after trabectedin treatment.  

Wild-type Mdr1a/b/Mrp2(-/-)

Cyp3a/Mdr1a/b/Mrp2(-/-)Cyp3a(-/-) 

40X 
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Determination of trabectedin levels in plasma and liver  

To get more insight into how CYP3A, Mdr1a/b and Mrp2 determine the trabectedin-

mediated hepatotoxicity we evaluated levels of trabectedin in plasma and liver 40 minutes 

after i.v. administration. In addition, we also administered [14C]-trabectedin in parallel to 

assess the amount of metabolites present in plasma and liver.  

Consistent with the proposed important role of CYP3A in trabectedin metabolism, 

trabectedin levels in plasma and liver of Cyp3a-/- mice were significantly higher (8.3- and 

2.6-fold respectively) than in wild-type (Figure 4, white bars). Note that from the toxicity 

data above we did not find severe hepatotoxicity in Cyp3a-/- but, rather, in Mdr1a/b/Mrp2-/-

mice. Yet, trabectedin levels in the plasma of Mdr1a/b/Mrp2-/- mice were only slightly 

higher (2.1-fold), whereas trabectedin levels in the liver were even significantly lower (2.5-

fold) compared to wild-type (Figure 4, white bars). This suggests that trabectedin itself is 

not a major hepatotoxicity-determining factor in these mouse strains, as its liver level 

appears inversely correlated with the amount of hepatotoxicity. Interestingly, however, 

levels of trabectedin metabolites ([14C]-label) were highly elevated in both plasma and liver 

(5.2- and 2.4-fold, respectively) of Mdr1a/b/Mrp2-/- mice, and were the highest among all 

strains investigated (Figure 4, gray bars). Note that in all strains the amount of trabectedin 

metabolites in liver was far higher than that of parent trabectedin.  

In Cyp3a/Mdr1a/b/Mrp2-/- mice, consistent with the absence of CYP3A, we found 

higher trabectedin levels in plasma and liver compared to wild-type (Figure 4, white bars). 

Yet, whereas [14C]-levels were also higher in plasma of Cyp3a/Mdr1a/b/Mrp2-/- mice, they 

were not significantly different in the liver, when compared to wild-type (Figure 4, gray 

bars). Overall, these data demonstrate that there is substantial accumulation of trabectedin 

metabolites, but not of trabectedin itself, in the livers (and plasma) of Mdr1a/b/Mrp2-/-

mice. Together with the toxicity data above, this suggests that primarily CYP3A-generated 

metabolites rather than trabectedin itself are responsible for the severe hepatotoxicity in 

Mdr1a/b/Mrp2-/- mice. 

Role of drug transporters in trabectedin-mediated hepatotoxicity 

Given the severe hepatotoxicity in Mdr1a/b/Mrp2-/- mice after trabectedin 

administration, we wanted to further investigate the individual roles of Mdr1a/b and Mrp2 

in the trabectedin-mediated hepatotoxicity. When trabectedin was administered to Mdr1a/b-

/- mice no significant hepatotoxicity was observed during the experiment (Figure 5 and 

Supplemental data 2). In contrast, moderate hepatotoxicity was apparent in Mrp2-/- mice 

according to the elevated ALAT (13-fold) and ASAT (7.1-fold) levels, when compared to 

wild-type mice (Figure 5). Also AP and bilirubin levels were significantly increased 
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(Figure 5). In combined Mdr1a/b/Mrp2-/- mice, however, the hepatotoxicity profile was far 

more severe (Figure 5). These data indicate that Mrp2 plays an important role in protection 

from trabectedin-mediated hepatotoxicity, and that this role becomes especially apparent in 

the absence of Mdr1a/b function. 
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Figure 4: Levels of trabectedin (white bars) and [14C]-label (gray bars) in plasma (A) and liver (B), 40 minutes 

after administration of ([14C])-trabectedin (200 μg/kg). Note break in y-axis of panel B for [14C]-label levels. 

Height of the [14C]-label bars includes the unchanged trabectedin levels.

It has recently been suggested that, in addition to MDR1 and MRP2, the basolateral 

drug-transporter MRP3 could also play a (protective) role in the trabectedin-mediated 

hepatotoxicity (14). Although our in vitro studies indicated that trabectedin itself is not a 

very good substrate for MRP3 (see above), MRP3 might transport some trabectedin 

metabolites more efficiently. To investigate the in vivo role of MRP3 in the trabectedin-

mediated hepatotoxicity, we administered trabectedin to Mrp3-/- as well as to Mrp2/Mrp3-/-

mice. Mdr1a/b/Mrp3-/- mice are not available in our institute and were thus not included. 

Compared to wild-type mice, Mrp3-/- mice showed very little hepatotoxicity during the 

experiment (Figure 5 and Supplementary data 2). In contrast, severe hepatotoxicity was 

observed in Mrp2/Mrp3-/- mice, showing highly elevated ALAT (348-fold) and ASAT 

(143-fold) levels, comparable to the levels seen in Mdr1a/b/Mrp2-/- mice, and far higher 

than in Mrp2-/- mice (Figure 5). Also the AP and bilirubin levels were significantly elevated 

(Figure 5). These data indicate that absence of Mrp3 markedly exacerbates the 

consequences of Mrp2 absence on trabectedin-mediated hepatotoxicity. 
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We also determined the trabectedin and [14C]-levels in plasma and liver after 

administration of trabectedin or [14C]-trabectedin, respectively. Mice that only lack 

Mdr1a/b, Mrp2 or Mrp3 did not have significantly higher trabectedin plasma levels when 

compared to wild-type, in contrast to Mdr1a/b/Mrp2-/- and Mrp2/Mrp3-/- mice (Figure 6A, 

white bars). In addition, Mdr1a/b/Mrp2-/- and Mrp2/Mrp3-/- mice had also the highest levels 

of [14C]-label in the plasma when compared to wild-type (Figure 6A, gray bars). More 

important for hepatotoxicity considerations, parent trabectedin levels in the liver were 

significantly lower in Mdr1a/b-/- and Mdr1a/b/Mrp2-/- mice, but were similar for all other 

knockout strains when compared to wild-type (Figure 6B, white bars). Interestingly, levels 

of [14C]-label in the liver were only markedly higher in those strains that lack Mrp2 (Mrp2-/-

, Mdr1a/b/Mrp2-/- and Mrp2/Mrp3-/-) (Figure 6B, gray bars). So, combined with the toxicity 

data above, these data show a clear correlation between the mice that have the highest 
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levels of trabectedin metabolites in liver and those that have the most severe hepatotoxicity 

profile, although the hepatotoxicity in single Mrp2-/- was relatively modest. In contrast, the 

hepatic levels of parent trabectedin did not correlate with the severity of hepatotoxicity. 
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DISCUSSION  

This study has yielded a number of unexpected results. Using Cyp3a knockout mice, we 

could confirm that CYP3A plays an important role in clearance of parent trabectedin, with 

markedly higher plasma and liver levels in the absence of CYP3A. However, 

hepatotoxicity of trabectedin was only marginally increased in Cyp3a-/- mice, suggesting 

that CYP3A activity is not a major factor in protection from trabectedin-mediated 

hepatotoxicity. In contrast, simultaneous loss of Mdr1a/1b and Mrp2 (Mdr1a/b/Mrp2-/-

mice) resulted in drastically increased hepatotoxicity, whereas the single knockouts 

displayed only little (Mdr1a/b-/-) or modest (Mrp2-/-) hepatotoxicity. Strikingly, the 

additional deletion of Cyp3a in Cyp3a/Mdr1a/b/Mrp2-/- mice resulted in nearly complete 

loss of the hepatotoxicity, even though the liver levels of parent trabectedin were increased. 

Trabectedin metabolite levels, however, were markedly decreased in this strain. These data 

indicate that CYP3A-generated trabectedin metabolites are primarily causing the 

hepatotoxicity, rather than the parent trabectedin. Moreover, Mdr1a/b and Mrp2 together 

appear to remove the most hepatotoxic CYP3A-generated trabectedin metabolites from the 

liver. The highly increased hepatotoxicity and trabectedin metabolite levels (but not parent 

trabectedin levels) in liver of Mrp2/Mrp3-/- mice show that Mrp3 also plays an important 

role in clearing hepatotoxic trabectedin metabolites from the liver. Together, our data 

indicate that Mdr1a/b, Mrp2 and Mrp3 have a profound and partially redundant function in 

protection from trabectedin-mediated hepatotoxicity.  

Despite potentially important clinical implications, there is only very limited 

information available about the impact of drug transporters on trabectedin-mediated 

hepatotoxicity. We demonstrated in vitro that trabectedin is transported by MRP2/Mrp2 

and, albeit only modestly, by MRP3. Previous in vitro studies have already demonstrated 

that trabectedin is a substrate for MDR1/Mdr1a (17). Because trabectedin is heavily 

metabolized, in vitro transport studies with the parent compound have only limited value as 

they do not provide information about the transport of the various trabectedin metabolites. 

