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Preface
Cancer is one of the leading causes of death worldwide,  accounting for 7.6 million 

deaths in 2008 and  an estimated 13.1 million deaths in 2030.1 Cancer is a generic 
term for a number of disease subtypes affecting multiple organs with a great variety 
in mortality rates per subtype.1 Despite the variety in cancer subtypes and disease 
progression, this complex neoplastic disease is characterized by multiple biological 
capabilities, often referred to as the ‘Hallmarks	 of	 Cancer’. At the beginning of this 
century, six hallmarks were proposed.2 In the last decade, understanding of the pathways 
involved in cancer has rapidly improved. This resulted in the addition of more biological 
capabilities of tumors to the ‘Hallmarks	of	Cancer’ concept.3 The increase in knowledge 
of the onset and behavior of cancer is accompanied by new therapeutic options and 
treatment strategies. Nowadays the focus is on targeted therapy and potential targets 
for new compounds, although rediscovery and improvement of old anticancer agents 
can also result in new strategies. An example of the latter is the development of new 
oral formulations of taxanes, a group of widely used anticancer agents that are currently 
administered intravenously (i.v.).

The first taxane discovered was paclitaxel. Paclitaxel (Taxol®) was isolated in the 
early 1970s from the bark of Taxus brevifolia.4 The semisynthetic analogue docetaxel 
(Taxotere®) was discovered a decade later and is a derivative of a taxane isolated 
from the needles of Taxus baccata.4;5 Paclitaxel was approved by the Food and Drug 
Administration (FDA) in 1992 and docetaxel approval followed in 1996. Both 
compounds share the baccatin core ring structure and are widely used as intravenously 
administered anticancer agents for several types of cancer such as non-small cell lung 
cancer (NSCLC), ovarian, breast, gastric, prostate and head-and-neck cancer.4;6 The anti-
cancer effect of taxanes is attributed to binding of the taxanes to β-tubulin. This binding 
promotes polymerization of tubulin and stabilises microtubules. The stabilisation of 
microtubules leads to cell cycle arrest and apoptosis.7

The development of oral formulations of paclitaxel and docetaxel is the focus of 
preclinical and clinical research in our groups because oral administration has many 
advantages over i.v. administration.6;8 Oral administration is more practical and 
convenient for patients, since oral medication can be taken by the patient at home while 
i.v. administration requires hospitalisation during infusion. Oral administration in the 
home situation also reduces treatment cost. Moreover, oral administration enables 
other dosing schedules like metronomic therapy (e.g. continuous or frequent treatment 
with low doses of anticancer drugs), which can increase efficacy of taxane treatment 
and reduce adverse effects caused by high plasma concentrations of docetaxel or 
paclitaxel.9;10

A major limitation in the concept of oral administration of taxanes is the low oral 
availability of paclitaxel and docetaxel.6;8 Paclitaxel and docetaxel have poor aqueous 
solubility and upon oral administration, intestinal uptake can be seriously hampered by 
drug efflux through P-glycoprotein (P-gp/MDR1/ABCB1) and by drug metabolism via 
Cytochrome P450 (CYP) 3A.11-16 
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P-gp is a member of the ATP-binding cassette (ABC) efflux transporter family and 
is expressed in multiple tissues like intestine, liver, and kidney, but also at the blood-
brain barrier.17 P-gp-mediated transport limits drug absorption across intestinal cells 
and brain penetration across the blood-brain barrier. In enterocytes, P-gp pumps back 
absorbed taxanes into the intestinal lumen, while at the blood-brain barrier, taxanes 
are pumped back into the systemic circulation. In liver and kidney, P-gp increases drug 
excretion by active efflux transport into the bile and urine.18

CYP3A is a member of the CYP superfamily and CYP enzymes are responsible for 
most phase-I drug metabolism.19 CYP enzymes are mainly expressed in the liver, but 
some CYP members are also expressed in enterocytes. CYP3A is the most abundant CYP 
enzyme in liver and intestine, representing 40% and 80% of the total CYP enzymes 
expressed in each tissue, respectively.20 Docetaxel is primarily metabolized by enzymes 
of the CYP3A subfamily, while paclitaxel is metabolized by both CYP3A4 and CYP2C8 5. 
In contrast to CYP3A, CYP2C8 is only expressed in liver cells.20 

Several studies by our group have shown that the oral bioavailability of paclitaxel 
and docetaxel in humans can be enhanced by combining the taxanes with inhibitors of 
P-gp and/or CYP3A.21-26 The CYP3A4 inhibitor ritonavir (Norvir®) was selected to boost 
oral bioavailability during further development of oral formulations of the taxanes. 

Ritonavir was originally developed as antiretroviral therapy in HIV-infected patients. 
The drug was licensed as one of the first protease inhibitors and 400-600 mg of the drug 
was administered twice daily.27 Although ritonavir treatment was successful in HIV-
infected patients, it was poorly tolerated due to severe side effects (e.g. gastrointestinal 
symptoms) of the drug and use of full-dose ritonavir is no longer recommended.27;28 
However, sub-therapeutic daily doses of 100-400 mg ritonavir are used to increase oral 
absorption of other protease inhibitors.28 This boosting effect of ritonavir is caused by 
CYP3A4 inhibition and near-maximal CYP3A blockade is observed at these low doses.27 
Side effects of ritonavir were more tolerable at sub-therapeutic doses and ritonavir-
boosted protease inhibitors are currently used in first and second-line regimens for 
HIV-infected patients.27;28  

The aim of this thesis was to obtain mechanistic insights in the boosting effect of 
ritonavir on orally administered taxanes and to support clinical development of oral 
formulations of paclitaxel and docetaxel.

During drug development in preclinical and clinical setting, distribution, metabolism 
and excretion of drugs are studied. Reliable and sensitive bioanalytical assays for 
quantification are prerequisites to support these trials. Over time, multiple assays have 
been developed and described to quantify taxanes and in Chapter 1.1 we present a 
comprehensive overview of these assays. Moreover, we bring forward recommendations 
for the development of new bioanalytical assays for the quantification of taxanes. In 
Chapter 1.2 and Chapter 1.3 we describe the development of bioanalytical assays for 
simultaneous quantification of paclitaxel, docetaxel and ritonavir in human plasma, 
feces and urine. In Chapter 1.4 development and validation of a bioanalytical assay for 
the quantification of docetaxel and its metabolites is described.
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Intestinal absorption is an essential step in the therapeutic use of most orally 
administered drugs and often mediated by enterocyte transmembrane transporters. In 
Chapter 2.1 we discuss several of these drug transport systems and knockout mouse 
models to study them. The oral plasma AUC (area under the plasma concentration-
time curve, which is a measure of the systemic exposure upon oral administration) of 
paclitaxel and docetaxel can be strongly enhanced in humans by co-administration of 
the potent CYP3A4 inhibitor ritonavir.24-26 For docetaxel, this is explained by the fact 
that docetaxel is extensively metabolized by CYP3A.4 However, the impact of drug-
metabolizing enzymes on the oral bioavailability of paclitaxel is not yet fully elucidated. 
In Chapter 2.2 we present the roles of CYP3A4 and P-gp in restricting oral bioavailability 
of paclitaxel. The impact of oral co-administration of paclitaxel and docetaxel with the 
CYP3A4 inhibitor ritonavir and the P-gp inhibitor elacridar on plasma exposure and 
brain penetration of the taxanes is presented in Chapter 2.3. Not only P-gp, but also 
other drug transporters can be involved in distribution of taxanes.29;30 The role of the 
uptake transporters Organic Anion Transporting Polypeptide (OATP/SLCO) 1B1, 1B3 
and 1A2 is discussed in Chapter 2.4.  

In the last decade, possible anticancer effects of ritonavir are described. Based on 
the inhibitory effect on endothelial cell invasion, ritonavir might inhibit angiogenesis.31 
In vivo, anti-tumor effects of ritonavir are described for mouse models of Kaposi 
sarcoma32, lymphoma33, head and neck carcinoma34 and breast cancer.35 Therefore, co-
administration of taxanes with ritonavir potentially increases anti-tumor efficacy. In 
Chapter 2.5 we discuss tumor growth  after co-administration of intravenous docetaxel 
and oral ritonavir in a mouse model for hereditary breast cancer.

A switch from intravenous to oral administration of taxanes potentially results in 
altered toxicity profiles. Oral administration of chemotherapeutic agents results in 
high concentrations of the drugs in the intestinal lumen. In the lumen, the drugs can 
have a direct damaging effect on the epithelium of the intestine. This is observed after 
irinotecan administration.36;37 Otherwise, intestinal damage could be an effect of mitotic 
arrest of intestinal crypt cells caused by exposure to chemotherapeutic agents in the 
systemic circulation. Mitotic arrest of the deep crypt cells results in impaired renewal of 
the intestinal epithelium and thereby a loss of epithelial function. This is observed after 
administration of 5-fluorouracil.38 In Chapter 3.1 we discuss severe intestinal toxicity 
after oral docetaxel administration in mice and patients.

Not only toxicity, but also metabolism might change when formulations for 
intravenous administration are switched to oral formulations. Orally applied taxanes 
are subject to a first-pass effect and are co-administered with the CYP3A4 inhibitor 
ritonavir. This raises the question if metabolite plasma concentrations in humans are 
altered – or if even other metabolites are formed- after oral co-administration of taxanes 
and ritonavir. We address this question in Chapter 3.2, were we present a screening for 
docetaxel metabolites after oral co-administration of docetaxel and ritonavir to human 
patients.

Finally, in a general discussion the results of all studies are discussed and put into 
perspective.
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1.1 Abstract
Since the isolation of paclitaxel and its approval for the treatment of breast cancer, 

various taxanes and taxane formulations have been developed. To date, almost 100 
bioanalytical assays have been published and method development and optimization 
is often extensively discussed by the authors. This review presents an overview of 
assays published between January 1970 and September 2013 that described method 
development and validation of assays used to quantify taxanes in biological matrices 
such as plasma, urine, faeces and tissue samples. For liquid chromatography assays,  
sample pre-treatment, chromatographic separation and assay performance are 
compared. Since this review discusses the limitations of previously developed liquid 
chromatography assays and gives recommendations for future assay development, it 
can be used as a reference for future development of liquid chromatography assays for 
the quantification of taxanes in various biological matrices to support preclinical and 
clinical studies. 
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1.
1Introduction

Paclitaxel (Taxol®) and docetaxel (Taxotere®), both taxanes (Figure 1), are widely 
used as intravenously administered anticancer agents for several types of cancer.1;2 
Paclitaxel is originally derived from the bark of Taxus brevifolia, whereas docetaxel 
is a semisynthetic derivative of a taxane isolated from the needles of Taxus baccata.3 
Paclitaxel was isolated in the early 1970s and docetaxel was found a decade later.4 
Paclitaxel was approved by the Food and Drug Administration (FDA) in 1992 and 
docetaxel approval followed in 1996. An albumin-bound formulation of paclitaxel 
(Abraxane®) was approved in 2005 for breast cancer treatment and in 2010, cabazitaxel 
(Jevtana®) was licensed for treatment of prostate cancer. More taxane analogues 
and taxane formulations are being reported in literature.5;6 The anti-cancer effect of 
taxanes is attributed to binding of the taxanes to β-tubulin. This binding promotes 
polymerization of tubulin and stabilises microtubules. The stabilisation of microtubules 
leads to cell cycle arrest and apoptosis.7

Absorption, distribution, metabolism and excretion of drugs are studied during drug 
development in preclinical and clinical settings. Reliable and sensitive bioanalytical 
assays for quantification of taxanes in plasma, urine, faeces and tissue samples are 
prerequisites to support these trials. Over time, multiple assays have been developed 
and described to quantify taxanes in these matrices. These include methods such as 
tubulin-based biochemical assays, immunoassays and chromatography-based assays. 
The last encompasses micellar electrokinetic chromatography (MEKC) or liquid 
chromatography (LC) platforms coupled with ultraviolet (UV) or mass spectrometry 
(MS) detection.

This review aims to present a comprehensive overview of publications that 
describe bioanalytical assays that have been developed to quantify taxanes in biological 
matrices. Since LC-UV and LC-MS/MS assays are mostly used for quantification of 
taxanes, we focus on the performance of various sample preparation procedures 
and separation and detection techniques used for these assays. Moreover, we bring 
forward recommendations for the development of new bioanalytical LC assays for the 
quantification of taxanes. Chemical structures of the taxanes included in this review are 
presented in Figure 1.

PubMed was searched and publications were selected that describe method 
development and validation of assays used to quantify taxanes in biological matrices 
originating from humans or animals. The keyword assay was combined with keywords 
taxane;	paclitaxel;	docetaxel;	cabazitaxel;	felotaxel;	azidotaxol;		larotaxel;	ortotaxel;		BMS-
184476;		BMS-18879;		SHR11000;	SB-T-1214;	SB-T-12854;	DJ	927;	IDN5109	or	TPI-287. 
Results were limited to publications in English and published between January 1970 
and September 2013. Cited references were considered and included when inclusion 
criteria were met. 
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1.1
Figure 1. Structures of taxanes. The structure of NPD-103 is not further specified.104
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1.
1Target concentration ranges for the quantification of 

taxanes
The development and validation of a bioanalytical assay is never an isolated 

objective. The call for a new bioanalytical assay is based on the need of quantifying drug 
concentrations in samples derived from preclinical or clinical studies or in samples for 
therapeutic drug monitoring (TDM). The target concentration range is therefore based 
on the expected drug concentrations in the samples. 

In patients, total plasma concentrations at the end of a 3h infusion of a dose of 135-
225 mg/m2 paclitaxel ranged from ~850 to 8500 ng/mL. At 24 hours after infusion, 
plasma concentrations ranged from 8 to 110 ng/mL and from 0.8 to 8 ng/mL at 72 
hours after infusion.8;9 Plasma concentrations in samples taken during the first 24 hours 
after intravenous administration of 20-80 mg/m2 paclitaxel as a 1 hour infusion ranged 
from 30 to 2000 ng/mL, depending on the time of sampling.10 Plasma concentrations 
of 40 mg/m2 docetaxel administered as an 1 hour infusion ranged from 10 to to 2000 
ng/mL during the first 24 hours.11 Intravenous administration of 25 mg/m2 cabazitaxel 
over 1 hour resulted in plasma concentrations from 1 to 1000 ng/mL during the first 24 
hours after administration.12 Maximal plasma concentrations of these taxanes in animal 
models are often 1 to 10-fold higher than concentrations in human plasma.13-15 Based 
on these pharmacokinetic data of the taxanes that are approved by the FDA, in general, 
one should aim for a lower limit of quantification (LLOQ) of at least 1 ng/mL during 
development of assays to support (pre)clinical trials. 