In vivo studies with knockout mice for these drug transporters are therefore more 

appropriate to assess the actual impact of these drug transporters. We found a 

disproportionate increase in hepatotoxicity in mice that lack, in addition to Mrp2, also 

either Mdr1a/b or Mrp3, in comparison with the single knockout mice for these drug 

transporters. Hence, these drug transporters can for a large part take over each other’s 

function in the protection against trabectedin-mediated hepatotoxicity. Still, we observed 

significant hepatotoxicity in Mrp2-/- mice, indicating that Mdr1a/b and Mrp3 could not 

completely take over the hepatoprotective function of Mrp2.  
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Several studies have indicated a primary role for CYP3A in the metabolism of 

trabectedin. In agreement, we found higher levels of trabectedin in the plasma and livers of 

Cyp3a-/- mice. Yet, although we had expected to find (severe) hepatotoxicity in Cyp3a-/-, 

this appeared to be only very modest, especially in comparison with the Mdr1a/b/Mrp2-/- 

mice. Despite the prominent role for CYP3A in trabectedin metabolism, our data indicate 

that trabectedin can still be metabolized by other enzymes, in line with previous in vitro

studies that have demonstrated that also other (human) CYPs can metabolize trabectedin (8, 

9). It is, however, important to realize that this mixture of metabolites formed by other 

enzymes than CYP3A does, apparently, not cause such severe hepatotoxicity. Based upon 

the profoundly reduced trabectedin-mediated hepatotoxicity in Cyp3a/Mdr1a/b/Mrp2-/-

mice, we could substantiate that primarily the metabolites formed by CYP3A are 

responsible for the severe hepatotoxicity in Mdr1a/b/Mrp2-/- mice. Accordingly, the role of 

CYP3A in trabectedin-mediated hepatotoxicity is rather complex and can be seen as either 

toxifying or detoxifying depending on the presence or absence of the drug transporters. As 

long as the toxic metabolites formed by CYP3A can be transported out of the liver by Mrp2 

and Mdr1a/b or Mrp3, metabolism by CYP3A can be seen as a detoxification pathway. 

However, when the transport by Mrp2 and Mdr1a/b or Mrp3 is absent or inhibited, CYP3A 

dependent metabolism could rather be seen as a strong toxification mechanism. 

Few toxicological data are available about the metabolites of trabectedin. Although of 

great interest, attempts to structurally identify the trabectedin metabolites have been 

unsuccessful (6, 7).  It is known, though, that trabectadin is metabolized to a plethora of 

metabolites, each likely to have a different toxicity profile and different affinities towards 

drug transporters. It is important to realize that (toxic) metabolites transported by Mrp2 

could be different from the ones transported by Mdr1a/b and/or Mrp3. Furthermore, 

trabectedin metabolites could be more hepatotoxic than trabectedin itself. Even when 

similarly toxic as the parent compound, a possibly longer residence time of certain 

metabolites in the liver could result in more severe hepatotoxicity. 

These findings have important implications for the clinical use of trabectedin. It has 

been shown that pretreatment with dexamethasone reduces the hepatotoxic effects of 

trabectedin (12, 13). Although not completely understood, it was suggested that this 

protective effect could be due to increased metabolism by CYP3A enzymes (14, 15). While 

dexamethasone is indeed a well-known inducer of CYP3A, it is also a potent inducer of 

MRP2 (30). As a result, taking our data into account, the hepatoprotective effects of 

dexamethasone could well be rather the result of MRP2 induction than of CYP3A 

induction. In this respect it is important to realize that when dexamethasone is given to 

patients that have no or dysfunctional MRP2 (e.g. Dubin-Johnson patients), only CYP3A 
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will be induced. As our study demonstrates, this would likely rather exacerbate the 

hepatotoxic effects of trabectedin, than reduce them. In general, patients with reduced or 

absent MRP2 activity due to polymorphisms could be more susceptible to trabectedin 

hepatotoxicity. 

Trabectedin is currently tested in several clinical trials against various types of tumors 

(see introduction) and thus has the potential to become more widely used in the future. Also 

combination treatments of trabectedin with other anti-cancer drugs such as doxorubicin, 

paclitaxel and docetaxel are currently investigated in clinical trials (31-33). Importantly, 

doxorubicin, paclitaxel and docetaxel are all substrates for MDR1 and/or MRP2 (22, 34, 

35) and possible drug-drug interactions leading to severe hepatotoxicity could thus arise. 

Like most anti-cancer drugs, trabectedin has a narrow therapeutic window. Improved 

insight and awareness of those systems that affect the disposition and toxicity of trabectedin 

such as CYP3A and drug transporters will be crucial to allow optimally safe use of this 

drug.
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Conclusions and perspectives 

Cytochrome P450 3A (CYP3A) and P-glycoprotein (P-gp/MDR1) are two important 

detoxifying systems that protect us against many potentially harmful xenobiotics but their 

activity also strongly limits the absorption of a wide variety of drugs. Both CYP3A and P-

gp have a very broad substrate spectrum and it is noteworthy that there is a large overlap 

between their substrates. In view of this, it has been hypothesized that it is the combined 

(intestinal) activity of CYP3A and P-gp that makes for efficient first-pass metabolism of 

many orally administered drugs. P-gp may reduce the probability of CYP3A4 saturation 

and would also give the enzyme repeated access to its substrates. However, little in vivo

evidence for functional synergy between CYP3A and P-gp is currently available. By 

generating and utilizing novel mouse models we aimed to obtain more insight into the 

importance of intestinal CYP3A-dependent metabolism and the functional interplay 

between CYP3A and P-gp.   

Midazolam is one of the most widely used probes to assess CYP3A activity. 

Surprisingly, we found that midazolam metabolism was only marginally altered in Cyp3a-/-

mice when compared to wild-type (Chapter 3). We could demonstrate that CYP2C 

enzymes, which were found to be upregulated in Cyp3a-/- mice, are primarily responsible 

for this compensatory metabolism. This study demonstrated that in the absence of an 

important detoxifying system such as CYP3A, organisms can still deal with some 

xenobiotics as a result of the overlapping substrate specificity of CYPs and the potential 

upregulation of these enzymes. We concluded that such flexible compensatory interplay 

between functionally related detoxifying systems is probably essential to their biological 

role in xenobiotic protection.  

While we consider the Cyp3a-/- mouse model as a valuable tool to investigate the in 

vivo impact of CYP3A, it is clear that other upregulated CYPs can for some drugs obscure 

the results obtained. For example, CYP3A and CYP2C enzymes have overlapping substrate 

specificities and this overlap may be different between species. Therefore, proper in vitro

evaluation of the background metabolism of drugs of interest in Cyp3a-/- mice would be 

recommended to optimize application of this novel mouse model. We also note that it is 

possible that not only the metabolism of particular xenobiotics can be taken over by other 

CYP enzymes (e.g. CYP2C), but also that of endogenous compounds. Indeed, it is known 

that not only CYP3A but also CYP2C enzymes are involved in the metabolism of steroids 

(e.g. testosteron) and bile acids (e.g. lithocholic acid) (1, 2). Although this requires further 

research, compensatory metabolism of endogenous compounds by CYP2C enzymes might 

in part be accountable for not observing an overt phenotype in Cyp3a-/- mice. 

Chapter 10
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Although the liver has long been considered as the most important organ where 

CYP3A-mediated metabolism takes place, evidence is accumulating that also intestinal 

CYP3A metabolism can have a pronounced impact on the oral bioavailability of drugs 

(Chapter 1). Despite that we had previously shown that intestinal and not hepatic CYP3A4 

is the major determinant of docetaxel oral bioavailability, the question remained whether 

intestinal metabolism is also important for drugs that are, unlike docetaxel, not a substrate 

for intestinal drug efflux transporters like P-gp (e.g. triazolam). Interestingly, we could 

show that also for oral triazolam exposure intestinal metabolism by CYP3A4 is more 

important than hepatic metabolism.  

We found that the anti-cancer drug gefitinib is a potent stimulator of triazolam 

metabolism by CYP3A4 in vivo, resulting in a lower triazolam plasma exposure. To our 

knowledge this represents the first example of a drug-drug interaction that can be 

attributable to the direct in vivo stimulation of CYP3A4 activity after oral drug 

administration. As this phenomenon typically concerns only a specific combination of 

drugs, stimulation of drug metabolism by CYP3A4 will be more rarely encountered than 

inhibition. We note that gefitinib does not only stimulate the CYP3A4-mediated 

metabolism of triazolam but also that of midazolam and the anti-cancer drug irinotecan in 

vitro (3, 4). Also, a recent clinical study reported a drug-drug interaction between gefitinib 

and sorafenib (5). When both drugs were given simultaneously, the AUC of gefitinib was 

reduced (38%) compared to when the drug was given alone, suggesting that sorafenib 

might stimulate gefitinib metabolism. In contrast, gefitinib had no effect on sorafenib 

pharmacokinetics. Clearly, as anti-cancer drugs in general have narrow therapeutic 

windows and are often combined, direct stimulation of CYP3A-mediated metabolism could 

be of clinical relevance. 

Drug-drug interactions are a major problem in clinical practice and CYP3A has an 

important role in many of them. It is often difficult to dissect whether drug-drug 

interactions primarily take place at the level of the intestine, liver or both. By investigating 

drugs in hepatic- and intestinal-specific CYP3A4 transgenic mice, more insight into the 

relative contribution to drug-drug interactions of each organ can be obtained. Since for 

some drugs intestinal metabolism appears to be a more significant factor than hepatic 

metabolism after oral drug administration, one would expect that for these drugs the 

intestine would also be the most important site for drug-drug interactions. However, a rapid 

absorption of a CYP3A inhibitor (or stimulator) into the portal circulation combined with a 

high accumulation of this inhibitor into the liver could still result in a situation where the 

liver is the most relevant organ for the drug-drug interaction, even though the primary 

contribution of the intestine to metabolism surpasses that of the liver. For example, as 
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discussed in Chapter 5, intestinal CYP3A4-dependent metabolism of oral triazolam is far 

more important than hepatic. Yet, in case triazolam was used as a probe to study drug-drug 

interactions, stimulation of triazolam metabolism by gefitinib was only observed in mouse 

strains that had CYP3A4 expression in the liver. Thus, whereas intestinal metabolism is 

relatively more important than hepatic, the liver can still be the most relevant organ for a 

drug-drug interaction. 

The mechanism of inhibition might also be relevant in determining whether the 

intestine or the liver is the most important site for CYP3A-dependent drug-drug 

interactions. For example, mechanism-based (suicide) inhibitors require CYP3A-mediated 

metabolism towards a reactive intermediate which then binds irreversibly (covalently) to 

CYP3A. This type of inhibition has a long-lasting effect and CYP3A activity can only be 

restored by de novo enzyme synthesis. Although this requires further research, it seems 

reasonable to assume that mechanism-based inhibitors have a major impact on intestinal 

CYP3A after oral administration.   

Humanized mice are not humans and there are clear limitations in utilizing these 

models, especially for quantitative predictions of drug exposure in humans. Yet, many 

fundamental insights obtained with these mice are likely to be relevant for the human 

situation as well. For example, our studies with tissue-specific CYP3A4-transgenic mice 

have revealed that intestinal CYP3A4 can regulate the expression of a wide variety of 

detoxifying systems in the liver (Chapter 4). As such, specific inhibition of intestinal 

CYP3A4 activity by for example grapefruit juice could result in higher levels of 

detoxifying systems (including CYP3A) in the liver. Also, people with high intestinal 

CYP3A levels could have lower levels of hepatic detoxifying systems and vice versa. 

Accordingly, this would mean that intestinal and hepatic expression levels of CYP3A (but 

also of other detoxifying systems) do not always correlate with each other or may at times 

even be inversely correlated. Indeed, several clinical studies have indicated that individuals 

with low intestinal CYP3A activity have relatively high hepatic CYP3A activity (6-8). 

Although more (clinical) evidence has to be provided in favor of such an inverse 

relationship, it could have important implications for the prediction of drug exposure and 

drug-drug interactions.  

Whether a substrate is primarily metabolized in the intestine or the liver can also have 

important toxicological implications. For example, aflatoxin B1 can be metabolized by 

CYP3A to the highly mutagenic 8,9-exo-epoxide metabolite which has been associated 

with hepatocellular carcinoma (9). Despite that CYP3A is also highly expressed in the 

intestine, intestinal malignancies have not been observed after oral aflatoxin B1 exposure. 

Interestingly, it has been demonstrated that aflatoxin B1 adducts are exclusively formed in 
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mature enterocytes but not in the proliferating compartment of the epithelium, most likely 

due to the absence of CYP3A in these villous crypt cells (10). Bioactivated aflatoxin B1 

that forms adducts within the enterocytes is not available for further absorption and thus 

does not reach the liver. This study suggested an important role for intestinal CYP3A in 

protection from hepatic aflatoxin B1-associated malignancies. Individuals that have low 

intestinal and high hepatic CYP3A levels could thus be more susceptible for aflatoxin B1-

associated malignancies. 

Although potentially clinically relevant, it has been difficult to assess the combined 

contribution of CYP3A and P-gp to reducing bioavailability. To study the functional 

interplay between CYP3A and P-gp, we generated mice lacking all Cyp3a and Mdr1 genes. 

Although these mice are missing two important broad-specificity detoxification systems, 

Cyp3a/Mdr1a/b-/- mice are viable and fertile and do not show marked spontaneous 

abnormalities. The data presented in Chapter 6 demonstrate that the combined absence of 

both CYP3A and P-gp has a disproportionate effect on the systemic exposure of docetaxel, 

which could have important clinical implications. From a fundamental point of view, 

however, it is important to realize that this disproportionate increase demonstrates effective 

collaboration, but not necessarily true functional synergism between CYP3A and P-gp. In 

fact, true functional synergism between CYP3A and P-gp would create a highly vulnerable 

situation, as disruption or inhibition of just one of the participating systems would already 

lead to a functional collapse of the detoxification mechanism. This would conflict with the 

biological need for robust protection from xenobiotic toxins. Indeed, we demonstrated that 

in the case of docetaxel, CYP3A and P-gp have independent but overlapping and efficiently 

cooperating functions, that allow each to still “perfect” the function of the other.  

Docetaxel has a very low oral bioavailability and is therefore only administered 

intravenously in the clinic. This low oral bioavailability might for a large part be 

attributable to the fact that the drug is such a good substrate for CYP3A and P-gp. As there 

are many advantages of the oral administration route, enhancing docetaxel oral 

bioavailability by inhibiting CYP3A or P-gp has received considerable interest in recent 

years (11-13). For example, in a recent clinical proof-of-concept study it was demonstrated 

that simultaneous oral co-administration of docetaxel with the CYP3A inhibitor ritonavir 

resulted in an docetaxel exposure that was in the same range as achieved after intravenous 

administration (without ritonavir) (13). In Chapter 6 we demonstrated that when CYP3A 

and P-gp are both absent, the oral systemic exposure was increased to 760% when 

compared to CYP3A/Pgp proficient wild-type animals that had received the drug 

intravenously (100%). Hence, although inhibition of either CYP3A or P-gp could improve 

oral bioavailability to some extent, the data presented in this thesis indicates that 
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simultaneous inhibition of CYP3A and P-gp could be a promising strategy to really boost 

the oral availability of docetaxel. 

The increased docetaxel oral bioavailability and the different pharmacokinetics (e.g. 

longer half-life) when CYP3A and MDR1 are both inhibited would allow more chronic 

treatment regimens. A more chronic exposure, accompanied by a much lower maximal 

plasma concentration (Cmax) than achieved after intravenous administration, could result in 

a more effective treatment with lower toxicity. Indeed, in vitro studies have indicated a 

better response of tumor cells to an increased exposure duration rather than to an increased 

docetaxel concentration (14). Also, recent clinical trials have demonstrated that patients 

who are on a weekly schedule with a lower docetaxel dose (33-40 mg/m2, intravenous) 

have a similar overall survival as those on the standard treatment, which is a single 

administration every 3 weeks with a higher dose (75 mg/m2, intravenous) (15). Importantly, 

however, significantly less, and less severe febrile neutropenia, the most dangerous 

docetaxel-related toxicity, was reported in the weekly dosing schedules (15).  

By generating Cyp3a/Mdr1a/b/Mrp2-/- mice we could demonstrate that the additional 

absence of Mrp2 could further increase docetaxel oral bioavailability (Chapter 7). 

However, the combined inhibition of CYP3A and P-gp will actually suffice to achieve a 

good improvement of the oral bioavailability and the additional inhibition of MRP2, while 

further increasing the oral bioavailability, is more a theoretical possibility rather than a 

clinically applicable one. Moreover, there are to our knowledge no established safe, potent 

and specific inhibitors of MRP2 known. One has to be aware, however, that in regimens 

where CYP3A and P-gp are both inhibited, variation in MRP2 activity levels might still 

result in considerable inter-patient variation in docetaxel exposure. 

The disproportionate increase in systemic exposure when CYP3A and P-gp are both 

absent or inactive can also have far-reaching toxicological consequences. For example, in 

people with dysfunctional (due to polymorphisms) or inhibited CYP3A and P-gp, drug 

plasma levels could easily rise to toxic levels, especially for orally administered drugs as 

illustrated in the docetaxel toxicity experiment (Chapter 6). While we did not observe any 

signs of toxicity in wild-type mice, we encountered severe toxicities in Cyp3a/Mdr1a/b-/-

mice, especially in those tissues with rapidly dividing cells (intestinal, hematopoietic and 

spermatogenic), consistent with the anti-mitotic action of docetaxel. Apart from the 

increased toxicity in small intestine and bone marrow, the qualitative emergence of 

additional toxicities in colon and testis was especially striking. Among the toxicities 

observed, the severe intestinal toxicity is likely the most important cause of the early death 

of the Cyp3a/Mdr1a/b-/- mice. Importantly, this suggests a qualitative shift in the type of 

toxicity as hematotoxicity is typically dose-limiting for docetaxel in mice whereas intestinal 
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toxicity has not previously been observed in safety studies with intravenous docetaxel in 

this species (16). In contrast to mice, humans already show some intestinal toxicity 

(diarrhea) even with intravenous docetaxel. A possible further shift towards intestinal 

toxicity in humans should therefore be monitored very carefully and could well limit the 

applicability of combined CYP3A and P-gp inhibition to improve docetaxel oral 

bioavailability. 