For TDM, the need for sensitive assays is usually less urgent. Most important 
is accurate quantification of plasma concentrations that are important for clinical 
decisions. Recently, Gerritsen et al.16 reviewed the level of evidence for therapeutic drug 
monitoring of taxanes. For docetaxel, the relation between plasma exposure and the 
risk for neutropenia is not clear yet. This makes TDM for docetaxel, and thus the need 
for bioanalytical assays for this purpose, currently not that important. However, for 
paclitaxel, a relation between hemotological toxicity and  plasma exposure is observed. 
The longer the period that plasma concentrations are over 43 ng/mL, the higher the 
risk for severe neutropenia.17 Therefore,  for bioanalytical assays to support TDM of 
paclitaxel an LLOQ of 30-40 ng/mL is sufficient, although Gerritsen et al. conclude that 
there is no strong case for standard implantation of TDM for paclitaxel.16

Techniques used for the quantification of taxanes
In this section, we briefly discuss the techniques used for the quantification of 

taxanes in biological matrices. LC assays coupled with UV or MS/MS detection are mostly 
reported. Therefore we will focus on these techniques in later sections of this review, 
were we discuss sample pre-treatment, chromatographic separation and performance 
in more detail.
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1.1 High Performance Liquid Chromatography coupled Ultra Violet 
detection (HPLC-UV)

HPLC-UV is a commonly used technique for quantification of drugs and is also widely 
applied for quantification of taxanes in biological matrices (Supplemental table 1). Up 
to now, most HPLC-UV assays have been developed for quantification of paclitaxel18-38, 
but also assays for quantification of docetaxel39-44 and incidentally other taxanes such 
as larotaxel, felotaxel and ortotaxel are described45-48. Not only assays for single taxane 
quantification are developed using HPLC-UV, but also assays for combined quantification 
of docetaxel, paclitaxel and other drugs49-51 and assays for quantification of parent drugs 
and metabolites52-54. Most assays quantify taxanes in human or rodent plasma, although 
some assays have been designed for quantification of taxanes in serum18;19;37, tissue22;54, 
urine21;26;28;29;41;48;54 or faeces54.  

The calibration range of the taxanes is linear up to concentrations of 20000 ng/mL, 
although for paclitaxel, even a calibration range of 25 ng/ml to 10 mg/mL is reported. 
A limitation of UV detection is the sample volume needed, since volumes of 0.5-1 mL 
are often required to increase the LLOQ. The most sensitive assay for quantification 
of paclitaxel in human plasma has an LLOQ of 3 ng/mL using 500 µL of sample.33 A 
lower sample volume is used for analysis of rat plasma samples. Using only 100 µL of 
sample, concentrations down to 10 ng/mL can be measured.22;23;35 The most sensitive 
HPLC-UV assays for quantification of docetaxel have an LLOQ of 5 ng/mL using 900 or 
1000 µL of sample39;41;43, while felotaxel is quantified above 5 ng/mL using 100 µL of 
sample48. Since other taxanes share the absorption maximum at 227 nm with paclitaxel 
and docetaxel, it is likely that sensitivity of UV is in the same range for other taxanes. 
Therefore, HPLC-UV can be used when an LLOQ of 3-10 ng/mL is sufficient and sample 
volumes up to 1000 µL can be collected. 

Liquid Chromatography coupled tandem mass spectrometry (LC-
MS/MS)

Liquid chromatography coupled tandem mass spectrometry (LC-MS/MS) is a 
highly selective and sensitive method, often used for quantification of taxanes in 
biological matrices (Supplemental table 2-6). Bioanalytical assays for quantification of 
paclitaxel55-69 (Supplemental table 2), paclitaxel and its metabolites70-74 (supplemental 
table 3), or paclitaxel and other drugs (including docetaxel)75-81 (supplemental table 5) 
by LC-MS/MS are widely described, while for quantification of docetaxel82-89, docetaxel 
and its metabolites90;91 (Supplemental table 4), or docetaxel and other drugs92-94 
(Supplemental table 5), fewer assays are published.  A limited number of LC-MS/MS 
assays is developed for quantification of the second generation taxanes cabazitaxel95;96, 
felotaxel97;98 and larotaxel99 and other taxane analogues100-104 (Supplemental table 6). 
Usually tandem quadrupole mass spectrometry is performed, but assays using mass 
spectrometry with a single quadrupole have also been developed for quantification of 
paclitaxel and docetaxel.58;80 Like HPLC-UV assays, most LC-MS/MS assays are applied 
for quantification of taxanes in human or rodent plasma, although assays for taxanes in 
dog plasma70;98;99;102 and human or rodent serum62;88, tissue58;59;64;66;97;103, ultrafiltrate78, 
urine and faeces81;97, oral fluids77 and even post mortem samples75 are also described. 
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1.
1Using mass spectrometry as detection technique, sensitivity of the developed 

assays is drastically increased compared to UV detection. HPLC-UV assays have  a 
quantification limit of 3-10 ng/mL using sample volumes up to 1000 µL (see previous 
section), while LC-MS/MS assays with a quantification limit of 0.1-0.25 ng/mL for 
paclitaxel59;61;64-66;70;72;75;77 and docetaxel80;82;85;91;96, with sample volumes of  just 10-200 µL 
are reported. Use of Ultra Performance Liquid Chromatography (UPLC) instead of HPLC 
can increase resolution and sensitivity of LC-MS/MS assays105, but although UPLC-MS/
MS assays are described for taxane quantification67;89;99;104, so far, the use of UPLC did 
not result in a lower LLOQ. In assays using mass spectrometry for detection, calibration 
plots are mostly linear over a large concentration range (3-4 decades), reducing the 
need for sample dilution prior to sample pre-treatment to a minimum. 

Micellar electrokinetic chromatography (MEKC)

Micellar electrokinetic chromatography (MEKC) is a separation method in which 
micelles act as a pseudostationary phase in a solution. Compared to HPLC, MEKC 
has a higher separation power and is less sensitive to endogenous compounds in the 
matrix. MEKC is usually coupled to a UV detector for signal detection. Since MEKC in 
general requires a smaller sample volume, sensitivity is usually low compared to HPLC-
UV.106 MEKC is used for quantification of paclitaxel in human plasma, serum and urine 
(Supplemental table 7).107-109 Recovery is reported to be >70% and the LLOQ is 50-280 
ng/mL using 200-1000 µL of sample. Both liquid-liquid extraction107 and solid-phase 
extraction108 are described as pre-treatment for plasma samples containing paclitaxel, 
although Rodríguez et al.109 showed that sample pre-treatment is not necessary to 
quantify paclitaxel in urine samples. Hempel et al.107 observed that a sodium dodecyl 
sulphate (SDS) concentration of 100 mmol/L resulted in good separation of paclitaxel 
and endogenous compounds, while 50 mmol/L did not result in good separation. 
Rodríguez et al.108 further optimized the SDS concentration to 60 mmol/L. Although 
MEKC has a higher separation power and is less sensitive to endogenous interference 
than HPLC-UV, sensitivity for quantification of taxanes is lower. Moreover, plasma 
samples still require sample pre-treatment and run time is similar compared to HPLC-
UV. Since HPLC-UV systems are available in most laboratories, HPLC-UV is favoured 
over MEKC.

Immunoassays

The development of enzyme-linked immunoassays110;111 and a fluoroimmunoassay112 
for quantification of paclitaxel in biological samples have been described (Supplemental 
table 7). These immunoassays utilize binding of paclitaxel to antibodies for quantification 
of paclitaxel. The limits of quantification are below 0.5 ng/mL, which is much lower than 
for HPLC-UV. However, not only the parent compound might bind to the antibodies, but 
also structure analogues. Cross-reactivity to these structure analogues (like metabolites) 
is common and results in decreased accuracy of the calculated concentrations. Since LC-
MS/MS has similar sensitivity and improved selectivity, there is no obvious advantage 
of immunoassays over LC-MS/MS for quantification. Based on the number of developed 
and reported immunoassays and LC-MS/MS assays, nowadays LC-MS/MS remains the 
cornerstone for quantification of taxanes when high sensitivity is required. 
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1.1 Tubulin-based biochemical assays

Tubulin-based biochemical assays have been published for quantification of 
paclitaxel in human serum113 and plasma114 and make use of its mechanism of action for 
quantification (Supplemental table 7). Hamel et al.113 measured hydrolysis of labelled 
guanosine triphosphate (GTP) to labelled guanosine diphosphate (GDP). This hydrolysis 
is stimulated by paclitaxel and associated with tubulin polymerisation. GDP formation  
was measured since it is paclitaxel concentration dependent and a linear relation 
between GDP formation and paclitaxel concentration was found in a concentration range 
of 256 to 2562 ng paclitaxel/mL. Morais et al.114 developed an assay based on the binding 
of paclitaxel to tubulin. Competitive binding to tubulin of rhodamine-labelled paclitaxel 
and paclitaxel resulted in a change in fluorescence polarisation. Change in polarisation 
response was linear in a concentration range of 25.6 to 299 ng/mL paclitaxel. Like for 
immunoassays, cross-reactivity to structure analogues (e.g. metabolites) can not be 
excluded in tubulin based biochemical assays. Sample pre-treatment is minimal, but 
sensitivity of tubulin-based biochemical assays is limited compared to HPLC-UV and 
LC-MS. 

Sample pre-treatment for liquid chromatography (LC) 
assays.

Liquid chromatography (LC) is usually coupled to UV or MS/MS detection. A major 
drawback of HPLC-UV assays for quantification of taxanes is the detection at 227 nm. 
At this relatively low wavelength, potential interferences of endogenous compounds 
can be expected. For LC-MS assays, clean samples for injection are also preferred to 
reduce matrix effects, although stable labelled isotope internal standards are capable 
to compensate for these matrix effects. In the following sections, protein precipitation, 
liquid-liquid extraction and solid phase extraction in LC taxane analysis are discussed 
as sample pre-treatment procedures to concentrate and clean up bioanalytical samples.

Protein precipitation

Protein precipitation is not favoured as sample pre-treatment for HPLC-UV assays 
due to potential interferences of endogenous compounds. Since spectral interferences 
originating from endogenous compounds are less likely in mass spectrometry due to 
increased specificity, protein precipitation is more frequently used in LC-MS/MS assays. 

For protein precipitation, a solvent must increase protein-protein interactions, which 
results in protein  aggregation and  precipitation. Moreover, the solvent must result in 
a high, repcoducible recovery of the analytes of interest. The sample pre-treatment 
recovery is usually tested by comparison of the response of the analyte in a processed 
sample with the response of the analyte in a neat solution.115 For MS assays, the sample 
pre-treatment recovery is usually determined by comparing the response of the analyte 
in a processed sample to the analyte response in a sample spiked to a processed blank 
sample. In this way, a correction is made for potential matrix effects. Currently six 
validated LC assays utilize protein precipitation as sample pre-treatment. Three of 
them are HPLC-UV assays that have been developed for paclitaxel quantification.23;25;38 
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1.
1Acetonitrile was used as precipitation solvent and extraction recoveries were between 

75 and 100%. Marangon et al.101 quantified taxane analogues IDN5738 and IDN5839 by 
LC-MS/MS and used protein precipitation with 0.1% formic acid in acetonitrile (v/v) as 
sample pre-treatment. Extraction recoveries were over 90%. Protein precipitation was 
also used as sample pre-treatment for LC-MS/MS assays to quantify docetaxel. Hou et 
al.84 used methanol:acetonitrile (1:1, v/v) as precipitation solvent, while Yamaguchi et 
al.87 used only acetonitrile. Extraction recoveries of docetaxel were above 77%. Often 
the volume of the extraction solvent is 2 to 4 times the volume of the sample, although 
Kumar et al.23 used a 8-fold higher volume of solvent.

Protein precipitation is a fast sample pre-treatment procedure with high recovery. 
However, high background signals or endogenous interferences can hamper sensitive 
quantification. Endogenous compounds in the sample can also cause ion suppression 
during ionisation in MS/MS assays and the robustness of the LC method can be 
negatively affected due to covalent binding of proteins to the analytical column. This 
may lead to in an increase of the backpressure of the analytical column and decrease of 
the number of plates (selectivity).

Liquid-liquid extraction

Allthough liquid-liquid extraction is more time consuming compared to protein 
precipitation or on-line solid phase extraction, at the moment, using this sample pre-
treatment procedure, the lowest LLOQs can be obtained in taxanes assays.48;70;75;96

The first step of liquid-liquid extraction is selection of  the extraction solvent. 
Zhang et al.74 compared recovery of paclitaxel and its metabolites after liquid-liquid 
extraction. It was observed that a mixture of chloroform and ether (1:1, v/v) resulted 
in the most efficient extraction (64-84%), compared to ether, chloroform, ethyl acetate 
and methylene chloride. Lee et al.24 observed low recoveries (<40%) of paclitaxel 
after liquid-liquid extraction using methylene chloride, chloroform and hexane, while 
extraction using diethyl ether or tertiary-butylmethylether resulted in better recovery 
(93 to 99%). Rizzo et al.29 also reported that recovery for paclitaxel after liquid-liquid 
extraction was complete using tertiary-butylmethylether instead of chloroform or ethyl 
acetate. Martin et al.28 varied the pH during extraction of paclitaxel with diethyl ether 
and observed the best recovery at pH 5, although the tested pH-range and recoveries 
were not specified. Ciccolini et al.40 showed that extraction of docetaxel with diethyl 
ether resulted in a better recovery (average 95%) than extraction with chloroform, ethyl 
acetate or butyl methyl ether. Felotaxel extraction was tested using diethyl ether, ethyl 
acetate, cyclohexane, dichloromethane or n-butanol as extraction solvents by Yan et al.48 
and using diethyl ether, ethyl acetate, cyclohexane, methylene chloride and n-butanol 
by Hu et al.98. In both cases, ethyl acetate was selected as solvent since this resulted in 
reproducible recovery (80.5-89.3% and 70-77%, respectively). Moreover, ethyl acetate 
reduced interferences in the UV chromatogram.48 Liu et al.99 reported larotaxel recovery 
after liquid-liquid extraction with ether, ethyl acetate and tertiary-butylmethylether. A 
recovery of 80-88% was observed with ether or tertiary-butylmethylether as extraction 
solvent, although matrix effects in the LC-MS/MS assays were reduced with tertiary-
butylmethylether compared to ether. 
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1.1 From these results it can be concluded that diethyl-ether or tertiary-butylmethylether 
are the best extraction solvents for liquid-liquid extraction of taxanes. However, the 
volume of extraction solvent that is used for extraction of the analyte of interest is highly 
variable. Volumes in the range of 3 to 20 times the volume of the sample are reported. 
Usually a volume of 1-3 mL extraction solvent is used, independent of the matrix or 
sample volume.