In a recent pharmacogenetic study it was found that polymorphisms in the CYP3A 

genes can have a profound effect on the docetaxel exposure, whereas polymorphisms in 

MDR1 or MRP2 could not be correlated to altered docetaxel exposure (17). Accordingly, it 

was concluded that the involvement of these drug transporters in docetaxel 

pharmacokinetics is relatively unimportant regardless of MDR1 or MRP2 genotype status 

(17). Indeed, in this thesis we found a relatively modest increase in exposure even when 

both drug transporters are absent, in contrast to the strong effect of CYP3A deficiency 

(Chapter 7). Yet, we recall that the combined absence of CYP3A, MDR1 and MRP2 results 

in a disproportionate increase, and that in particular cases polymorphisms in MDR1 and 

MRP2 can thus be of clinical relevance in docetaxel therapy. For example, in strategies that 

focus on improving the oral bioavailability by solely inhibiting CYP3A (13), patients with 

polymorphisms of MDR1 and/or MRP2 could be at risk to obtain toxic docetaxel levels.  

Because of the high variability in CYP3A activity, dosing strategies according to body 

surface area are not optimally predictive for the systemic exposure of the drug. Attempts 

have been made to phenotype patients for CYP3A activity with probe drugs (e.g., 

midazolam, erythromycin) and subsequently apply individually optimized dosing regimes. 

Although these dosing strategies have proven to be useful for intravenous docetaxel (18), 

one should be aware that the practice of phenotyping CYP3A activity could be confounded 

by differential activity of P-gp against the probe drugs and good CYP3A substrate drugs 

like docetaxel, especially when the drugs are given orally.  

Lopinavir is one of the most widely used HIV-protease inhibitors. Strikingly, we 

found that the oral lopinavir exposure was more than 2000-fold higher in Cyp3a-/- mice 

when compared to wild-type mice. Our results thus illustrated that CYP3A is a major 

determinant of the oral lopinavir pharmacokinetics, largely surpassing the effect of 

Mdr1a/b. In addition, Mrp2 had no effect on oral lopinavir pharmacokinetics. More detailed 

examination of the role of CYP3A revealed that both hepatic and intestinal CYP3A4 

activity can have a roughly similar impact on the oral bioavailability of lopinavir. 

Nonetheless, one has to consider that after oral administration, lopinavir will first be subject 

to intestinal metabolism and so only a minor fraction of the initial dose will reach the liver. 

As such, intestinal CYP3A4 is still likely to account for the majority of the lopinavir 
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metabolism. Interestingly, no further increase in lopinavir systemic exposure could be 

observed when Mdr1a/b was absent in addition to CYP3A. This is in strong contrast to the 

results obtained with docetaxel (Chapter 6) and in fact suggests that in this case CYP3A 

prevents saturation of Mdr1a/b rather than the other way around. This clearly illustrates 

how entangled and unpredictable the interplay between CYP3A and drug transporters can 

be. It is therefore important to be aware that the interplay between CYP3A and drug 

transporters cannot be simply generalized and will be highly substrate- and dose-dependent.  

Trabectedin (Yondelis; ET-743) is a novel anti-cancer drug with potent activity 

against various tumors. However, dose-limiting hepatotoxicity was observed during clinical 

trials. We found that the role of CYP3A in trabectedin-mediated hepatotoxicity is rather 

complex and can be seen as either toxifying or detoxifying depending on the presence or 

absence of particular drug transporters. It seems that trabectedin metabolites are mainly 

responsible for the hepatotoxicity. As long as the metabolites formed by CYP3A can be 

transported out of the liver by Mrp2 and Mdr1a/b or Mrp3, metabolism by CYP3A can be 

seen as a detoxification pathway. However, when the transport by Mrp2 and Mdr1a/b or 

Mrp3 is absent or inhibited, CYP3A dependent metabolism could rather be seen as a 

toxification mechanism.  

These novel insights into the trabectedin-mediated hepatotoxicity can have important 

clinical implications. For example, it has been shown that pretreatment with dexamethasone 

reduces the hepatotoxic effects of trabectedin (19, 20). Although not completely 

understood, it was suggested that this protective effect could be due to increased 

metabolism by CYP3A enzymes (21, 22). While dexamethasone is indeed a well-known 

inducer of CYP3A, it is also a potent inducer of MRP2 (23). As a result, taking our data 

into account, the hepatoprotective effects of dexamethasone could well be the result of 

MRP2 induction rather than of CYP3A induction. In this respect it is important to realize 

that when dexamethasone is given to patients that have no or dysfunctional MRP2 (e.g. 

Dubin-Johnson patients), only CYP3A will be induced. As our study demonstrates, this 

would likely exacerbate the hepatotoxic effects of trabectedin, rather than reduce them. 

Trabectedin is currently tested in several clinical trials against various types of tumors and 

thus has the potential to become more widely used in the future. Also combination 

treatments of trabectedin with other anti-cancer drugs such as doxorubicin, paclitaxel and 

docetaxel are currently investigated in clinical trials (24-26). Importantly, doxorubicin, 

paclitaxel and docetaxel have all been indicated to be substrates for MDR1 and/or MRP2 

(27-29) and possible drug-drug interactions leading to severe hepatotoxicity could thus 

arise. Like most anti-cancer drugs, trabectedin has a narrow therapeutic window. Improved 

insight and awareness of those systems that affect the disposition and toxicity of trabectedin 
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such as CYP3A and drug transporters will be crucial to allow safe use of this drug. 

In conclusion, the studies described in this thesis demonstrate the value of knockout 

and transgenic mouse models to investigate the individual and combined impact of CYP3A 

and drug transporters on the pharmacokinetics and toxicity of drugs. As discussed in this 

chapter, the fundamental insights obtained from these studies can have important 

implications for improving the oral bioavailability and reducing the toxicity of many drugs. 

References 

1. Deo, A.K., and Bandiera, S.M. 2008. Biotransformation of lithocholic acid by rat hepatic microsomes: 
metabolite analysis by liquid chromatography/mass spectrometry. Drug Metab Dispos 36:442-451. 

2. Schenkman, J.B. 1992. Steroid metabolism by constitutive cytochromes P450. J Steroid Biochem Mol 

Biol 43:1023-1030. 

3. Fujita, K., Ando, Y., Narabayashi, M., Miya, T., Nagashima, F., Yamamoto, W., Kodama, K., Araki, 
K., Endo, H., and Sasaki, Y. 2005. Gefitinib (Iressa) inhibits the CYP3A4-mediated formation of 7-
ethyl-10-(4-amino-1-piperidino)carbonyloxycamptothecin but activates that of 7-ethyl-10-[4-N-(5-
aminopentanoic acid)-1-piperidino]carbonyloxycamptothecin from irinotecan. Drug Metab Dispos

33:1785-1790. 

4. Li, J., Zhao, M., He, P., Hidalgo, M., and Baker, S.D. 2007. Differential metabolism of gefitinib and 
erlotinib by human cytochrome P450 enzymes. Clin Cancer Res 13:3731-3737. 

5. Adjei, A.A., Molina, J.R., Mandrekar, S.J., Marks, R., Reid, J.R., Croghan, G., Hanson, L.J., Jett, J.R., 
Xia, C., Lathia, C., et al. 2007. Phase I trial of sorafenib in combination with gefitinib in patients with 
refractory or recurrent non-small cell lung cancer. Clin Cancer Res 13:2684-2691. 

6. Gorski, J.C., Vannaprasaht, S., Hamman, M.A., Ambrosius, W.T., Bruce, M.A., Haehner-Daniels, B., 
and Hall, S.D. 2003. The effect of age, sex, and rifampin administration on intestinal and hepatic 
cytochrome P450 3A activity. Clin Pharmacol Ther 74:275-287. 

7. Mouly, S.J., Matheny, C., Paine, M.F., Smith, G., Lamba, J., Lamba, V., Pusek, S.N., Schuetz, E.G., 
Stewart, P.W., and Watkins, P.B. 2005. Variation in oral clearance of saquinavir is predicted by 
CYP3A5*1 genotype but not by enterocyte content of cytochrome P450 3A5. Clin Pharmacol Ther

78:605-618. 

8. Lown, K.S., Kolars, J.C., Thummel, K.E., Barnett, J.L., Kunze, K.L., Wrighton, S.A., and Watkins, 
P.B. 1994. Interpatient heterogeneity in expression of CYP3A4 and CYP3A5 in small bowel. Lack of 
prediction by the erythromycin breath test. Drug Metab Dispos 22:947-955. 

9. Shimada, T., and Guengerich, F.P. 1989. Evidence for cytochrome P-450NF, the nifedipine oxidase, 
being the principal enzyme involved in the bioactivation of aflatoxins in human liver. Proc Natl Acad 

Sci U S A 86:462-465. 