Surprisingly, Martin et al.28 reported that pH 5 during extraction with diethyl 
ether increases the recovery of paclitaxel, while Lee et al.24 report a recovery of 93 to 
99% using the same solvent without adjusting pH. Since paclitaxel is not charged at 
physiological pH and estimated logarithmic acid dissociation constants (pKa’s) of 10.4 
and -1 are reported116, a decrease from pH~7 to pH 5 should theoretically not affect the 
charging of the molecule and thereby not affect the extraction efficiency of paclitaxel. 

Based on the discussed results, we advise to start with liquid-liquid extraction with 
tertiary-butylmethylether during method development of taxane assays, to obtain 
high recoveries and to minimize endogenous interferences. Moreover, matrix effects in 
taxane MS assays are reduced by tertiary-butylmethylether. 

Solid phase extraction

Although solid phase extraction is used in multiple developed assays, optimisation 
of solid phase extraction is less discussed than optimisation of liquid-liquid extraction. 
Reported extraction recovery of paclitaxel, docetaxel and metabolites of both taxanes 
after solid phase extraction is usually 75-99%33;35;36;41;45;50;52;53. Rosing et al.53 showed 
it is best to use end-capped cyano columns for solid-phase extraction of docetaxel to 
increase recovery and that loading flow should be optimised during assay development. 
A similar extraction procedure is described by Garg et al.41 and reported recoveries are 
99% by Garg et al. and ~85% by Rosing et al. 

Not only recovery, but also the selectivity to reduce interferences and background 
signals is an important parameter during the selection of a sample pre-treatment 
procedure. Suno et al. observed that vacuum drying of the extraction cartridge 
decreased background signals during analysis.33 Another option is to wash extraction 
columns with methanol:water (1:1, v/v) after loading the column with the sample and 
prior to analyte elution.44 Guo et al.58 report that solid phase extraction of paclitaxel 
using C18 extraction columns resulted in a high background signal and therefore they 
preferred C2 extraction columns with less background interferences. However, in an 
assay for docetaxel, solid-phase extraction using C18 Uptisphere® columns completely 
removed interferences.39 

Solid phase extraction cannot always completely remove interferences. For instance, 
Rouini et al. observed late eluting peaks after off-line solid phase extraction and therefore 
combined solid phase extraction with on-line solid phase extraction to reduce these 
interferences.43 Although off-line solid phase extraction is an expensive and labour-
intensive pre-treatment procedure, on-line solid phase extraction by column switching 
can reduce handling time. The principle of on-line solid phase extraction by column 
switching is based on the combination of a pre-column and an analytical column.117 
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1.
1The pre-column is used for a clean up step during analysis. An unprocessed sample is 

injected into the system and led onto the pre-column. Protein molecules pass the column 
rapidly, while the analyte of interest is adsorbed to the pre-column. This can be based 
on hydrophilic/hydrophobic, ion-exchange or size exclusion.117 The next step is a switch 
of solvent, after which the analyte is flushed from the pre-column and directed to an 
analytical column for chromatographic separation or directly transferred to the MS/MS 
for detection. On-line solid-phase extraction with direct injection of plasma to quantify 
a taxane was first described by Mader et al.27.  A C4-ADS column was used for sample 
clean-up and paclitaxel was quantified using an UV detector. The overall runtime was 
25 minutes per sample, although a wash step of 5 minutes was used after injection of 
each sample for reconditioning of the pre-column. Grozav et al.83 were the first to report 
on-line solid-phase extraction coupled with MS/MS detection for quantification of 
docetaxel and Yamaguchi et al.73 described on-line solid-phase extraction coupled with 
MS/MS for the quantification of paclitaxel and its metabolites. An important limitation 
of on-line solid phase extraction is carry-over from the extraction cartridge. The carry-
over effect can be reduced by a washing step prior to the injection of a sample83 or 
by (automated) use of disposable cartridges118. The first procedure will increase the 
runtime, while the second procedure increases costs per analysis.119

In general, C18 columns provide a good recovery and minimal interferences. If 
recovery is limited, we advise to use end-capped cyano columns since the recovery of 
taxanes using these columns is high (85-100%). To further reduce background signals, 
one should optimize the washing solvent. On-line solid phase extraction by column 
switching can reduce sample handling time compared to off-line solid phase extraction 
without affecting sample clean-up. Therefore on-line solid phase extraction is a better 
option than offline solid-phase extraction when high sample throughput is required.  
However, carry-over effect may occur and should be determined during the validation 
of the procedures.

Selection of sample pre-treatment procedure

As described above, protein precipitation, liquid-liquid extraction and solid 
phase extraction have previously been used as sample pre-treatment procedure in 
taxane assays. When new assays are developed, often one procedure will be selected 
and optimised. In a few publications different sample pretreatment procedures 
were compared. Ardiet et al.39 tested liquid-liquid extraction with ethyl acetate, 
dichloromethane or chloro-1-butane and compared liquid-liquid extraction with 
solid-phase extraction using C18 Uptisphere® columns for docetaxel quantification. 
After liquid-liquid extraction, interferences were still observed but when solid-phase 
extraction was applied, interferences were reduced. Lopez et al.49 tested solid-phase 
extraction and liquid-liquid extraction as sample pre-treatment for paclitaxel and 
docetaxel quantification, but selected liquid-liquid extraction with ethyl acetate and 
n-butyl chloride for docetaxel and paclitaxel, respectively. Both Ardiet et al.39 and Lopez 
et al.49 preferred the selected extraction procedure because of reduced interferences. 
Since both selected another extraction procedure, the data indicate that no extraction 
procedure is clearly preferred. 
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1.1 Using protein precipitation, sample clean up is reduced, but since it is less likely that 
endogenous compounds interfere with MS detection than with UV detection, protein 
precipitation is a fast alternative as sample pre-treatment when MS detection is used. 
Especially when less sensitivity is required (e.g. quantification above 5 to 10 ng/mL), 
protein precipitation is a good alternative for liquid-liquid extraction or solid phase 
extraction.

At the moment, liquid-liquid extraction seems to be in favour as pre-treatment 
procedure in reported assays for sensitive quantification of taxanes. Extraction with 
tertiary-butylmethylether is advised, since it combines high recovery with an adequate 
reduction of spectral interferences and matrix effects, leading to robust bioanalytical 
assays. If high sample throughput is required, automated protein precipitation or on-
line solid phase extraction are advised. 

Chromatographic separation in liquid chromatography 
(LC) assays.
Selection of the stationary and mobile phases

Reversed-phase C8 or C18 silica-bounded columns are used in LC assays for 
quantification of taxanes, although incidentally an alkyl amide silica bounded column103 
or a C12 silica bounded column71 is applied. The mobile phase usually consists of at least 
50% (v/v) organic solvent to elute the analytes from the column. Both acetonitrile 
and methanol are applied as organic solvents. Since the reconstitution solvent often 
mimics the mobile phase, an additional benefit of using non-aqueous solvents is the 
improvement of stability of taxanes. In aqueous solutions, the stability of paclitaxel and 
related compounds is hampered by epimerisation, as extensively described in a series 
of publications by Tian and Stella.120-122 A reconstitution solvent containing at least 50% 
of organic solvent ( compatible with the mobile phase, preventing solvent effects), thus 
might increase stability of taxanes in reconstituted samples. Additives in the mobile 
phase are commonly used, although they do not always result in better peak shape or 
reduced background signal.31 In all developed assays, the mobile phase is optimized to 
reduce endogenous interferences, increase selectivity, and improve peak shape. 

In HPLC-UV assays,  absorbance of ultraviolet light by taxanes is usually measured at 
a wavelength of 227 nm. At this wavelength, there is a maximum in the UV absorbance 
due to the presence of the baccatin III ring structure, which is the bone structure of 
taxanes.123 However, detection at 227 nm is not specific and unknown endogenous 
compounds are reported showing retention at C18 columns and absorbance at this 
wavelength.35 Moreover, pharmaceutical additives can show absorbance at this 
wavelength and interfere with the assay. Cremophor EL® (polyoxyethylated castor 
oil), a commonly used additive in paclitaxel formulations (Taxol®), has an absorption 
maximum at 230 nm.24 Polysorbate 80, the pharmaceutical additive in docetaxel 
formulations, has an absorption maximum at 234 nm.124 Therefore, optimisation of 
the composition of the mobile phase is required for UV detection to separate taxanes 
from both endogenous interferences and additives in drug formulations containing 
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1.
1Cremophor EL and polysorbate 80. In mass spectrometry, mass to charge ratios (m/z) 

are selected. The molecular masses of ~2500 and 1310 g/mol of Cremophor EL and 
polysorbate 80, respectively, make chromatographic separation from taxanes not 
required, although it is reported that these pharmaceutical additives can cause ion 
suppression of docetaxel and paclitaxel.60;77 However, a labelled analogue of the analyte 
of interest as internal standard can compensate for the ion suppressive effects of the 
pharmaceutical additives and potential endogenous interferences. 

Ionisation in liquid chromatographic mass spectrometry 
assays
 Electrospray ionisation (ESI)

Ionisation by ESI in the positive mode is the most used ionisation technique for LC-
MS/MS quantification of taxanes, although ESI in the negative ion mode is described 
for quantification of IDN 5390, IDN5738 and IDN5839.101;102 During development 
of multiple assays, response for ESI in positive and negative mode is compared. For 
docetaxel83;89;93, felotaxel97, paclitaxel65;66 and 7-xylosyl-10-deactecylpaclitaxel100 it 
appears that ionisation in the positive mode results in an optimal analytical responses. 
Negative ion mode resulted in higher responses of IDN 5390 and ortotaxel.102 In general, 
all neutral substances are able to form positive ions during positive ionisation, while 
negative ionisation requires acidic groups or mobile phase additives.125 Since taxanes 
are not charged at physiological pH and have a higher number of hydrogen acceptor 
counts than hydrogen donor counts116, it is not surprising that ionisation in the positive 
mode results in the best sensitivity.

Other ionization techniques

 In some assays, ionisation techniques other than ESI are used for ionisation of 
paclitaxel. APCI is used by Mortier et al.60 and Schellen et al.62 and sonic spray ionisation 
(SSI) in the positive mode is reported by Green et al.71. Mortier et al.126 and Green et al.71 
compared the effect of the ionisation technique on the response of paclitaxel. Mortier 
observed the best response using ESI, while Green reported that SSI resulted in a higher 
signal to noise. Both Green and Mortier confirmed that APCI for ionisation of paclitaxel 
resulted in low sensitivity. Since ESI is the more common technique, this is most likely 
usually preferred over SSI.

Additives in the mobile phase to improve ionization efficiency in 
MS/MS detection.

The composition of the mobile phase can influence ionisation of the analyte of interest. 
Guitton et al.90 report that docetaxel response is decreased when the composition of 
the mobile phase is increased from 50 to 95% acetonitrile. Also the pH of the mobile 
phase can influence the response. Although almost all LC-MS/MS assays use a neutral 
or acid mobile phase, it is reported that an alkaline mobile phase can increase docetaxel, 
paclitaxel and cabazitaxel response.64;76;85;96 The increased response at alkaline pH is 
also reported for other compounds.127 In general, acidic analytes have a better ionisation 



Chapter 1.1

34

1.1 response during electrospray ionization (ESI) when an alkaline mobile phase is used, 
while basic analytes have a better response when the mobile phase is acidic.128 This is 
attributed to the charge that is already present at the analyte during droplet formation. 
However, this is not the only effect that a change in pH might have. Ionisation response is 
also determined by the disposition of an analyte in the droplets that are formed by ESI.128 
Paclitaxel, docetaxel and cabazitaxel are not charged at physiological pH.116 Moreover, 
the pKa of these drugs are around 11 (basic groups) and below 0 (acidic groups). This 
indicates that varying the pH in the range 3-11 (a common range used for a mobile 
phase) most likely does not change the charge of the compound. Therefore the charge at 
the analyte that is already present during droplet formation does not change. However, 
the change in pH might result in changed chemical characteristics of the mobile phase 
or the analytes (e.g. protonation or changed surface-activity) and therefore change the 
disposition of the analyte in the droplet as we previously proposed.129 This speculative 
change in disposition could explain the increase in response of taxanes at alkaline pH.

Another way to increase detection sensitivity of analytes and improve ionization 
efficiency for ESI and atmospheric pressure chemical ionization (APCI), is the use of 
additives in the mobile phase.130 It is reported that addition of acids like formic acid86;97 
and acetic acid84 increases the response of taxanes. Responses are usually increased 
by additives that limit formation of adducts like sodium adducts, although substantial 
adduct formation of docetaxel is reported despite addition of 0.1% (v/v) formic acid to 
the mobile phase.93 This might be related to the additive used, since docetaxel response 
was higher after addition of acetic acid than after addition of formic acid.90 Addition of 
acetic acid to the mobile phase had a more pronounced impact on decreased formation 
of sodium adducts of paclitaxel compared to addition of formic acid or trifluoroacetic 
acid.70 Larotaxel response was higher using ammonium acetate as additive compared 
with formic acid and acetic acid.99 Stokvis et al.64 reported that ammonium-containing 
additives (ammonium acetate, ammonium hydroxide and ammonium formate) in the 
mobile phase resulted in an increased paclitaxel response compared to acetic acid, 
formic acid or no additive in the mobile phase. It is proposed that proton transfer from 
the positive ammonium ion to the neutral paclitaxel molecule increases paclitaxel 
response. The proton transfer could be explained by ion-molecule reactions or collision 
induced dissociation.72

Although additives in the mobile phase are mostly used to limit adduct formation, 
sometimes they are deliberately added to the mobile phase to form adducts during 
ionisation. The response of these adducts can be higher than the response of the 
protonated parent ion ([M+H]+). In taxane assays, sodium adducts ([M+Na]+) were 
sometimes selected for quantification61;65-67;74;94;104, although response of [M+Na]+ is not 
always higher than response of [M+H]+.78 Not only sodium, but also ammonium103 or  
carboxyl adducts101;102 can be used quantification. Formation of salt adducts can also 
be increased by adding salts to the samples during pre-treatment and thereby result 
in specific formation of  this adduct during ionisation.61 Addition of primary amines 
to the sample and detection of the adducts  ([M+primary amine+H]+) also increased 
the sensitivity and reduced formation of other adducts. Primary amines with a longer 
chain length (e.g. octylamine and dodecylamine) resulted in the highest sensitivity.56;126 
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1.
1A major disadvantage of the use of uncommon additives as primary amines for adduct 

formation is possible contamination of the mass spectrometer. This might affect adduct 
formation in other assays that run on the same device.

Quantification of taxanes in biological matrices other 
than plasma using liquid chromatography (LC) assays.

Although most LC assays have been developed for quantification of taxanes in plasma 
or serum, some are also developed for quantification of taxanes in other matrices. For 
evaluation of tissue distribution and in	vivo excretion, multiple assays in tissue samples 
and faeces or urine have been published.21;22;26;28;29;38;41;48;54;58;59;64;66;81;97;103 Also LC-MS/MS 
assays in less routinely studied matrices can be found in the literature. Paclitaxel and 
derivatives are quantified in post mortem samples75, docetaxel and paclitaxel in oral 
fluids77 and paclitaxel in dried blood spots61. 

Handling and storage of matrices other than plasma often results in matrix-specific 
limitations. Previously, we showed that dilution of faeces and urine samples can result 
in a biased quantification of docetaxel and paclitaxel.81 Storage of homogenized faeces 
samples at -20 oC resulted in overestimation of the analyte concentrations (up to 33% of 
the nominal concentration) when stored samples are thawed and diluted. Apparently, 
thawing a homogenized sample after storage results in non-uniform distribution of 
the analytes in the sample. Since faeces samples were homogenized with water, it is 
hypothesized that during storage, the lipophilic drugs might bind to fecal components 
and this could result in non-uniform distribution. Dilution of homogenized faeces 
samples prior to storage resulted in unbiased quantification.

Dilution of urine samples can result in underestimation of the analyte concentration 
when low sample volumes of urine are  used for dilution. This can be explained by 
adsorption of the analytes to the container wall. Therefore, for urine and homogenized 
faeces samples, it is advised to take aliquots and make dilutions for quantification prior 
to storage.81  Huizing et al.21 also observed biased quantification after storage of urine 
samples. It was reported that recovery of paclitaxel in urine was less than 70% after 
storage for 2 weeks at -20 oC. Recovery of paclitaxel in the urine sample was increased 
when 5% (v/v) Cremophor:ethanol (1:1, v/v) was added and this resulted in prolonged 
stability at -20 oC up to 17 months. 

For LC assays with UV detection, chromatographic separation of endogenous peaks 
and peaks of the analyte of interest is often sufficient for accurate quantification, even 
when calibration standards in plasma are used to quantify taxanes in faeces, urine or 
tissue samples.22;41;54 

However, in LC assays with MS/MS detection, matrix effects can seriously hamper 
quantification of taxanes. Matrix effects like ion suppression or ion enhancement can 
be caused by endogenous compounds131 and ionisation can be different in samples 
originating from different matrices. Ding et al.97 showed that the response of felotaxel 
was different in plasma, tissue samples, faeces and urine samples. The response of 
felotaxel in plasma samples was 90.6-97.2% of the response in neat methanol samples. 
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1.1 In urine and faeces samples, the response was 80.6-88.1% and 76.4-80.1%, respectively. 
In tissue samples, a different response was observed for the various types of tissue. 
For instance, response in liver samples was 76.9-81.1%, whereas response in tumour 
tissue was 90.6-97.3%. These differences in matrix effects hamper the quantification 
of taxanes in these matrices using calibration standards in one type of matrix, such 
as plasma. Therefore it is pivotal to determine any matrix effect during MS method 
development. Examples of well-designed procedures to determine matrix effects are 
previously reported.132;133 The use of calibration standards in the same matrix or the 
use of calibration standards that at least mimic the matrix effect of the samples are 
essential. 

At the moment, one assay has been developed for quantification of taxanes using 
dried blood spots (DBS).61 Nageswara Rao et al. used only 10 µL of rat whole blood to 
make DBS and quantified paclitaxel concentrations down to 0.2 ng/mL. This method 
proofs the applicability of DBS sampling. Using a highly sensitive LC-MS/MS assay, the 
sample volume can be decreased to 10 µL and an adequate LLOQ of 0.2 ng/mL can still 
be obtained. 

DBS sampling has several advantages over sampling by venous puncture.134 DBS 
sampling is easier to perform and requires less blood volume. Samples can be taken by 
the patient and stored for a long time at room temperature, which makes sampling at 
home feasible. After sampling, DBS can be shipped at ambient temperatures. This results 
in a cost-effective process. Moreover, during DBS sampling, pathogens are deactivated, 
resulting in s decreased risk of infection. 

However, validation parameters of assays for quantification of analytes using 
DBS can be different from assays for quantification in plasma samples. For instance, 
stability on DBS is influenced by other factors such as paper type, high temperature 
and humidity.135 Thereby, concentrations in DBS are not always similar to plasma 
concentrations since whole blood is spotted. For some analytes, one should correct for 
haematocrit and compound-specific plasma protein binding before DBS concentrations 
can be compared to plasma concentrations.136 It is advised to include a clinical cross 
validation between plasma and DBS sampling during the validation of the DBS assay to 
compare measured concentrations.

Recommendations for development  of liquid 
chromatography (LC) assays.
 Liquid chromatography (LC) assays coupled with UV detection 

In general, sensitivity of HPLC-UV assays is sufficient for quantification of taxanes 
in samples derived from (pre)clinical studies. Due to the low absorption maximum of 
the baccatin III structure at 227 nm, interferences from endogenous compounds, co-
medication or additives in the drug formulation are likely to occur. By using selective 
sample pre-treatment procedures and LC methods, accurate HPLC-UV assays can be 
obtained. Based on previously developed assays, liquid-liquid extraction using tertiary-
butylmethylether or solid-phase extraction using end-capped cyano columns is advised. 
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1Reversed-phase C8 or C18 columns are suitable in combination with a mobile phase 

containing at least 50% (v/v) of organic solvent. The mobile phase composition should 
be optimized for chromatographic separation of taxanes, endogenous interferences and 
additives in the drug formulation. 

Liquid chromatography (LC) assays coupled with MS/MS detection

LC coupled to MS/MS can be implemented for sensitive and selective quantification 
of taxanes. Sampling can even be simplified using DBS. Due to the selectivity of mass 
spectrometry, sample pre-treatment can be limited. Although in general, liquid-liquid 
extraction is less expensive compared to off-line solid-phase extraction, on-line solid-
phase extraction can save time and thereby increase sample throughput.119 Since 
interfering signals are increased after protein precipitation, liquid-liquid extraction 
with tertiary-butylmethylether or on-line solid-phase extraction is advised when high 
sensitivity is needed. Reversed phase C8 or C18 columns are suitable in combination with 
a mobile phase containing at least 50% of organic phase and volatile components. To 
reduce adduct formation, addition of additives is advised. Since ammonium-containing 
additives and an alkaline pH can increase the response of taxanes, ammonium hydroxide 
is advised as additive to the mobile phase. ESI in the positive ion mode as ionisation 
technique results in high sensitivity, although SSI can serve as an alternative. Matrix 
effects should be evaluated during development of the assay, especially when taxanes 
are quantified in various matrices. In such cases, the use of stable labelled isotopes as 
internal standards is advised. If stable labelled isotopes are not available, structure 
analogues can serve as internal standards. As demonstrated by Mortier et al.60, these 
structure analogues can correct for matrix effect when co-eluting with the analyte 
of interest. Since similar retention times of the internal standard and the analyte of 
interest  are essential, this might require extra optimisation of the chromatographic 
system (e.g. the composition of the mobile phase).60 

Conclusion 
A wide diversity of assays for quantification of taxanes has been developed, including 

tubulin-based biochemical assays, immunoassays and chromatography-based assays. 
The last encompasses MEKC or LC platforms coupled with UV or MS detection. HPLC-
UV and LC-MS/MS are most frequently used and usually fulfil requirements in terms 
of selectivity and sensitivity. Although each taxane analogue has its own chemical 
properties, there seems to be an overlap in behaviour of taxanes during sample 
pre-treatment and the influence of mobile phase composition and interference on 
quantification in developed HPLC-UV and LC-MS/MS assays. For routine analysis, both 
HPLC-UV and LC-MS/MS can be used for quantification of taxanes. HPLC-UV systems 
are low in costs compared to LC-MS/MS and are available in most laboratories. LC-MS/
MS provides more sensitivity and selectivity compared to HPLC-UV. Due to the high 
sensitivity of LC-MS assays, the sample volume can be reduced and analyses in DBS and 
quantification after micro sampling are feasible. Furthermore, LC-MS/MS is suitable 
to support studies when a low dose of taxanes is administered (e.g. microdosing or 
metronomic dosing) or when metabolites are quantified, which are present in low 
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1.1 concentrations in the biomatrix.  The increased selectivity of LC-MS/MS requires less 
sample pre-treatment and can reduce run time since less chromatographic separation 
is required. This can increase sample throughput. Therefore, when sensitivity or high 
sample throughput is required, LC-MS/MS is the best choice for quantification of 
taxanes.

Future perspective
Two decades after the approval of paclitaxel by the FDA, there is still clinical interest in 

taxanes. New taxanes analogous will be tested in the near future. Therefore, new taxane 
assays will be developed and validated to support preclinical and clinical trials necessary 
for approval of drugs for daily clinical practice. Other matrices besides plasma will 
become of interest. To obtain absorption and excretion data of newly developed drugs, 
quantification of taxanes in urine and faeces is required. Moreover, taxane quantification 
in other matrices like tumour and tissue samples can improve the understanding of taxane 
efficacy and resistance to taxanes. Furthermore, new oral formulations of taxanes are 
under development (e.g. capsules with solid dispersion systems137;138 and nanoparticle 
formulations139-144). These oral formulations can be used for other dosing schedules like 
metronomic dosing. Multiple subsequent administrations of a lower, oral dose instead 
of i.v. administration once every week or every three weeks, will result in lower plasma 
concentrations of taxanes and therefore more sensitive assays for quantification are 
required. Sensitive assays are also needed when a sub-pharmacologic dose of a drug is 
administered (microdosing) as a predictive tool for assessment of pharmacokinetics, 
drug-drug interactions and influence of polymorphism. Co-administration of taxanes 
with other chemotherapeutics and supportive treatment regimens is common practice. 
This makes combined quantification in one sample attractive and therefore, it is likely 
that for this purpose new assays will be developed to improve support of clinical trails 
or daily practice. 

For newly developed assays, sensitivity and fast sample throughput will be 
combined. Consequently, the focus will be on mass spectrometry, since this results 
in higher sensitivity and selectivity than UV absorption. Extraction with tertiary-
butylmethylether is advised. The best sensitivity (lowest LLOQ levels) is obtained after 
liquid-liquid extraction since it combines high recovery with an adequate reduction of 
spectral interferences and matrix effects. This sample pre-treatment method, however, 
is more labour- and time-intensive than on-line solid phase extraction. However, 
automated off-line liquid-liquid extraction most likely can compete with on-line solid 
phase extraction at these points. The increased sensitivity puts liquid-liquid extraction 
in favour, although on-line solid phase extraction will become a good alternative since 
new mass spectrometers with improved sensitivity are available. 
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Abstract
A combined assay for the determination of paclitaxel, docetaxel and ritonavir in 

human plasma is described. The drugs were extracted from 200 μL human plasma using 
liquid-liquid extraction with tertiar-butylmethylether, followed by high performance 
liquid chromatography analysis using 10 mM ammonium hydroxide pH 10: methanol 
(3:7, v/v) as mobile phase. Chromatographic separation was obtained using a Zorbax 
Extend C18 column. Labelled analogues of the analytes are used as internal standards. 
For detection, positive ionization electrospray tandem mass spectrometry was used. 
Method development including optimisation of the mass transitions and response, 
mobile phase optimisation and column selection are discussed. The method was 
validated according to FDA guidelines and the principles of Good Laboratory Practice 
(GLP). The validated range was 0.5-500 ng/mL for paclitaxel and docetaxel and 
2-2,000 ng/mL for ritonavir.  For quantification, quadratic calibration curves were used 
(r2>0.99). The total runtime of the method is 9 minutes and the assay combines analytes 
with differences in ionisation and desired concentration range. Inter-assay accuracy 
and precision were tested at four concentration levels and were within ± 10% and less 
than 10%, respectively, for all analytes. Carry-over was less than 6% and endogenous 
interferences or interferences between analytes and internal standards were less than 
20% of the response at the lower limit of quantification level. The matrix factor and 
recovery were determined at low, mid and high concentration levels. The matrix factor 
was around 1 for all analytes and total recovery between 77.5 and 104%. Stability was 
investigated in stock solutions, human plasma, dry extracts, final extracts and during 3 
freeze/thaw cycles. The described method was successfully applied in clinical studies 
with oral administration of docetaxel or paclitaxel in combination with ritonavir. 
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Introduction
Docetaxel (Taxotere®) and paclitaxel (Taxol®) are both taxanes and share the baccatin 

ring structure (Figure 1 ).1 Paclitaxel was isolated in the early 70s from Taxus	brevifolia 
and docetaxel, a semi-synthetic derivative of a taxane from Taxus	baccata was found a 
decade later.2 Both taxanes are widely used as intravenously administered anticancer 
agents but oral formulations with paclitaxel and docetaxel are currently under 
investigation in both in	vitro and in	vivo studies.3 The taxanes are subject to a complex 
detoxification mechanism involving both ABC drug transporters and drug metabolizing 
enzymes, which results in a low bioavailability after oral administration.4 In vivo, both 
P-glycoprotein (PgP) and Multidrug resistance-associated protein (MRP) 2 are involved 
in paclitaxel and docetaxel pharmacokinetics by decreasing exposure to the taxanes.5;6 
Thereby, MRP7 reduces in vivo tissue sensitivity to paclitaxel.7 Paclitaxel is metabolized 
by Cytochrome P450 (CYP) 2C8 and CYP3A4, while docetaxel is primarily metabolized 
by the CYP3A subfamily.1 Due to the involvement of the transporters and CYP enzymes, 
the oral bioavailability of the taxanes is limited and several studies have assessed 
enhancers in combination with oral formulations to increase the bioavailability.3 One of 
the currently applied boosting agents is the CYP3A inhibitor ritonavir (Norvir®) (Figure 
1). Low doses of ritonavir are also widely used as booster to increase the bioavailability 
of protease inhibitors in HIV therapy.8 Previously, several methods for the (combined) 
quantification of taxanes in human plasma are described9-20 and separate methods for 
the quantification of ritonavir mostly in combination with other antiretroviral drugs.21-25 

Figure 1. Structures of paclitaxel, docetaxel and ritonavir.
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To support further studies with ritonavir-boosted oral taxanes, we developed and 
validated a sensitive and fast liquid chromatography-/tandem mass spectrometry (LC-
MS/MS) method for the simultaneous detection of docetaxel, paclitaxel and ritonavir. 
We aimed for a lower limit of quantification of 0.5 and 2 ng/ml for the taxanes and 
ritonavir, respectively. According to previous pharmacokinetic profiling14;26-28, these 
limits provide sufficient sensitivity to support clinical studies. 