Conclusions and Perspectives 
                     

227

10. Kolars, J.C., Benedict, P., Schmiedlin-Ren, P., and Watkins, P.B. 1994. Aflatoxin B1-adduct formation 
in rat and human small bowel enterocytes. Gastroenterology 106:433-439. 

11. Kuppens, I.E., Bosch, T.M., van Maanen, M.J., Rosing, H., Fitzpatrick, A., Beijnen, J.H., and 
Schellens, J.H. 2005. Oral bioavailability of docetaxel in combination with OC144-093 (ONT-093). 
Cancer Chemother Pharmacol 55:72-78. 

12. Malingre, M.M., Richel, D.J., Beijnen, J.H., Rosing, H., Koopman, F.J., Ten Bokkel Huinink, W.W., 
Schot, M.E., and Schellens, J.H. 2001. Coadministration of cyclosporine strongly enhances the oral 
bioavailability of docetaxel. J Clin Oncol 19:1160-1166. 

13. Oostendorp, R.L., Huitema, A.D., Rosing, H., Jansen, R.S., ter Heine, R., Beijnen, J.H., and Schellens, 
J.H. 2009. Co-administration of ritonavir strongly enhances the apparent oral bioavailability of 
docetaxel in patients with solid tumors. Clin Cancer Res 15:4228-4233. 

14. Hill, B.T., Whelan, R.D., Shellard, S.A., McClean, S., and Hosking, L.K. 1994. Differential cytotoxic 
effects of docetaxel in a range of mammalian tumor cell lines and certain drug resistant sublines in 
vitro. Invest New Drugs 12:169-182. 

15. Di Maio, M., Perrone, F., Chiodini, P., Gallo, C., Camps, C., Schuette, W., Quoix, E., Tsai, C.M., and 
Gridelli, C. 2007. Individual patient data meta-analysis of docetaxel administered once every 3 weeks 
compared with once every week second-line treatment of advanced non-small-cell lung cancer. J Clin 

Oncol 25:1377-1382. 

16. Lavelle, F., Bissery, M.C., Combeau, C., Riou, J.F., Vrignaud, P., and Andre, S. 1995. Preclinical 
evaluation of docetaxel (Taxotere). Semin Oncol 22:3-16. 

17. Baker, S.D., Verweij, J., Cusatis, G.A., van Schaik, R.H., Marsh, S., Orwick, S.J., Franke, R.M., Hu, 
S., Schuetz, E.G., Lamba, V., et al. 2009. Pharmacogenetic pathway analysis of docetaxel elimination. 
Clin Pharmacol Ther 85:155-163. 

18. Dees, E.C., and Watkins, P.B. 2005. Role of cytochrome P450 phenotyping in cancer treatment. J Clin 

Oncol 23:1053-1055. 

19. Donald, S., Verschoyle, R.D., Greaves, P., Gant, T.W., Colombo, T., Zaffaroni, M., Frapolli, R., 
Zucchetti, M., D'Incalci, M., Meco, D., et al. 2003. Complete protection by high-dose dexamethasone 
against the hepatotoxicity of the novel antitumor drug yondelis (ET-743) in the rat. Cancer Res

63:5902-5908. 

20. Grosso, F., Dileo, P., Sanfilippo, R., Stacchiotti, S., Bertulli, R., Piovesan, C., Jimeno, J., D'Incalci, M., 
Gescher, A., and Casali, P.G. 2006. Steroid premedication markedly reduces liver and bone marrow 
toxicity of trabectedin in advanced sarcoma. Eur J Cancer 42:1484-1490. 

21. Lee, J.K., Leslie, E.M., Zamek-Gliszczynski, M.J., and Brouwer, K.L. 2008. Modulation of trabectedin 
(ET-743) hepatobiliary disposition by multidrug resistance-associated proteins (Mrps) may prevent 
hepatotoxicity. Toxicol Appl Pharmacol 228:17-23. 



Chapter 10  

228

22. Donald, S., Verschoyle, R.D., Greaves, P., Orr, S., Jimeno, J., and Gescher, A.J. 2004. Comparison of 
four modulators of drug metabolism as protectants against the hepatotoxicity of the novel antitumor 
drug yondelis (ET-743) in the female rat and in hepatocytes in vitro. Cancer Chemother Pharmacol

53:305-312. 

23. Fardel, O., Jigorel, E., Le Vee, M., and Payen, L. 2005. Physiological, pharmacological and clinical 
features of the multidrug resistance protein 2. Biomed Pharmacother 59:104-114. 

24. Blay, J.Y., von Mehren, M., Samuels, B.L., Fanucchi, M.P., Ray-Coquard, I., Buckley, B., Gilles, L., 
Lebedinsky, C., Elsayed, Y.A., and Le Cesne, A. 2008. Phase I combination study of trabectedin and 
doxorubicin in patients with soft-tissue sarcoma. Clin Cancer Res 14:6656-6662. 

25. Papadopoulos, K.P., Chu, Q., Patnaik, A., Mita, M.M., Cooper, J., Van Maanen, R., Lopez-Lazaro, L., 
Lebedinsky, C., Rowinsky, E.K., and Tolcher, A.W. 2006. Phase I and pharmacokinetics (PK) study of 
sequential paclitaxel and trabectedin every 2 weeks in patients with advanced solid tumors. J Clin 

Oncol (Meeting Abstracts) 24:2029. 

26. Von Mehren, M., Buck, D., Temmer, E., Elsayed, Y.A., and Cohen, R.B. 2006. Phase I study of 
trabectedin (T) in combination with docetaxel (D) in patients with advanced malignancies. J Clin 

Oncol (Meeting Abstracts) 24:2068. 

27. von Mehren, M., Schilder, R.J., Cheng, J.D., Temmer, E., Cardoso, T.M., Renshaw, F.G., Bayever, E., 
Zannikos, P., Yuan, Z., and Cohen, R.B. 2008. A phase I study of the safety and pharmacokinetics of 
trabectedin in combination with pegylated liposomal doxorubicin in patients with advanced 
malignancies. Ann Oncol 19:1802-1809. 

28. Chan, L.M., Lowes, S., and Hirst, B.H. 2004. The ABCs of drug transport in intestine and liver: efflux 
proteins limiting drug absorption and bioavailability. Eur J Pharm Sci 21:25-51. 

29. Lagas, J.S., Vlaming, M.L., van Tellingen, O., Wagenaar, E., Jansen, R.S., Rosing, H., Beijnen, J.H., 
and Schinkel, A.H. 2006. Multidrug resistance protein 2 is an important determinant of paclitaxel 
pharmacokinetics. Clin Cancer Res 12:6125-6132. 



Conclusions and Perspectives 
                     

229





Summary 
                     

 231 

 
 
 
 
 

CHAPTER 11 



Chapter 11  

232



Summary 
                     

233

Summary 

The drug-metabolizing enzyme cytochrome P450 3A (CYP3A) and drug transporter P-

glycoprotein (P-gp/MDR1) are two important detoxification systems. While CYP3A and P-

gp have a fundamentally different mode of action, their activities determine the oral 

bioavailability and elimination of numerous administered substrate drugs. Both CYP3A and 

P-gp have a very broad substrate spectrum and it is noteworthy that there is a large overlap 

in their substrates. In view of this, it has been hypothesized that it is the combined 

(intestinal) activity of CYP3A and P-gp that makes for efficient first-pass metabolism of 

many orally administered drugs. Theoretically, the function of P-gp would prevent 

saturation of CYP3A and give the enzyme repeated access to its substrates. Overall, this 

would lead to a highly efficient intestinal metabolism. While this concept has received 

considerable attention in recent years, it has been difficult to obtain unambiguous in vivo

evidence for a functional collaboration between these detoxifying systems. Chapter 1 and 

2 give a detailed overview of the current knowledge regarding the importance of intestinal 

CYP3A-dependent metabolism and the functional interplay between CYP3A and P-gp.   

A mouse model lacking all the murine Cyp3a genes (Cyp3a-/-) has only recently been 

generated. In chapter 3 we describe the further characterization of Cyp3a-/- mice by 

studying the metabolism of midazolam, a widely used probe to assess CYP3A activity. 

Surprisingly, both in vitro and in vivo studies show that in the absence of CYP3A the 

metabolism of midazolam is only marginally reduced. It could be demonstrated that 

CYP2C enzymes, which were found to be upregulated in Cyp3a-/- mice, are primarily 

responsible for this compensatory metabolism. These results demonstrate that in the 

absence of an important xenobiotic-metabolizing enzyme subfamily, organisms can still 

deal with some xenobiotics as a result of the overlapping substrate specificity of CYPs and 

the potential upregulation of these enzymes. Such flexibility is likely essential to the 

important biological function of detoxification of these enzyme systems. 