Material and Methods
Chemicals 

Paclitaxel and docetaxel were purchased from Sequoia Research Products (Oxford, 
UK). Ritonavir, 13C3-labelled ritonavir and D9-labelled docetaxel were purchased 
from Toronto Research Chemicals (North York, ON, Canada). 13C6-labelled paclitaxel 
was kindly provided by Pharmacia Corporation (Nerviano, Italy). Methanol (HPLC 
grade) was obtained from Biosolve Ltd (Amsterdam, the Netherlands), tertiar-
butylmethylether (tert.-butylmethylether/ TBME, Analytical grade) and water for 
chromatography (LiChrosolv) were obtained from Merck (Darmstadt, Germany). Drug 
free lithium-heparinized human plasma was obtained from Bioreclamation LLC (New 
York, NY, USA).

Mass spectrometric and chromatographic conditions

The chromatographic conditions were based on previously developed assays 
for quantification of docetaxel and paclitaxel.14;29 An API 4000 triple quadrupole MS 
with electrospray ionisation (ESI) (AB Sciex, Foster City, CA, USA) was coupled to an 
Agilent 1100 liquid chromatographic system (Agilent Technologies, Palo Alto, CA, 
USA). The Agilent 1100 system consisted of a binary pump, an autosampler, a mobile 
phase degasser and a column oven. The mobile phase consisted of methanol:10 mM 
ammonium hydroxide in water (70:30, v/v) at a flow of 0.3 mL/min. Chromatographic 
separation was obtained using a Zorbax Extend C18 column (150 mm x 2.1 mm I.D., 
particle size 5 µm; Agilent Technologies) protected with an inline filter (0.5 µm). The 
column oven was set at 35 oC, while the autosampler was thermostatted at 4 oC. A sample 
volume of 25 µL was injected and the injection needle was washed for 3 s with methanol 
after each injection. Mass transitions were optimized for each compound in positive ion 
mode. Ion specific parameters were optimized for each analyte separately. An overview 
of the mass transitions and MS/MS settings is listed in Table 1.  The total run time was 
9 min. A switching valve was used to direct the eluent during the first 3 min of the run 
to waste. For quantification, the multiple reactions monitoring (MRM) chromatograms 
were acquired with Analyst software version 1.5 (AB Sciex). 

Preparation of stock and working solutions

Two stock solutions of each analyte from independent weightings were prepared in 
methanol at a concentration of 1 mg/mL. The stock solutions of the three analytes were 
diluted to combined working solutions with methanol. One set of working solutions 
was used for the preparation of calibration standards, while the other set was used 
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for the preparation of quality control (QC) samples. For the internal standards 13C3-
ritonavir, D9-docetaxel and 13C6-paclitaxel stock solutions of respectively 0.5, 1.0 and 0.1 
mg/mL were prepared in methanol. The three internal standards were diluted to one 
combined internal standard working solution of 500, 40 and 200 ng/mL (13C3-ritonavir, 
D9-docetaxel and 13C6-paclitaxel, respectively). All solutions were stored at -20 oC.

Preparation of Calibration standards and Quality Controls

Calibrations standards (CAL) were prepared by diluting a fixed amount of working 
solution containing each analyte in blank human plasma. The CALs contained the 
analytes in a range of 0.5 to 500 ng/mL (paclitaxel/docetaxel) and 2 to 2,000 ng/mL 
(ritonavir).  In a similar way, QC samples at three concentrations were prepared from 
another set of working solutions. The QCs contained the taxanes in concentrations of 
1.5, 100 and 400 ng/mL and ritonavir in concentrations of 6, 400 and 1,600 ng/mL. For 
validation purpose, additional QCs were made at lower limit of quantification (LLOQ) 
level (0.5/2 ng/mL; taxanes/ritonavir) and higher than the upper limit of quantification 
(ULOQ; 2,000/8,000 ng/mL; taxanes/ritonavir). Samples were transferred to 2.0 mL 
polypropylene tubes (Eppendorf, Merck) in aliquots of 200 µL and stored at -20 oC.

Sample preparation

To 200 µL sample, 20 µL internal standard working solution was added and the sample 
was vortex-mixed for 10 s. Blank samples were spiked with 20 µL of methanol instead 
of internal standard working solution. After mixing, 1.0 mL of tertiar-butylmethylether 

Abbreviations: PAC: paclitaxel; DOC: docetaxel; RTV: ritonavir; IS PAC: 13C6-labelled paclitaxel; IS DOC: D9-
labelled docetaxel; IS RTV: 13C3-labelled ritonavir.

Parameter Setting    

Entrance Potential 10.0 V

Ionspray Voltage 5500 V

Collision gas 5.0 psi

Curtain gas 20.0 psi

Ionsource gas 1 60.0 psi

Ion source gas 2 50.0 psi

Temperature 400 °C

PAC DOC RTV IS PAC IS DOC IS RTV

Declustering Potential (V) 60 56 81 60 56 81

Collision Energy (V) 23 15 93 23 15 39

Collision Cell Exit Potential (V) 16 14 18 16 14 18

ScanTime  (sec) 0.2 0.2 0.2 0.2 0.2 0.2

Precursor ion (m/z) 854 808 721 860 817 726

Product ion (m/z) 509 527 196 515 527 296

Typical R.T (minutes) 3.8 4.4 6.9 3.8 4.3 6.8

Table 1. MS/MS parameters and mass transitions of the analytes.
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was added and again, the sample was mixed for 10 s. Samples were successively shaken 
automatically for 10 min at 1,250 rpm (L46, Labinco, Breda, The Netherlands) and 
centrifuged for 5 min at 23,000 g (5403 Eppendorf, Netheler Hinz GmbH, Hamburg, 
Germany). The aqueous layer was frozen in a bath of ethanol and dry ice and the organic 
layer was transferred into a clean 1.5 mL tube. The sample was dried under a gentle 
stream of nitrogen at 40 oC. The residue was reconstituted in methanol: water (1:1, 
v/v), vortex-mixed for 10 s and centrifuged for 3 min at 23,000 g. The supernatant was 
transferred to a glass autosampler vial with insert and 25 µL was injected onto the LC-
MS/MS system.

Validation

For the assay, a full validation program was executed, including calibration model, 
accuracy, precision, carry-over, dilution test, specificity and selectivity, matrix effect, 
recovery and stability. Stability of each analyte separately during 3 freeze/thaw 
cycles14;30;31 has been previously determined at our institute, so only long-term stability 
in human plasma and stability of the dried extract, the processed sample stability and re-
injection reproducibility were executed. Long-term stability was tested for each analyte 
separately, while all other stability testing was executed with all analytes combined. 
The validation was executed according to the FDA guidelines32 on bioanalytical method 
validation and to the guidelines of the 3rd AAPS/FDA bioanalytical workshop.33 The 
validation was performed in compliance with the OECD principles of Good Laboratory 
Practice (GLP).34

Results and discussion
Mass spectrometric and chromatographic conditions

Mass	transition
The molecular ions ( [M+H]+) of paclitaxel, docetaxel and ritonavir observed at m/z 

854, 808 and 721, respectively, were used as precursor ions to generate product ion 
spectra. The most abundant product ions of paclitaxel and docetaxel were optimized 
for Multiple Reactions Monitoring (MRM) (Table 1). For ritonavir the product ion at m/z 
196, and not the most abundant product ion at m/z 296, was optimized for MRM since 
back-calculated calibration concentrations at the transition 721 to 196 provided the 
lowest total bias across the range. For the internal standard 13C3-ritonavir, the isotope 
ion at m/z 726 was selected as precursor ion, instead of the protonated molecular ion 
at m/z 724, as the molecular isotopic ions of ritonavir monitored at	m/z	724 and 725 
interfered with the molecular isotopic ions of 13C3-ritonavir at these mass transitions. At 
mass transition m/z 726, ritonavir showed no isotope ions, while 13C3-ritonavir showed 
isotope ions at an intensity which was 2-fold lower compared to the intensity at m/z 724. 
To increase the sensitivity for the detection of 13C3-ritonavir, the most abundant product 
ion at m/z 296 was selected instead of the same product ion as used for ritonavir to 
obtain a maximum response. For D9-docetaxel and 13C6-paclitaxel the molecular ions 
observed at m/z 860 and 817, respectively, were used as precursor ions and the most 
abundant product ions were used for MRM (Table 1). 
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Acid	versus	alkaline	mobile	phase
During development of the method, 0.1% formic acid (pH 2.7) and 10 mM 

ammonium hydroxide (pH 8-10) were tested as aqueous phases of the eluent. Docetaxel 
and paclitaxel responses increased 1.1- to 3.7-fold when alkaline mobile phases were 
applied, while the response of ritonavir decreased (see Figure 2). For these tests, a small 
volume (2 μL) was injected from a solution containing all analytes at a concentration of 
5,000 ng/mL (taxanes) or 20,000 ng/mL (ritonavir). Compared to 10 mM ammonium 
hydroxide pH 9.5, a mobile phase of pH 10 showed a slightly higher response of 
docetaxel, but also a higher background signal. Both observations resulted in a lower 
signal-to-noise ratio for 10 mM ammonium hydroxide pH 10. It was observed that the 
background signal of alkaline mobile phases was reduced when a column was used. 
Due to the reduction in noise by using a column, a mobile phase of pH 10 resulted 
in the highest signal-to-noise ratio and the best performance at LLOQ concentration 
level. Therefore 10 mM ammonium hydroxide pH 10 was selected as aqueous phase. 
It is known that the disposition of the analytes in the formed droplets has an effect on 
the ESI response as described in detail by Chech and Enke.35 It is hypothesized that 
by changing the mobile phase from acid to alkaline, the disposition of the analytes in 
the droplets formed by ESI is changed resulting in an increase of the docetaxel and 
paclitaxel responses. The change of disposition could be the result of changed chemical 
characteristics of the mobile phase or the analytes due to pH changes (e.g. protonation 
or changed surface-activity) or adduct forming of the analyte with ammonium. The 
results of the experiments with different pH types suggest that the increase in response 
is due to a change in pH and not due to the presence of ammonium ions. Although the 
mechanism is not clear yet, the increase in the response of docetaxel by changing the 
pH of the mobile phase with ammonium hydroxide is supported by observations from 
other research groups.12-14;17;19 

Figure 2. Relative signal-to-noise ratios of ritonavir, docetaxel and paclitaxel after flow injection analysis. 
During the experiments no column was used and the mobile phase contained 70% (v/v) methanol.
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Column	selection
During development of the method, several columns were tested. Chromatography 

of a Zorbax Extend C18 column (150 mm x 2.1 mm I.D., particle size 5 µm; Agilent 
Technologies), a Kinetex C18 column (150 mm x 2.1 mm I.D., particle size 2.6 µm; 
Phenomenex), an Xbridge C18 column (50 mm x 2.1 mm I.D., particle size 5 µm; Waters) 
and a Gemini C18 110A column (150 mm x 2.0 mm I.D., particle size 5.0 µm; Phenomenex) 
were compared at a flow rate of 0.2 mL/min. All other mass spectrometric and 
chromatographic conditions were as described above, except for the Kinetex column. 
For the Kinetex column the mobile phase consisted of 80% methanol instead of 70% 
and the column oven was set at 60 oC. This was necessary to reduce the pressure in the 
system. The Zorbax Extend column was considered superior to the other columns in 
terms of accuracy, precision and carry-over for all analytes and mainly for docetaxel. 
Injection of spiked docetaxel samples on the Kinetex column resulted in an increase of 
background signal at m/z	808 at the retention time of docetaxel. The signal remained 
constant over three subsequent injections of water: methanol (1:1, v/v) and this is 
probably due to a memory effect of the Kinetex column. This effect was observed during 
multiple runs and not seen with any of the other tested columns. The chromatographic 
conditions of the Zorbax Extend column were further optimized resulting in a flow rate 
of 0.3 mL/min. To reduce the run time, a mobile phase containing 75% (v/v) methanol 
was tested but under these conditions an endogenous interference shifted towards 
the docetaxel peak. Finally, a Zorbax Extend Column was selected and a mobile phase 
containing 70% (v/v) methanol was used. The flow rate was set at 0.3 mL/min and the 
column oven was set at 35 oC. 

Optimization	of	ritonavir	response
The combination of the taxanes paclitaxel and docetaxel in one assay with ritonavir 

was challenging as not only the desired concentration range of ritonavir was 4-fold 
higher, but also because ritonavir is a better responder compared to the taxanes. 
Consequently obtaining sensitivity of docetaxel and paclitaxel at LLOQ level resulted in 
saturation of the response of ritonavir at the ULOQ concentration level. For paclitaxel and 
docetaxel the most abundant product ions were selected for quantification. To prevent 
saturation of the detector, not the most abundant product ion at m/z 296 was selected 
for ritonavir but an apparently suboptimal product ion at m/z 196. The response of this 
transition was almost 30 times lower compared to the transition 721 to 296, however, 
saturation of the signal response was still observed. To reduce the amount of product 
ions, the collision energy was changed from 86 to 93 V. The combination of the selected 
mass transition and the apparently non-optimal collision energy resulted in the most 
accurate and precise quantification of ritonavir, despite the differences in ionisation 
and target concentration ranges between ritonavir and the taxanes.

Sample pre-treatment

Sample pre-treatment as described previously by our group for the quantification of 
docetaxel14 and paclitaxel31 was followed. Liquid-liquid extraction (LLE) was compared 
with protein precipitation. Relative recovery of both pre-treatment procedures was 
comparable, however using LLE, cleaner plasma extracts were obtained. Furthermore 
sample concentration was favourable to decrease the LLOQ. During development the 
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following solvents for reconstitution were tested: methanol-water (1:1, v/v), methanol-
water (7:3, v/v), acetonitrile-water (1:1, v/v) or 10 mM ammonium hydroxide pH 
5-acetonitrile. Methanol-water (1:1, v/v) was selected as reconstitution solvent since 
peak shapes improved and the lowest noise levels in the MRM chromatograms were 
observed.  A reduction in noise levels was not expected since analytes are eluting far 
from time zero. Probably less matrix ions are dissolved during the reconstitution in 
methanol-water (1:1, v/v) resulting in improved noise levels compared to the other 
tested solvents. 