Among the CYP2C enzymes especially CYP2C55 appeared to be highly up-regulated 

in Cyp3a-/- mice. In chapter 4 we describe the investigation of the mechanism of regulation 

of CYP2C55 as well as of other detoxifying systems in Cyp3a-/- mice. Our data indicated a 

prominent role for the nuclear receptors Pregnane X Receptor (PXR) and Constitutive 

Androstane Receptor (CAR) in the in vivo regulation of CYP2C55. In addition, we found 

that food-derived compounds are primarily responsible for the induction of CYP2C55 as 

well as of several other detoxifying systems, including drug-metabolizing, drug efflux and 

drug uptake systems, in Cyp3a-/- mice. Mechanistically most interesting, our studies with 

CYP3A4 transgenic mice revealed that not only hepatic, but also intestinal CYP3A activity 
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can be a major determinant of the regulation of detoxifying systems in the liver. We 

showed that intestinal CYP3A4 activity can limit the hepatic exposure to food-derived 

activators of PXR and CAR. Intestinal CYP3A activity can thus not only directly affect 

xenobiotic availability, but indirectly also the expression levels of a broad range of other 

detoxifying systems. Finally, also the induction level of detoxifying systems in the intestine 

is importantly reduced by intestinal CYP3A4 activity. Given the diversity and potential 

impact of the detoxifying systems affected, our findings suggest that intestinal CYP3A 

activity can have far-reaching pharmacological and toxicological effects.

CYP3A is an important determinant of drug-drug interactions. In chapter 5, we 

describe how Cyp3a-/- and CYP3A4 transgenic (CYP3A4-Tg) mice can be utilized to study 

drug-drug interactions in the liver and intestine. Triazolam was used as a probe drug 

because it is a highly specific CYP3A substrate and not a P-gp substrate. Interestingly, 

studies with tissue-specific CYP3A4-Tg mice revealed that intestinal CYP3A4 has a major 

impact on oral triazolam exposure, whereas the effect of hepatic CYP3A4 was limited. This 

clarifies that also for drugs that are not P-gp substrates, intestinal CYP3A-depedent 

metabolism can be more significant than hepatic metabolism after oral administration. This 

also illustrated that functional interplay between CYP3A and P-gp is thus not essential for 

efficient intestinal metabolism. To mimic a drug-drug interaction, we co-administered 

triazolam with the prototypical CYP3A inhibitor ketoconazole, which increased triazolam 

exposure in all CYP3A-proficient mouse strains but not in Cyp3a-/- mice. We further found 

that the anti-cancer drug gefitinib is a potent stimulator of 1’-OH triazolam formation, in 

vitro. Importantly, also in vivo we could demonstrate stimulation of triazolam metabolism 

by gefitinib, resulting in a lower oral triazolam exposure. To our knowledge this is the first 

in vivo example of direct stimulation of CYP3A4 activity after oral drug administration.  

It has been hypothesized that CYP3A and P-gp work synergistically in limiting the 

systemic exposure to orally ingested drugs. However, it has been difficult to examine this 

interplay in vivo. We therefore generated mice lacking all CYP3A and P-gp genes (chapter 

6). Although missing two primary detoxification systems, Cyp3a/Mdr1a/b-/- mice are 

viable, fertile and without spontaneous abnormalities. When orally challenged with the 

anti-cancer drug docetaxel, a disproportionate increase in systemic exposure was observed 

compared to the increases in single Cyp3a-/- or Mdr1a/b-/- mice. Unexpectedly, although 

CYP3A and P-gp collaborated extremely efficiently in lowering docetaxel exposure, their 

individual efficacy was not dependent on the activity of the other protein. Upon reflection, 

this absence of synergism makes biological sense as synergism would conflict with a robust 

detoxification defense. Importantly, the disproportionate increase in docetaxel exposure in 

Cyp3a/Mdr1a/b-/- mice resulted in dramatically altered and lethal toxicity, with severe 
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intestinal lesions as a major cause of death. Simultaneous inhibition of CYP3A/P-gp might 

thus be a highly effective strategy to improve oral drug bioavailability, but with serious 

risks when applied to drugs with narrow therapeutic windows. 

Similar to P-gp, the apical drug transporter multidrug resistance protein 2 

(MRP2/ABCC2) can have a profound impact on the pharmacokinetics of drugs. In chapter 

7, we report the generation and characterization of Cyp3a/Mdr1a/b/Mrp2-/- combination 

knockout mice to get more insight into how these drug-handling systems work together in 

determining drug pharmacokinetics. We extended our studies with docetaxel which has 

been shown to be an MRP2 substrate in vitro. We found a substantial increase in systemic 

exposure and oral bioavailability in Cyp3a/Mdr1a/b/Mrp2-/- mice, when compared to wild-

type mice, but also when compared to Cyp3a/Mdr1a/b-/- mice. Yet, we could not observe an 

effect of Mrp2 at the relatively low docetaxel levels achieved in a CYP3A-proficient 

situation. This indicates that Mrp2 is a low affinity (high capacity) transporter for 

docetaxel, compared to the other detoxifying systems that predominate at the lower plasma 

levels. The oral bioavailability was increased to 73% in the Cyp3a/Mdr1a/b/Mrp2-/- strain, 

whereas this was only 10% in wild-type mice. Together with the results from chapter 6, 

these findings have important implications for improving the oral bioavailability of 

docetaxel and reducing the variability in docetaxel exposure.  

In chapter 8 we discuss the individual and combined impact of CYP3A and the drug 

transporters MDR1 and MRP2 on the pharmacokinetics of lopinavir, one of the most 

widely used HIV-protease inhibitors. Our results illustrated that CYP3A is a major 

determinant of the oral lopinavir pharmacokinetics, largely surpassing the effect of 

Mdr1a/b. In addition, Mrp2 had no effect on oral lopinavir pharmacokinetics. Interestingly, 

no further increase in lopinavir systemic exposure could be observed when Mdr1a/b was 

absent in addition to CYP3A. This is in strong contrast to the results obtained with 

docetaxel (Chapter 6) and in fact suggests that in this case CYP3A prevents saturation of 

Mdr1a/b rather than the other way around. More detailed examination of the role of 

CYP3A indicated that both hepatic and intestinal CYP3A4 activity have a major impact on 

the oral bioavailability of lopinavir. In addition, our study demonstrates that ritonavir, 

which is always co-administered with lopinavir, boosts oral lopinavir bioavailability by 

inhibiting both intestinal and hepatic CYP3A4.  

Trabectedin (Yondelis; ET-743) is a novel anti-cancer drug with potent activity 

against various tumors. However, dose-limiting hepatotoxicity was observed during clinical 

trials. In chapter 9 we report on the role of CYP3A and several drug transporters in the 

trabectedin-mediated hepatotoxicity. Contrary to our expectation, we found only a slight 

increase in hepatotoxicity in mice that lack CYP3A. Modest hepatotoxicity after 
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trabectedin administration was also apparent in Mrp2-/- mice, but not in Mdr1a/b-/- and 

Mrp3-/- mice. Strikingly, severe hepatotoxicity was found in Mdr1a/b/Mrp2-/- and 

Mrp2/Mrp3-/- mice. Together, this indicates that these drug transporters have a profound 

and partially redundant function in protection from trabectedin-mediated hepatotoxicity. 

This study further showed that there is substantial accumulation of metabolites of 

trabectedin, but not of trabectedin itself, in the livers of mice that lack Mrp2 but are 

CYP3A proficient. Interestingly, by utilizing combination knockout mice 

(Cyp3a/Mdr1a/b/Mrp2-/-), we could reveal that primarily CYP3A-generated metabolites are 

responsible for trabectedin-mediated hepatotoxicity. These novel insights are important to 

consider in order to allow safe use of this drug. 

Overall, the studies described in this thesis demonstrate the value of knockout and 

transgenic mouse models to investigate the individual and combined impact of CYP3A and 

drug transporters such as P-gp and MRP2 on the pharmacokinetics of drugs. For example, 

the importance of intestinal metabolism has long been a matter of debate but the recent 

studies with tissue-specific CYP3A4 transgenic mice have provided unequivocal evidence 

that the impact of intestinal CYP3A4-dependent metabolism can even surpass that of 

hepatic metabolism after oral drug administration. The generation of Cyp3a/Mdr1a/b-/- mice 

has provided a novel in vivo tool to get more insight into how CYP3A and P-gp may work 

together. As discussed in this thesis, a synergistic increase in drug exposure when both 

CYP3A and P-gp are absent does not necessarily demonstrate a true functional synergism 

between these detoxifying systems. In addition, studies with docetaxel and lopinavir show 

clearly distinct results in Cyp3a/Mdr1a/b-/- mice even though both drugs are good CYP3A 

and P-gp substrates. Based on this current knowledge, predicting the impact of combined 

CYP3A/P-gp inhibition for a certain drug seems to be extremely difficult, even if the 

impact of individual CYP3A and P-gp inhibition are both known. It will therefore be of 

great interest to investigate more dual CYP3A/P-gp substrates in Cyp3a/Mdr1a/b-/- mice to 

unravel common behavioral patterns.  

As demonstrated in this thesis, the combined absence of both CYP3A and P-gp can 

result in a dramatic, disproportionate increase in drug exposure with a concomitantly 

increased (and possibly qualitatively altered) risk of toxicity. Especially with drugs that 

have a narrow therapeutic window, there are serious risks when such drugs are deliberately 

or unintentionally co-administered with other drugs or food constituents that interfere with 

CYP3A and P-gp activity. The risk of such drug-drug and drug-food interactions is 

especially relevant given the high number and large overlap in substrates and inhibitors for 

CYP3A and P-gp. Variable activity of CYP3A alone can lead to lethal overdosing or 

subtherapeutic underdosing of orally taken drugs. It is clear from the work in this thesis that 
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interfering with both CYP3A and P-gp activity could drastically exacerbate such 

consequences, and should therefore be considered with caution during further drug 

development and application. 
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Nederlandstalige samenvatting 

Meer dan 50% van de tegenwoordig gebruikte geneesmiddelen wordt afgebroken door 

cytochroom P450 3A (CYP3A) enzymen. Een probleem hierbij is dat er grote verschillen 

tussen patiënten zijn in de activiteit van CYP3A. Als gevolg hiervan is er een grote mate van 

onvoorspelbaarheid van de orale opname, het therapeutisch effect, en de toxiciteit van veel 

geneesmiddelen. Helaas komt het regelmatig voor dat patiënten overlijden door onvoorziene 

verandering van CYP3A activiteit. Het wordt steeds duidelijker dat naast CYP3A ook 

geneesmiddeltransporters een belangrijke determinant van de farmacokinetiek en toxiciteit 

van geneesmiddelen zijn. Waar echter nog maar weinig over bekend is, is hoe CYP3A en 

geneesmiddeltransporters kunnen samenwerken. Om hier beter inzicht in te krijgen hebben 

we een aantal nieuwe muismodellen ontwikkeld die naast CYP3A ook deficiënt zijn voor 

één of meerdere geneesmiddeltransporters. De inzichten verkregen in deze studies hebben 

belangrijke klinische implicaties voor het reduceren van bijwerkingen en het verbeteren van 

de orale beschikbaarheid van geneesmiddelen.  

Zowel het geneesmiddel-metaboliserende enzym CYP3A als de geneesmiddel- 

transporter P-glycoproteïne (P-gp) zijn twee belangrijke detoxificerende systemen, die ons 

beschermen tegen legio lichaamsvreemde stoffen (xenobiotica). Ofschoon CYP3A en P-gp 

een fundamenteel verschillend werkingsmechanisme hebben, bepaalt hun activiteit de orale 

beschikbaarheid evenals de eliminatie van veel geneesmiddelen en andere xenobiotica. 

Talrijke geneesmiddelen die door CYP3A gemetaboliseerd worden, kunnen ook door P-gp 

getransporteerd worden. Op basis hiervan is gehypothetiseerd dat de gecombineerde 

werking van CYP3A en P-gp ervoor zorgt dat geneesmiddelen bijzonder snel worden 

afgebroken na orale toediening. Het idee hierachter is dat de werking van de geneesmiddel- 

transporter ervoor zorgt dat CYP3A minder snel verzadigd raakt. Deze theorie zou tevens 

een verklaring bieden waarom het CYP3A metabolisme in de darm na oral toediening van 

geneesmiddelen, efficiënter kan zijn dan dat in de lever. Hoewel aan het concept van een 

synergistische samenwerking tussen CYP3A en P-gp veel aandacht wordt verleend in de 

recente literatuur, zijn er nauwelijks experimentele bewijzen voor deze theorie 

gepubliceerd. In hoofdstuk 1 en 2 is een gedetailleerd overzicht gegeven van de 

theoretische achtergronden en de huidige wetenschappelijke stand van zaken van dit 

onderwerp.  

 Recent is er een nieuw muismodel ontwikkeld waarin alle CYP3A genen ontbreken 

(Cyp3a-/- muizen). In hoofdstuk 3 beschrijven we de verdere karakterisering van dit 

Cyp3a-/- knockout muismodel middels het bestuderen van het metabolisme van midazolam. 

Midazolam is één van de meest gebruikte modelsubstraten om CYP3A activiteit te bepalen. 
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Uit diverse experimenten bleek dat, ondanks de afwezigheid van CYP3A, het midazolam 

metabolisme nauwelijks afgenomen was. Dit verrassende resultaat kon verklaard worden 

door een opregulatie van CYP2C enzymen in Cyp3a-/- muizen. Dit flexibele gedrag van de 

diverse detoxificerende systemen is waarschijnlijk essentieel voor een goede bescherming 

van het lichaam tegen potentieel gevaarlijke stoffen. 

 Onder de verschillende CYP2C enzymen was voornamelijk CYP2C55 fors 

opgereguleerd in Cyp3a-/- muizen. In hoofdstuk 4 beschrijven we het onderzoek naar het 

mechanisme van de regulatie van CYP2C55 in Cyp3a-/- muizen. Uiteindelijk konden we 

achterhalen dat verbindingen uit het voedsel primair verantwoordelijk zijn voor de 

opregulatie van CYP2C55 in Cyp3a-/- muizen. Deze verbindingen kunnen bepaalde 

receptoren (PXR en CAR) activeren, wat resulteert in de opregulatie van niet alleen 

CYP2C55 maar ook diverse andere detoxificerende systemen. In wild-type muizen kunnen 

de PXR/CAR activatoren uit het voedsel door CYP3A worden afgebroken. Het meest 

interessant was dat onze studies met CYP3A4-transgene muizen lieten zien dat niet alleen 

CYP3A expressie in de lever maar ook in de darm bepalend kan zijn voor de regulatie van 

detoxificerende systemen in de lever. CYP3A4 activiteit in de darm kan de 

leverblootstelling aan PXR en CAR activatoren uit voedsel kennelijk beperken. CYP3A 

activiteit in de darm kan dus niet alleen de beschikbaarheid van xenobiotica direct 

beïnvloeden, maar ook indirect door middel van het regelen van het expressieniveau van 

een groot aantal detoxificerende systemen. Verder is ook het inductieniveau van diverse 

detoxificerende systemen in de darm zelf aanzienlijk gereduceerd door de activiteit van 

CYP3A4 in de darm. Gegeven de diversiteit en de potentiële impact van de detoxificerende 

systemen die hierdoor beïnvloed worden, suggereren deze resultaten dat CYP3A activiteit 

in de darm vérstrekkende farmacologische en toxicologische gevolgen kan hebben.  

CYP3A is een belangrijke determinant in geneesmiddel-geneesmiddel interacties. In 

hoofdstuk 5 hebben we beschreven hoe Cyp3a-/- en CYP3A4-transgene muizen gebruikt 

kunnen worden om geneesmiddel-geneesmiddel interacties te bestuderen in zowel de lever 

als de darm. Als modelsubstaat maakten we gebruik van triazolam, omdat dit een zeer 

specifiek CYP3A substraat, en geen substraat voor P-gp is. De studies met de weefsel-

specifieke CYP3A4-Tg muizen onthulden dat darm CYP3A4 een grote impact heeft op de 

orale triazolam blootstelling, terwijl het effect van lever CYP3A4 beperkt was. Dit maakt 

duidelijk dat ook voor geneesmiddelen die geen P-gp substraat zijn, CYP3A4-afhankelijk 

metabolisme in de darm significanter kan zijn dan het metabolisme in de lever, na orale 

toediening. Dit illustreert tevens dat de samenwerking tussen CYP3A4 en P-gp 

klaarblijkelijk niet essentieel is voor efficiënt darmmetabolisme. Teneinde een 

geneesmiddel-geneesmiddel interactie te simuleren gaven we triazolam samen met de 
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CYP3A remmer ketoconazol. Dit resulteerde in een verhoogde triazolam blootstelling in 

alle muizen met CYP3A expressie, maar niet in Cyp3a-/- muizen. Daarnaast vonden we dat 

het anti-kanker geneesmiddel gefitinib het triazolam metabolisme kan stimuleren, wat 

resulteerde in een verlaagde triazolam blootstelling na orale toediening. Voor zover ons 

bekend is dit het eerste voorbeeld van directe stimulatie van CYP3A4 activiteit na orale 

toediening. 

Het is gehypothetiseerd dat CYP3A en P-gp synergistisch samenwerken in het 

beperken van de systemische blootstelling van oraal ingenomen geneesmiddelen. Het is 

echter moeilijk om deze samenwerking te onderzoeken. Om hier toch een beter inzicht in te 

krijgen hebben we muizen gegenereerd die zowel CYP3A als P-gp missen (hoofdstuk 6). 

Ondanks dat zij twee belangrijke detoxificerende systemen ontberen zijn deze 

Cyp3a/Mdr1a/b-/- muizen levensvatbaar en vruchtbaar en hebben ze geen noemenswaardige 

fysiologische afwijkingen. Wanneer de Cyp3a/Mdr1a/b-/- muizen echter het anti-kanker 

geneesmiddel docetaxel oraal kregen toegediend, werd er een disproportionele toename van 

de systemische blootstelling waargenomen in vergelijking met toenames in Cyp3a-/- en 

Mdr1a/b-/- muizen. Hoewel CYP3A en P-gp efficiënt samenwerkten in het verlagen van de 

docetaxel blootstelling, kon echter niet worden aangetoond dat er een synergistische 

samenwerking is. Vanuit een biologisch perspectief is dit overigens goed verklaarbaar, 

aangezien een synergistische samenwerking geen robuuste detoxificerende bescherming 

biedt: de afwezigheid van slechts één systeem zou namelijk al tot een dramatische 

verstoring van het detoxificatiemechanisme kunnen leiden. Van groot belang was dat de 

disproportionele toename in docetaxel blootstelling in Cyp3a/Mdr1a/b-/- muizen resulteerde 

in een dramatische, dodelijke, toxiciteit, met beschadigingen van het darmweefsel als 

voornaamste doodsoorzaak. Het simultaan remmen van CYP3A en P-gp is dus een zeer 

effectieve strategie voor het verbeteren van de orale beschikbaarheid van geneesmiddelen, 

maar heeft ook grote risico’s als dit wordt toegepast bij geneesmiddelen die een kleine 

therapeutische index hebben. 