Validation of the method

Calibration	model
CALs (8) with duplicate points at each concentration in the range 0.5 to 500 ng/mL 

(paclitaxel and docetaxel) and 2 to 2,000 ng/mL (ritonavir) were prepared in control 
lithium heparinized human plasma and analyzed in three independent analytical runs. 
Calibration curves were fitted by quadratic regression of the peak area ratio with the 
internal standard versus the concentration with 1/x2 (the reciprocal of the squared 
concentration) as the weighting factor. At high concentration levels of the analytes, the 
calibration curves were not linear, resulting in a higher total bias in the upper ranges 
of the calibration curves when linear regression was applied instead of quadratic 
regression. Although both quadratic and linear regression met the criteria32, quadratic 
regression was used to minimize the bias across the range of 0.5 to 500 ng/mL for the 
taxanes and 2 to 2,000 ng/mL for ritonavir. Reduction of the calibration ranges was 
not desirable because this would result in an excessive number of re-analysis of study 
samples after dilution in control matrix. When calibration data was fitted by quadratic 
regression, correlation coefficients (r2) of 0.9989 or better were obtained for all analytes. 
For every calibration curve the calibration concentrations were back-calculated from the 
response ratios. The deviations of the nominal concentrations should be within ±15%. 
At the LLOQ level a deviation of ±20% was permitted. For paclitaxel at all calibration 
standard concentration levels, the deviations of measured concentrations from nominal 
concentration were between -1.9 and 3.9% with coefficient of variation (CV) values of 
less than 12.5%. For the calibration standards of docetaxel, the deviations of measured 
concentrations from nominal concentration were between -1.9 and 1.7% with CV values 
of less than 4.3% and for ritonavir the deviations of measured concentrations were 
between -1.8 and 2.4% with CV values of less than 4.1%. Typical MRM chromatograms 
of blank plasma and the analytes at LLOQ-level are presented in Figure 3.

Accuracy	and	precision
QC samples were prepared in control lithium heparinized human plasma and five 

replicates of each level were analyzed in three independent analytical runs. The accuracy 
was determined in percentage difference between the mean concentration and the 
nominal concentration. The CV was used to report the precisions. The intra- and inter-
assay accuracies and precisions should be within ±20% and less than 20%, respectively, 
for the LLOQ concentration and within ±15% and less than 15%, respectively, for other 
concentrations. Assay performance data of paclitaxel, docetaxel and ritonavir are in 
Table 2. For all the analytes, all intra- and inter-assay accuracies and precisions fulfilled 
the required criteria.32;33
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Figure 3. Typical MRM chromatograms of the analytes in a blank plasma sample and at LLOQ level (0.5 ng/mL 
and 2 ng/mL for the taxanes and ritonavir, respectively). Panels show the response in a blank plasma sample 
and in a calibration sample at LLOQ level at the transition of docetaxel (1A and 2A, respectively), D9-labeled 
docetaxel (1B and 2B), paclitaxel (3A and 4A), 13C6-labeled paclitaxel (3B and 4B), ritonavir (5A and 6A) and 
13C3-labeled ritonavir (5B and 6B). 

Abbreviation:  conc.: concentration.

Compound
Nominal conc.

(ng/mL)

Mean 
measured 

conc.
(ng/mL)

Inter-assay 
bias 
(%)

Inter-assay 
precision

(%)

No. of 
replicates

Paclitaxel 0.504 0.459 -8.8 3.8 15

1.51 1.45 -4.1 2.7 15

101 92.6 -8.3 1.9 15

403 383 -4.9 1.4 15

Docetaxel 0.5 0.459 -8.2 7 15

1.5 1.45 -3.2 6.8 15

100 95.9 -4.1 5.2 15

400 398 -0.5 5.3 15

Ritonavir 1.98 1.91 -3.5 2.9 15

5.94 5.96 0.4 1.7 15

396 387 -2.2 1.3 15

1580 1570 -0.8 0.9 15

Table 2. Assay performance for paclitaxel, docetaxel and ritonavir.
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Carry-over
Carry-over was tested by injecting two processed blank matrix samples subsequently 

after injection of an ULOQ sample in three independent runs. The response in the first 
blank matrix at the retention time of the analytes or internal standards should be less 
than 20% of the mean response of a LLOQ sample for the analytes and less than 5% of 
the mean response for the IS. The response in the first blank matrix at the retention 
time of the analytes was less than 6% of the mean response at the LLOQ for all analytes. 
At the retention times of the internal standards no response was observed. Therefore, 
the carry-over test was found to be acceptable.

Dilution	test
To assess the reliability of the method at concentration levels above the ULOQ 

(500/2,000 ng/mL; taxanes/ritonavir), an intra-assay accuracy and precision test was 
executed. A sample at a concentration level above the ULOQ was diluted 2 (800 to 400 
ng/mL; taxanes), 5 (800 to 160 ng/mL; taxanes), 10 (2,000 to 200 ng/mL; taxanes) and 
100 times (2,000 to 200 and subsequently 200 to 20 ng/mL; taxanes) with human blank 
plasma. All samples also contained ritonavir in 4 times higher concentrations compared 
to paclitaxel and docetaxel. Diluted samples were processed in 5-fold and analyzed. 
Accuracy and precision were determined as described for QC samples and should be 
within ±15% and less than 15%, respectively. For all dilution factors, accuracies and 
precisions fulfilled these acceptance criteria.32;33

Specificity	and	selectivity
From 6 different batches of control human heparinized plasma, blank (without 

the internal standards) and spiked samples (with paclitaxel, docetaxel, ritonavir and 
the internal standards) at the LLOQ concentration level were prepared. The samples 
were prepared to determine whether endogenous compounds interfere at the mass 
transitions chosen for the analytes and internal standards. Samples were processed 
according to the described procedures and analyzed. Interferences co-eluting with the 
analytes or internal standards should not exceed 20% of the peak area of the analytes 
at LLOQ or 5% of the internal standard areas. Deviations of the nominal concentrations 
should be within ±20%. MRM chromatograms of the double blanks did not show peaks 
that co-eluted with one of the analytes with areas exceeding 11% of the area at LLOQ 
level or peaks that co-eluted with the internal standards with areas that exceeded 0.3% 
of the internal standard area. Deviations from the nominal concentrations at the LLOQ 
level of the analytes in all batches were between -12.6 and 5.8%.

To assess cross-analyte/internal standard interferences, samples containing only 
one of the analytes at ULOQ level or one of the internal standards in control human 
heparinized plasma were processed and analyzed. Interferences were less than 20% of 
the peak area of the analytes at the LLOQ or 5% of the internal standard areas. During 
cross-analyte interference tests, the interferences at the retention times of paclitaxel, 
docetaxel and ritonavir were less than 5.1, 18.5 and 7.1% of the area of their LLOQ 
standards, respectively. Interference at the retention times of 13C6-paclitaxel, D9-
docetaxel and 13C3-ritonavir were less than 0.3, 1.4 and 5% of their area, respectively. 
Therefore the cross analyte/internal standard interferences were considered acceptable 
for all analytes and internal standards.
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Matrix	factor	and	Recovery
The matrix factor was determined by comparing the signals of the analytes in  

processed QC samples at low, mid and high concentration levels to the signals of the 
same concentration levels in methanol: water (1:1, v/v). Responses were corrected for 
the internal standard area. The variability in matrix factor, as measured by the coefficient 
of variation should be less than 15%33. The matrix factor for paclitaxel, determined as 
the area ratio with and without matrix ions present, was between 0.992 and 1.02 for 
all concentration levels, with CV values less than 1.8%. For docetaxel, the matrix factor 
was between 0.933 and 0.99, with CV values less than 4.7%, when one outlier at low 
concentration was rejected. For ritonavir, the matrix factor was between 1.00 and 1.02, 
with CV values less than 1.9%. Overall, the results (matrix factor around 1) indicate 
that the stable-isotopically labelled internal standards of all analytes are most effective 
minimizing the influence of matrix effects.

The overall recovery was calculated by comparing the absolute areas in a processed 
QC sample to the areas measured in an unprocessed sample. The overall recovery was 
determined for all analytes at 3 concentration levels. The total recoveries for paclitaxel, 
docetaxel and ritonavir were between 77.5 and 104% with CV values of less than 15%.  It 
was observed, that recovery increased with the concentration level. An underestimation 
of the total recovery at low concentration was caused by disproportional high areas of 
the analytes in the samples in absence of matrix ions. However, the total recovery was 
constant, precise and reproducible.   

Stability
Stock solutions in methanol are stable for at least 12, 21 and 36 months for paclitaxel, 

docetaxel and ritonavir, respectively, when stored at nominally -20 °C. All analytes are 
stable in human plasma at ambient temperature for at least 24 h and at least 19 months 
(paclitaxel), 31 months (docetaxel) or 36 months (ritonavir) at nominally -20 °C and 
after three freeze/thaw cycles. The stability in dry extract and final extract samples 
containing all analytes was evaluated at nominally 2-8 °C at low and high level. The 
analytes were considered stable in the matrix when 85-115% of the initial measured 
concentration was found. Stability was demonstrated for at least 8 days at 2-8 °C under 
both conditions. The re-injection reproducibility was evaluated in processed samples of 
human plasma containing all analytes after storage at nominally 2-8 °C for 9 days. The 
bias was within ± 15% of the nominal concentration for all the analytes. Therefore it 
is concluded that the samples can be re-injected within 9 days when kept at nominally 
2-8 °C. 

Application of the method
The validated assay is currently in use to support clinical studies. In these studies 

patients receive either paclitaxel or docetaxel in combination with ritonavir. In Figure 
4 concentration-time curves are presented of two patients receiving taxanes in 
combination with ritonavir, both orally administered. One patient received paclitaxel 
and ritonavir in doses of 100 mg and 200 mg, respectively. The other patient also 
received 200 mg ritonavir, co-administered with 60 mg docetaxel. Maximal plasma 
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Figure 4. Concentration-time curves after oral co-administration of 200 mg ritonavir with 60 mg docetaxel 
(A) or 200 mg ritonavir with 100 mg paclitaxel (B).

concentrations of oral paclitaxel and docetaxel were 120 and 61 ng/mL, respectively. 
The maximal plasma concentrations of ritonavir were 956 and 2,879 ng/mL. The 
variation in plasma concentrations of ritonavir is observed in modelling of population 
pharmacokinetics after administration of 100 mg ritonavir bi-daily.36 Phase I and 
II studies are currently ongoing to further investigate the oral co-administration of 
taxanes and ritonavir.
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Conclusion
The development and validation of a combined assay for the quantification of 

paclitaxel, docetaxel and ritonavir in human plasma is described. The validated range 
for the taxanes was 0.5-500 ng/mL and for ritonavir was 2-2,000 ng/mL using 200 µL 
plasma aliquots. The assay was validated according to FDA guidelines and has been 
successfully applied in clinical studies. During development we showed that using an 
alkaline mobile phase instead of an acid mobile phase the sensitivity for docetaxel and 
paclitaxel can be increased. Moreover, we demonstrated that each of the applied drugs 
in this single assay could be quantified successfully, although the individual chemical 
properties, concentration ranges and ionisation responses are diverse.
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Abstract
A combined assay for the determination of paclitaxel, docetaxel and ritonavir in 

human feces and urine is described. The drugs were extracted from 200 μL urine or 50 
mg feces followed by high performance liquid chromatography analysis coupled with 
positive ionization electrospray tandem mass spectrometry. 

The validation program included calibration model, accuracy and precision, carry-
over, dilution test, specificity and selectivity, matrix effect, recovery and stability. 
Acceptance criteria were according to US Food and Drug Administration guidelines on 
bioanalytical method validation. The validated range was 0.5-500 ng/mL for paclitaxel 
and docetaxel and 2-2,000 ng/mL for ritonavir in urine and 2-2,000 ng/mg for paclitaxel 
and docetaxel and 8-8,000 ng/mg for ritonavir in feces. Inter-assay accuracy and 
precision were tested for all analytes at four concentration levels and were within 8.5% 
and less than 10.2%, respectively in both matrices. Recovery at three concentration 
levels was between 77 and 94% in feces samples and between 69 and 85% in urine 
samples. Method development, including feces homogenization and spiking blank urine 
samples, are discussed. 

We demonstrated that each of the applied drugs could be quantified successfully 
in urine and feces using the described assay. The method was successfully applied for 
quantification of the analytes in feces and urine samples of patients. 
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Introduction
Paclitaxel (Taxol®) and docetaxel (Taxotere®), both taxanes, are widely used 

as intravenously administered anticancer agents for several types of cancer. 
Paclitaxel (Figure 1) is derived from the bark of Taxus	 brevifolia, whereas docetaxel 
is a semisynthetic derivative of a taxane isolated from the needles of Taxus	baccata.1 
Ritonavir is a protease inhibitor, which is used at a low dose for boosting other protease 
inhibitors in HIV therapy.2 Oral formulations of both paclitaxel and docetaxel are 
currently under investigation3;4, wherein boosting the availability of the taxanes with 
a low dose of ritonavir results in clinically relevant exposure after oral administration 
of the taxanes.5-7 To further investigate this combination, assays for quantification of 
paclitaxel, docetaxel and ritonavir in biological matrices are needed to support clinical 
pharmacologic studies with these agents. 

Several methods have been described for the quantification of taxanes8-19 and 
ritonavir20-24 in human plasma. Recently, we developed and validated an LC-MS/MS 
assay for simultaneous quantification of paclitaxel, docetaxel and ritonavir in human 
plasma.25 However, for quantification of taxanes and ritonavir in other biological 
matrices, few methods have been described. Assays for paclitaxel in urine26-28 have 
most often been reported; however, none of these methods includes MS/MS detection. 
For docetaxel, an HPLC-UV assay has also been described for quantification in urine29, 
while for quantification of ritonavir in urine no methods have been reported. In feces, 
quantification of paclitaxel has only been described for murine samples.30 Quantification 

Figure 1. Structures of paclitaxel, docetaxel and ritonavir.
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of docetaxel and ritonavir in feces has not been described as far as we know, although 
measurement of radioactivity of labeled compounds has been reported.31;32 

To support clinical studies, investigating the boosting effect of ritonavir on oral 
bioavailability of taxanes, we developed a sensitive and fast LC-MS/MS method for 
simultaneous detection of paclitaxel, docetaxel and ritonavir in urine and feces without 
loss of sensitivity or increase in run time. Quantification of the analytes in human feces 
gives important information that can be used to further optimize oral docetaxel and 
paclitaxel formulations. Thereby, the possibility to quantify paclitaxel, docetaxel and 
ritonavir in feces and urine can be used for the support of absorption and excretion 
studies to further characterize pharmacokinetic behavior of the presented analytes. 
Here, the development and validation of this LC-MS/MS method is described.

Material and Methods
Chemicals 

Paclitaxel and docetaxel were purchased from Sequoia Research Products (Oxford, 
UK). Ritonavir, 13C3-labelled ritonavir and D9-labelled docetaxel were purchased from 
Toronto Research Chemicals (North York, ON, Canada). 13C6-labelled paclitaxel was 
kindly provided by Pharmacia Corporation (Nerviano, Italy). Methanol (HPLC grade) was 
obtained from Biosolve Ltd (Amsterdam, the Netherlands), tertiary-butylmethylether 
(tert.-butylmethylether/ TBME, Analytical grade) and water for chromatography 
(LiChrosolv) were obtained from Merck (Darmstadt, Germany). 

Mass spectrometric and chromatographic conditions

An API 4000 triple quadrupole MS with positive electrospray ionization (ESI; AB Sciex, 
Foster City, CA, USA) was coupled to an Agilent 1100 liquid chromatographic system 
(Agilent Technologies, Palo Alto, CA, USA). Methanol-10 mM ammonium hydroxide in 
water (70:30, v/v) was used as mobile phase at a flow of 0.3 mL/min. Chromatographic 
separation was obtained using a Zorbax Extend C18 column (150 x 2.1 mm I.D., particle 
size 5 µm; Agilent Technologies) protected with an inline filter (0.5 µm). The column 
oven was set at 35 oC, while the autosampler was kept at 4 oC. A sample volume of 25 
µL was injected and the injection needle was washed for 3 s with methanol after each 
injection. The total run time was 9 min. A switching valve was used to direct the eluent 
during the first 3 min of the run to waste. The multiple reaction monitoring (MRM) 
transitions monitored were m/z 854509, 808527 and 721196 for paclitaxel, 
docetaxel and ritonavir, respectively. We previously observed that using the transition 
721196 for ritonavir instead of the transition 721296 provided the lowest total 
bias across the calibration range.25 13C-Labelled isotopes were used as internal 
standards for paclitaxel and ritonavir and a D9-labeled isotope was used as internal 
standard for docetaxel. Monitored MRM transitions were m/z 860515, 726296 and 
817527 respectively. For the internal standard 13C3-ritonavir, the isotope ion at m/z 
726 was selected as precursor ion to decrease interference of molecular isotopic ions 
of ritonavir at the mass transition m/z 724 of the labeled isotope.25 Data were collected 
and processed using Analyst software version 1.5 (AB Sciex). 
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Preparation of stock and working solutions

Two stock solutions of each analyte from independent weighings were prepared in 
methanol at a concentration of 1 mg/mL. The stock solutions of the three analytes were 
diluted to combined working solutions with methanol. One set of working solutions was 
used for the preparation of calibration standards, while the other set was used for the 
preparation of quality control (QC) samples. For the internal standards 13C3-ritonavir, 
D9-docetaxel and 13C6-paclitaxel stock solutions of respectively 0.5, 1.0 and 0.1 mg/mL 
were prepared in methanol. The three internal standards were diluted to one combined 
internal standard working solution containing 500, 40 and 200 ng/mL of 13C3-ritonavir, 
D9-docetaxel and 13C6-paclitaxel, respectively. All solutions were stored at -20 oC.

Preparation of Calibration standards and Quality Controls

Blank human feces was homogenized in water (1:3, m/v) using a Ultra-Turrax 
homogenizer (IKA, Stauen Germany). Calibrations standards were prepared by diluting 
a fixed amount of working solution containing each analyte in blank urine and in 
blank human feces homogenate. The calibration standards contained the analytes in 
concentrations of 0.5; 1; 5; 10; 50; 100; 250 and 500 ng/mL (paclitaxel/docetaxel) and 
2; 4; 20; 40; 200; 400; 1,000 and 2,000 ng/mL (ritonavir) in urine and 2; 4; 20; 40; 200; 
1,000 and 2,000 ng/g (paclitaxel/docetaxel) and 8; 16; 80; 160; 800; 4,000 and 8,000 
ng/g (ritonavir) in feces.  In a similar way, QC samples were prepared from another 
set of working solutions. The QCs in urine contained the taxanes in concentrations of 
0.5; 1.5; 100 and 400 ng/mL and ritonavir in concentrations of 2; 6; 400 and 1,600 
ng/mL. In feces, concentrations of the taxanes were 2; 6; 400 and 1,600 ng/g and 
concentrations of ritonavir 8; 24; 1,600 and 6,400 ng/g. Samples were stored at -20 oC 
in 2.0 mL polypropylene tubes (Eppendorf, Merck) in aliquots of 200 µL.

Sample pre-treatment

To a 200 µL sample, 20 µL internal standard working solution was added and the 
sample was vortex-mixed for 10 s. Blank samples were spiked with 20 µL of methanol 
instead of internal standard working solution. After mixing, 1.0 mL of tertiary-
butylmethylether was added and the sample was mixed again for 10 s. Samples were 
successively shaken automatically for 10 min at 1,250 rpm (L46, Labinco, Breda, The 
Netherlands) and centrifuged for 5 min at 23,000 g (5403 Eppendorf, Netheler Hinz 
GmbH, Hamburg, Germany). The aqueous layer was frozen in a bath of ethanol and dry 
ice and the organic layer was transferred into a clean 1.5 mL tube. The sample was dried 
under a gentle stream of nitrogen at 40 oC. The residue was reconstituted in 100 µL 
methanol-water (1:1, v/v), vortex-mixed for 10 s and centrifuged for 3 min at 23,000 g. 
The supernatant was transferred to a glass autosampler vial with insert and 25 µL was 
injected onto the LC-MS/MS system.

Validation

For both human urine and human feces, a full validation program was executed 
according to the US Food and Drug Administration guidelines33 on bioanalytical method 
validation and to the guidelines of the third American Association of Pharmaceutical 
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Scientists (AAPS/FDA)/US Food and Drug Administration bioanalytical workshop.34 
The validation program included calibration model, accuracy and precision, carry-over, 
dilution test, specificity and selectivity, matrix effect, recovery and stability. Stability 
testing included freeze (-20o C)/thaw stability in the biomatrix, short term stability at 
ambient temperature, long-term stability at -20o C, stability of the processed sample 
(dried extract and final extract) and re-injection stability. Stability in methanol for stock 
and working solutions was previously tested.25 

Clinical samples

At our institute, phase I studies are currently ongoing to investigate the oral co-
administration of taxanes and ritonavir. In these studies, oral paclitaxel or docetaxel 
is co-administered with ritonavir.6;35 The Medical Ethics Committee of the Netherlands 
Cancer Institute approved collection of feces and urine samples from a limited number 
of patients in these studies. Written informed consent for additional collection of feces 
and urine was obtained from all patients prior to sample collection.  

Samples were collected and stored at -20o C. Within 24 hours after collection, 
samples arrived at the laboratory. After arrival, feces was homogenized in water (1:3, 
m/v) as described in section 2.4. Feces homogenates and urine were diluted 10- and 
100-fold and 200 µL aliquots were stored at -20o C together with aliquots of 200 µL 
undiluted feces homogenate and urine. At the day of analysis, samples were thawed and 
processed prior to quantification.

Results and discussion
Method Development

Column	selection
Previously, we showed that an alkaline mobile phase results in increased signal-

to-noise ratios compared with an acid mobile phase.25 According to specifications of 
the manufacturer, the selected Zorbax Extend C18 column can be used up to pH 11.5. 
Since carry-over and noise at the retention time of the analytes were minimum for this 
column, it was selected for further development of the assay.

Sample	pre-treatment
Since the body excretes most of its waste via feces or urine, these matrices contain 

potential interfering compounds. To obtain a clean sample for injection, liquid-liquid 
extraction or solid phase extraction is preferable over protein precipitation, although in 
general, liquid-liquid extraction is less expensive compared to solid-phase extraction.36 
To reduce costs and since we have most experience with liquid-liquid extraction, we 
selected this extraction procedure as sample pre-treatment method to clean up the 
feces and urine samples. Recovery after liquid-liquid extraction was tested during 
validation (Section Matrix factor and recovery) and were >76% and >69% in feces and 
urine, respectively.
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Spiking	feces	homogenate
Quantitative analysis in feces is hard to perform since spiked samples do not always 

mimic patient samples. Dilution prior to homogenization of the feces sample reduces 
this problem.37 Therefore, during method development we diluted and homogenized 
blank feces samples prior to spiking the sample with the analytes. It was noticed that 
quantification of the analytes in feces homogenate sample was influenced by storage at 
-20o C. After storage for one day at -20o C in a volume of 5 mL and subsequent thawing, 
re-homogenization and taking 200 µL aliquots, analytes concentrations increased up to 
33%, compared with the nominal concentrations with a precision <7.7%. Interestingly, 
taking 200 µL aliquots prior to storage for one day at -20o C did not result in increased 
analyte concentrations. Apparently, thawing a homogenized sample after storage at 
-20o C results in nonuniform distribution of the analytes in the sample. Since feces 
samples were homogenated with water, this might be related to the lipophilicity of the 
analytes. It is hypothesized that during storage, the lipophilic drugs might bind to fecal 
components to avoid the aqueous environment and this could result in nonuniform 
distribution. During validation of the assay, feces homogenate samples were spiked and 
stored in aliquots of 200 µL. Spiked samples above the upper limit of quantification 
(ULOQ) were diluted before storage and 200 µL aliquots were taken subsequently. 
Before analysis, these aliquots were thawed.

These results indicate that quantification of docetaxel, paclitaxel, ritonavir -and 
maybe also other drugs- in feces samples of patients might be biased when homogenized 
samples are stored in large portions and when aliquots for quantification are taken 
after storage. Therefore, we advise taking aliquots for quantification immediately 
after homogenization of samples, prior to storage. After storage, sample pre-treatment 
should be performed in the same tubes as used for storage.

	Spiking	urine	samples
We observed that quantification of the analytes in urine samples after spiking of 

these compounds in a small volume resulted in underestimation of the concentration. 
During method development, urine QC samples were prepared by spiking the analytes 
in a volume of 1.0 mL of control human urine with 20 µL working solution. Spiked 
samples were mixed and an aliquot of 200 µL was taken and processed. Calculated 
concentrations of all analytes decreased to 60-80% of the nominal concentration, while 
precision was less than 6%. The accuracy was increased to 80-90% of the nominal 
concentration when 5.0 mL of control human urine was spiked and an aliquot of 200 
µL was taken and processed. However, the best results were obtained when a total 
volume of 200 µL of blank human urine was spiked and processed in the same tube. 
This resulted in deviations within +/- 15% of the nominal concentration. 

As paclitaxel, docetaxel and ritonavir all have a low solubility in aqueous solutions, it is 
hypothesized that the analytes stick to the wall of the tubes resulting in underestimation 
of the spiked samples. When samples were spiked as 200 µL urine aliquots and are 
processed in the same tube, the total spiked amount of the analytes was recovered. 
After mixing the spiked sample with tertiary-butylmethylether, the analytes detached 
from the wall of the tube and dissolved in the organic solvent. Based on these findings, 
urine samples were spiked and stored in aliquots of 200 µL. Spiked samples above the 
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ULOQ were diluted in one step to a total volume of 200 µL in a 2 mL tube and stored at 
-20 oC before processing. This procedure resulted in an unbiased quantification of the 
analytes.

When large volumes (>5.0 mL) of urine are spiked, accurate quantification can be 
performed. Urine samples taken during clinical studies are usually large, therefore a 200 
µL aliquot out of these samples will not result in biased quantification. However, when 
portions of 5.0 mL or less are stored, no homogenous sample can be taken, resulting 
in underestimation of the analyte concentration. Therefore, it is advised to take 200 
µL aliquots for quantification immediately after receipt of the total urine portions. 
After storage, sample pre-treatment should be performed in the same tubes as used for 
storage. These observations indicate that adsorption to the container wall takes place 
when analytes are spiked to urine, as long as the contact area is high in comparison to 
the total volume.

Validation of the method

Calibration	model
Calibration standards in the range 0.5 to 500 ng/mL (paclitaxel and docetaxel) and 

2 to 2,000 ng/mL (ritonavir) were prepared urine. In feces, calibration standards in the 
range 2 to 2,000 ng/g (paclitaxel and docetaxel) and 8 to 8,000 ng/g (ritonavir) were 
prepared. All calibration standards (8) with duplicate points at each concentration 
were analyzed in three independent analytical runs. Calibration curves per matrix 
were fitted by quadratic regression of the peak area ratio with the internal standard 
versus the concentration with 1/x2 (the reciprocal of the squared concentration) 
as the weighting factor. The calibration model was evaluated by means of the back-
calculated concentrations of the calibration standards: these values should be within 
+/- 15% of the actual concentration, except for the lower limit of quantification (LLOQ) 
where it should be within +/- 20% of the actual concentration.33 At least four out of six 
nonzero standards (including at least one calibration standard at the LLOQ and ULOQ) 
should meet these criteria. When calibration data was fitted by quadratic regression, 
correlation coefficients (r2) of 0.9961 or better were obtained for all analytes in both 
matrices. For all analytes, the deviations of measured concentrations of the included 
calibration standards in feces from nominal concentration were between -9.1 and 8.7% 
with coefficient of variation (CV) values of less than 9.5%. In urine, the deviations of 
measured concentrations from nominal concentration were between -4.2 and 4.2% 
with CV values of less than 8.1% for all analytes. For all analytes, the calibration data 
fulfilled the required criteria. Typical MRM chromatograms of blank samples and the 
analytes at LLOQ-level in human feces are presented in Figure 2. Chromatograms of 
these samples in urine were similar.

Accuracy	and	precision
Accuracy and precision were investigated at four different concentration levels and 

five replicates of each level in three independent analytical runs. The accuracy was 
determined as percentage difference between the mean concentration and the nominal 
concentration. The %CV was used to report the precisions. The intra- and inter-assay 
accuracies and precisions should be within ±20% and less than 20%, respectively, for 
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the LLOQ concentration and within ±15% and less than 15%, respectively, for other 
concentrations. In feces, intra-assay accuracy at each concentration level was within 
±10.4%, ±12.1% and ±8.3% for paclitaxel, docetaxel and ritonavir, respectively in all 
runs. Intra-assay precisions were less than 11.5%, 7.5% and 5.2%, respectively. In urine, 
intra-assay accuracy and precision were in a similar range.  Inter-assay performance 
data of paclitaxel, docetaxel and ritonavir are presented in Table 1. For all the analytes, 
all intra- and inter-assay accuracies and precisions fulfilled the required criteria.33;34

Carry-over
In three independent runs, two processed blank matrix samples were injected 

subsequently after injection of an ULOQ sample. The response in the first blank matrix 
at the retention time of the analytes or internal standards should be less than 20% of 
the mean response of a LLOQ sample for the analytes and less than 5% of the mean 
response for the internal standards. In both matrices, the response in the first blank 
matrix was less than these criteria (Table 2). Therefore, the carry-over test was found 
to be acceptable.