Net als P-gp, kan ook de geneesmiddeltransporter MRP2 (ABCC2) een significante 

impact hebben op de farmacokinetiek van geneesmiddelen. In hoofdstuk 7 doen we verslag 

van het genereren en karakteriseren van Cyp3a/Mdr1a/b/Mrp2-/- muizen, die we gemaakt 

hebben om meer inzicht te krijgen in hoe deze systemen kunnen samenwerken. We vonden 

een substantiële toename in docetaxel blootstelling en orale beschikbaarheid in 

Cyp3a/Mdr1a/b/Mrp2-/- muizen in vergelijking met wild-type muizen, maar ook in 

vergelijking met Cyp3a/Mdr1a/b-/- muizen. We konden echter geen effect van de 

afwezigheid van Mrp2 waarnemen als CYP3A nog aanwezig was. Dit suggereert dat Mrp2 

een lage affiniteit transporter voor docetaxel is. De orale beschikbaarheid was toegenomen 
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tot 73% in de Cyp3a/Mdr1a/b/Mrp2-/- muizen, terwijl dit maar 10% was in wild-type 

muizen. Samen met de resultaten van hoofdstuk 6, hebben deze bevindingen belangrijke 

implicaties voor het verbeteren van de orale beschikbaarheid van docetaxel en het 

reduceren van de variabiliteit van docetaxel blootstelling. 

In hoofdstuk 8 hebben we de individuele en gezamenlijke impact van CYP3A en de 

geneesmiddeltransporters MDR1 en MRP2 in de farmacokinetiek van lopinavir bestudeerd. 

Lopinavir is één van de meest gebruikte HIV protease remmers. Onze resultaten lieten zien 

dat CYP3A de belangrijkste determinant van de orale lopinavir farmacokinetiek is, die het 

effect van Mdr1a/b ruimschoots overschaduwt. Aan Mrp2 kon geen significante rol worden 

toegekend in de orale lopinavir farmacokinetiek. Opmerkelijk was dat er geen verdere 

toename in lopinavir blootstelling kon worden waargenomen als naast CYP3A ook 

Mdr1a/b afwezig was. Dit is fundamenteel anders dan in het geval van docetaxel 

(hoofdstuk 6) en suggereert dat voor lopinavir het CYP3A is dat de verzadiging van 

Mdr1a/b voorkomt in plaats van omgekeerd. Gedetailleerde analyse van de rol van CYP3A 

bracht vervolgens aan het licht dat zowel CYP3A4 expressie in de lever als in de darm een 

belangrijke invloed heeft op de orale beschikbaarheid van lopinavir. Verder toonden onze 

studies aan dat de CYP3A remmer ritonavir de orale lopinavirbeschikbaarheid substantieel 

kan verhogen door het remmen van CYP3A in zowel darm als lever. 

Trabectedine (Yondelis; ET-743) is een nieuw anti-kanker geneesmiddel. Tijdens 

klinische studies werd echter een dosis-beperkende levertoxiciteit waargenomen. In 

hoofdstuk 9 bediscussiëren we de rol van CYP3A en diverse geneesmiddeltransporters in 

de trabectedine-gerelateerde levertoxiciteit. In tegenstelling tot onze verwachtingen, 

vonden we slechts een beperkte toename in levertoxiciteit in muizen die CYP3A deficiënt 

zijn. Een milde levertoxiciteit vonden we in Mrp2-/- muizen, maar levertoxiciteit was niet of 

nauwelijks waarneembaar in Mdr1a/b-/- en Mrp3-/- muizen. Ernstige levertoxiciteit werd 

echter waargenomen in Mdr1a/b/Mrp2-/- en Mrp2/Mrp3-/- muizen. Deze resultaten laten 

zien dat deze transporters een belangrijke en deels redundante functie hebben in de 

bescherming tegen de trabectedine-gerelateerde levertoxiciteit. Daarbovenop laat deze 

studie zien dat er een substantiële accumulatie van de trabectedine metabolieten in de lever 

van muizen plaatsvindt die geen Mrp2 maar wel CYP3A hebben. Met behulp van 

Cyp3a/Mdr1a/b/Mrp2-/- muizen konden we het aannemelijk maken dat het voornamelijk de 

trabectedine metabolieten (door CYP3A gevormd) verantwoordelijk zijn voor de 

levertoxiciteit. Deze nieuwe inzichten zijn belangrijk in acht te nemen teneinde veilig 

gebruik van dit geneesmiddel te kunnen waarborgen. 

Samenvattend laten de studies in dit proefschrift zien hoe waardevol knockout en 

transgene muismodellen zijn in het onderzoeken van de rol van CYP3A en geneesmiddel-
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transporters in de farmacokinetiek en toxiciteit van geneesmiddelen. Zo is bijvoorbeeld het 

belang van darmmetabolisme lange tijd onderwerp van discussie geweest maar hebben 

recente studies met weefsel-specifieke CYP3A4 transgene muizen onomstotelijk 

aangetoond dat, na orale geneesmiddel toediening, het metabolisme van CYP3A4 in de 

darm zelfs belangrijker kan zijn dan dat in de lever. De ontwikkeling van Cyp3a/Mdr1a/b-/-

muizen heeft geresulteerd in een nieuw model om de samenwerking tussen CYP3A en P-gp 

beter te kunnen bestuderen. Zoals bediscussieerd in dit proefschrift, staat een op het oog 

synergistische toename in geneesmiddel blootstelling niet gelijk aan een echte functionele 

synergistische werking tussen beide detoxificerende systemen. Onze initiële studies met 

docetaxel en lopinavir laten opvallend uiteenlopende resultaten zien en meer onderzoek zal 

noodzakelijk zijn om voorspellende uitspraken te doen over het effect van verstoorde 

CYP3A en P-gp activiteit. 

De gecombineerde afwezigheid van CYP3A en P-gp activiteit kan resulteren in een 

dramatische, disproportionele toename in geneesmiddel blootstelling. Dit kan tevens 

gepaard gaan met een sterk verhoogd risico op toxiciteit. Vooral met geneesmiddelen die 

een kleine therapeutische index hebben zijn er serieuze risico’s als zij samen met andere 

geneesmiddelen (of voedselcomponenten) die de CYP3A en P-gp activiteit verstoren 

worden toegediend. Variatie in enkel CYP3A activiteit kan al leiden tot dodelijke 

overdosering of subtherapeutische onderdosering van geneesmiddelen. De resultaten in dit 

proefschrift maken duidelijk dat het verstoren van zowel CYP3A als P-gp activiteit 

dergelijke consequenties sterk kan verergeren. Het lijkt dus verstandig om de verkregen 

inzichten ter harte te nemen in de ontwikkeling en het gebruik van geneesmiddelen. 
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ABC   ATP-binding cassette 

ALAT  alanine aminotransferase 

ASAT  aspartate aminotransferase 

ATP   adenosine triphosphate 

AUC   area under the plasma concentration – time curve 

BCRP  breast cancer resistance protein 

BSA   bovine serum albumin 

CAR   constitutive androstane receptor 

Ces   carboxylesterase 

CL   clearance 

Cmax   maximum drug concentration in plasma 

CYP   cytochrome P450 

Es   carboxylesterase 

GST   glutathione S-transferase 

HIV   human immunodeficiency virus 

HPLC  high performance liquid chromatography 

IC50   half-maximal inhibitory concentrations 

i.v.   intravenous 

i.p.   intraperitoneal 

Km   Michaelis Menten constant 

KO   knockout 

LC-MS/MS liquid chromatography with tandem mass spectrometry detection 

MDCK  Madin-Darby canine kidney 

MDR  multidrug resistance 

MRP   multidrug-resistance protein 

NADPH  nicotinamide adeninedinucleotide phosphate 

OATP  organic anion transporter 

P-gp   P-glycoprotein 

P450   cytochrome P450 

RT-PCR  reverse transcriptase polymerase chain reaction 

PXR   pregnane X receptor 

SD   standard deviation 

TCPOBOP 1,4-bis[2-(3,5-dichlorpyridyloxy)]benzene 

Tg   transgene 

Tmax
   time to maximum drug concentration in plasma 

T1/2   terminal half-life 

UGT   UDP-glucuronosyltransferase 

UV   ultraviolet 

Vmax   maximal velocity 

WT   wild-type 
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Triazolam (Chapter 5) 

Docetaxel (Chapter 6-7) 

Lopinavir (Chapter 8) 

Trabectedin (Chapter 9) 
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