Dilution	test
To assess the reliability of the method at concentration levels above the ULOQ 

(500/2,000 ng/mL; taxanes/ritonavir in urine and 2,000/8,000 ng/g; taxanes/
ritonavir in feces), an intra-assay accuracy and precision test was executed. A sample 
at a concentration level 4-fold higher than ULOQ was diluted 2, 10 and 100 times with 

Figure 2. Typical MRM chromatograms of the analytes in a blank feces sample and at LLOQ level (2 ng/g and 
8 ng/g for the taxanes and ritonavir, respectively). Panels show the response in a blank feces sample and in a 
calibration sample at LLOQ level at the transition of docetaxel (1A and 2A, respectively), D9-labeled docetaxel 
(1B and 2B), paclitaxel (3A and 4A), 13C6-labeled paclitaxel (3B and 4B), ritonavir (5A and 6A) and 13C3-labeled 
ritonavir (5B and 6B). 
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blank matrix. All urine samples were diluted to a total volume of 200 µL and processed 
in the same tube. Feces homogenate samples were diluted to a total volume of 1 mL 
and 200 µL was processed. Samples were diluted and processed in 5-fold. Accuracy and 
precision were determined as described for QC samples and should be within ±15% 
and less than 15%, respectively.33;34 For all dilution factors in both matrices, accuracies 
and precisions fulfilled these acceptance criteria.

Specificity	and	selectivity
Specificity and selectivity were assessed using 6 different batches of control human 

feces and urine. Blank (without the internal standards) and spiked samples (with 
paclitaxel, docetaxel, ritonavir and the internal standards) at the LLOQ concentration 

Abbreviation:  conc.: concentration. 
Values based on 15 replicates. Concentrations in feces are in ng/g and concentrations in urine are in ng/mL.

Matrix Compound Nominal conc.
Mean 

measured 
conc.

Inter-assay 
bias 
(%)

Inter-assay 
precision

(%)

Feces Paclitaxel 2.06 2.12 3.1 8.4

6.16 6.12 -0.5 4.1

412 420 2.0 4.0

1650 1740 5.6 5.7

Docetaxel 1.97 1.93 -1.9 6.1

5.92 5.84 -1.4 5.9

394 398 1.0 4.4

1580 1640 3.9 7.3

Ritonavir 7.88 7.76 -1.5 2.9

23.6 23.4 -1.0 3.0

1580 1620 2.7 3.9

6280 6580 4.8 4.9

Urine Paclitaxel 0.514 0.491 -4.4 4.8

1.54 1.51 -2.1 5.9

103 102 -0.6 4.5

412 428 3.9 6.2

Docetaxel 0.492 0.450 -8.5 9.0

1.48 1.39 -0.4 7.3

98.4 98.3 -0.1 7.6

394 402 2.1 10.2

Ritonavir 1.97 1.88 -4.8 7.7

5.90 5.84 -1.1 8.3

394 390 -1.0 5.9

1570 1559 -0.7 8.0

Table 1. Assay performance for paclitaxel, docetaxel and ritonavir in feces and urine.
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level were prepared. The samples were prepared to determine whether endogenous 
compounds interfere at the retention time and at the mass transitions chosen for the 
analytes and internal standards. Samples were processed according to the described 
procedures and analyzed. Interferences co-eluting with the analytes or internal 
standards should not exceed 20% of the peak area of the analytes at LLOQ or 5% of 
the internal standard areas. Deviations of the nominal concentrations should be within 
±20%. In urine, no endogenous interferences exceeding 4.5% of the area of the analytes 
at LLOQ level were observed (Table 2). No endogenous peaks co-eluting with the 
internal standards were observed. Therefore the validation test in urine was accepted 
for all analytes. 

In feces, interferences at the retention time of the analytes were less than 14.1% of 
the area of the analytes and less than 0.9% of the area of the internal standards at LLOQ 
level. In one batch of feces, an endogenous interference of 27.8% at the transition of 
docetaxel was observed. As the deviation of the nominal concentration of docetaxel at 
LLOQ level in that specific batch was 6.1%, the validation test in feces was accepted not 
only for paclitaxel and ritonavir, but also for docetaxel.

Cross-analyte/internal standard interferences were assessed by analyzing samples 
containing only one of the analytes at ULOQ level or one of the internal standards in 
control matrix and by monitoring all transitions. Interferences in processed samples 
should be less than 20% of the peak area of the analytes at the LLOQ or 5% of the 
internal standard areas. During cross-analyte interference tests, the interferences of the 
internal standards at the retention times of paclitaxel, docetaxel and ritonavir in feces 
and urine samples were less than 15.0% of the area of their LLOQ standards (Table 2). 
Interferences of the analytes at the retention times of 13C6-paclitaxel and D9-docetaxel 
were less than 5% of their area in feces and urine samples. Interference of ritonavir at 
the retention time of 13C3-ritonavir was 3.5% in urine and 6.2% in feces. Although the 
interference of ritonavir at ULOQ level in feces at the retention time of 13C3-ritonavir 
was not below 5%, it was reproducible in multiple samples (n=4). The interference 
of ritonavir at the retention time of its labeled internal standard could theoretically 
result in increased internal standard area and thereby result in decreased analyte/
internal standard area ratios. However, the mean area of 13C3-ritonavir in feces samples 
containing ritonavir and 13C3-ritonavir was -9.3% compared with the area of a sample 
containing only 13C3-ritonavir at the same concentration level. It was concluded that the 
interference at the retention time of the internal standard of ritonavir did not affect the 
quantification of ritonavir and therefore it was considered acceptable. Overall, the cross 
analyte/internal standard interferences were considered acceptable for all analytes and 
internal standards in both matrices.

Matrix	factor	and	Recovery
The signals of the analytes in processed QC samples at low, mid and high concentration 

levels were compared to the signals of the same concentration levels in methanol-water 
(1:1, v/v) for determination of the matrix factors. Responses were corrected for the 
internal standard area. The variability in matrix factor, as measured by the CV should be 
less than 15%. The matrix factor in feces, determined as the area ratio with and without 
matrix ions present, was between 0.87 and 1.02 for all analytes at all concentration 
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levels, with %CV values less than 10% (see table 2). In urine, the matrix factor was 
between 0.83 and 0.99 with %CV values less than 9.4%. Overall, the results (matrix 
factor around 1) indicate that the stable-isotopically labeled internal standards of all 
analytes are most effective minimizing the influence of matrix effects.

The recovery after liquid-liquid extraction was calculated by comparing the absolute 
areas in a processed QC sample to the areas measured after spiking a blank processed 
sample after liquid-liquid extraction. The recovery was determined for all analytes at 
three concentration levels. Recoveries in feces were between 76 and 94% and between 
69 and 85% in urine (Table 2). 

Stability
Stock solutions in methanol are stable for at least 12, 21 and 36 months for paclitaxel, 

docetaxel and ritonavir, respectively, when stored at nominally -20 °C.25 Stability of the 
analytes in feces homogenate and urine was evaluated at low and high level after storage 
at ambient temperature and at -20o C and during three freeze/thaw cycles. Stability at 
low and high level was also evaluated in the dried extract and the processed sample 
after storage at 2-8 °C.  Re-injection stability of a set of calibration standards and QC 
samples at low, mid and high level was evaluated after storage at 2-8 °C for 7 days. The 
analytes were considered stable in the matrix when 85-115% of the initial measured 
concentration was found. 

It was observed that all analytes were stable in feces homogenate and urine during 
three freeze/thaw cycles and when kept for 17 h at ambient temperature (Table 2). At 
nominally -20 °C, all analytes were stable in urine and feces homogenate after storage 
up to 1 month. Dried extract and processed samples of urine were stable after storage 
at nominally 2-8 °C for 9 days. Samples of feces homogenate were stable after storage 
at nominally 2-8 °C for 7 days. After re-injection of processed samples after storage at 
nominally 2-8 °C for 7 days, the bias was within ± 15% of the nominal concentration for 
all the analytes in both urine and feces homogenate. Therefore it is concluded that the 
samples can be re-injected within 7 days when kept at nominally 2-8 °C. 

Application of the method
The validated assay is currently in use to support clinical studies. In these studies 

patients receive either paclitaxel or docetaxel in combination with ritonavir. In Figure 3 
the excretion of docetaxel, paclitaxel and ritonavir via feces and urine is shown. 

Docetaxel excretion was quantified in samples of two patients. One patient received 
orally 60 mg docetaxel and 200 mg ritonavir and urine was collected during the first 
24 h after administration. The second patient received orally 40 mg docetaxel and 200 
mg ritonavir and feces was collected during the first 24 h after administration. A pre-
dose urine or feces sample was collected prior to administration. Almost 50% of the 
docetaxel dose and 11% of the ritonavir dose was recovered as parent drug in feces. 
In urine, recovery of the parent drugs was much lower. The high recovery of docetaxel 
during the first 8 h is probably caused by incomplete absorption of docetaxel in the 
gastrointestinal tract. 
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Paclitaxel excretion was quantified in samples of one patient. To this patient, 20 
mg paclitaxel and 100 mg ritonavir were coadministered orally twice daily. Urine 
and feces were collected during the first 24 hours after the first administration. The 
second administration was seven hours after the first administration. Prior to the first 
administration, pre-dose samples were collected. Paclitaxel recovery in feces was 3.1% 
of the daily administered dose during the first 24 h after administration. In the same 
period, 1.1% of the daily administered dose of paclitaxel was recovered in urine.

This is the first time that excretion of docetaxel and paclitaxel after oral 
administration has been described. Since we collected feces during the first 24 h we 
showed that at least 50% of the docetaxel dose and over 95% of the paclitaxel dose is 
absorbed in the intestinal lumen. This information can be used to further optimize oral 
docetaxel and paclitaxel formulations. The absorption of ritonavir  (over 89% of the 
administered dose) is in line with previously reported -almost complete- absorption 
after oral administration of 600 mg 14C-labeled ritonavir.31
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Figure 3. Cumulative excretion as percentage of daily dose of docetaxel and ritonavir in feces (A) after single 
oral co-administration of 40 mg docetaxel combined with 200 mg ritonavir to a patient, cumulative excretion 
in urine (B) after single oral co-administration of 60 mg docetaxel combined with 200 mg ritonavir to a 
patient, and cumulative excretion in feces (C) and urine (D) after oral bi-daily co-administration of 20 mg 
paclitaxel combined with 100 mg ritonavir to a patient.
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Conclusion
The development and validation of a combined assay for the quantification of 

paclitaxel, docetaxel and ritonavir in feces and urine is described. In urine, the validated 
range for the taxanes was 0.5-500 ng/mL and for ritonavir was 2-2,000 ng/mL using 
200 µL urine and in feces the validated range for the taxanes was 2-2,000 ng/g and for 
ritonavir was 8-8,000 ng/g using 50 mg feces. The assay was validated according to US 
Food and Drug Administration guidelines and has been successfully applied in clinical 
studies. During development, it was observed that one should be careful when storing 
feces homogenate samples and when diluting urine samples for the quantification of 
drugs that are poorly soluble in water. Despite feces and urine being  difficult matrices, 
we demonstrated that each of the applied drugs in this assay could be quantified 
successfully in these matrices. This assay can be used to test absorption and excretion 
of orally administered taxane and ritonavir formulations. This assay is the first reported 
assay for quantification of each of the unlabeled analytes in human feces. Other assays 
are reported for quantification of docetaxel29 or paclitaxel in urine26;27;38, but the 
presented assay has a shorter runtime and a 10-fold lower LLOQ than the previously 
reported assays.
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Abstract
Rationale: During drug development accurate quantification of metabolites 

in biological samples using mass spectrometry is often hampered by the lack of 
metabolites of chemically pure quality. However, quantification of metabolites can 
be useful for assessment and interpretation of (pre)clinical data. We now describe 
an approach to quantify docetaxel metabolites in human plasma by LC-MS/MS using 
docetaxel calibration standards.

Methods: Metabolites (M1/M3, M2 and M4) were generated using microsomal 
incubations. Retention times of docetaxel and its metabolites were assessed using an 
LC-UV assay and peak identification was performed by LC-MSn. Samples containing 
isolated metabolites from human faeces were quantified by LC-UV and used as 
references for spiking human plasma samples. LC-MS/MS was applied to sensitively 
quantify docetaxel and its metabolites in human plasma using docetaxel calibration 
standards in a range of 0.25-500 ng/mL. 

Results: Because ionisation of docetaxel and its metabolites differed, correction 
factors were established to quantify the metabolites using docetaxel calibration samples. 
During method validation, accuracy and precision of the metabolites were within ± 7.7% 
and ≤17.6%, respectively, and within ± 14.3% and ≤10.1%, respectively, for docetaxel. 
Metabolites were found to be unstable in human plasma at ambient temperature. After 
storage up to 1 year at -20 oC, recovered metabolite concentrations were within ± 25%. 

Conclusions: Development and validation of an LC-MS/MS assay for the 
quantification of docetaxel and its metabolites M1/M3, M2 and M4 using docetaxel 
calibration standards is described. The same approach may be used for quantification 
of metabolites of other drugs by LC-MS/MS when chemically pure reference substances 
are unavailable.
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Introduction
Docetaxel (Taxotere®) is a semi-synthetic taxane, originating from the Taxus	baccata 

and is currently used as anticancer agent in several types of cancer, including lung, 
breast, gastric and prostate cancer.1 In humans, docetaxel is metabolised by CYP3A 
enzymes into four metabolites.2;3 The affinity of docetaxel for CYP3A4 is higher than for 
CYP3A5, but the maximal transformation rate is comparable.3 The first step in docetaxel 
metabolism is hydroxylation of the synthetic isobutoxy side chain into metabolite M2 
(Figure 1). Oxidation of M2 leads to the formation of an unstable aldehyde intermediate 
metabolite, which is immediately cyclized into the stereoisomers M1 and M3.2;3 Further 
oxidation of M1 and M3 results in the formation of M4.2 M2 exhibits some cytotoxicity, 
however its cytotoxic effects are much lower compared to docetaxel. The other 
metabolites show no relevant cytotoxic activity.4 

Today, docetaxel metabolites are usually quantified by liquid chromatography 
coupled with ultraviolet absorption detection (LC-UV).2;3;5-7 LC-UV is a straight 
forward and routine technique for metabolite quantification and the parent drug can 
be used for quantification if the chromophore offers sufficient selectivity and is not 
altered by metabolic reactions.8 However, the high sensitivity and selectivity of liquid 
chromatography coupled with tandem mass spectrometry (LC-MS/MS) are frequently 
required, since metabolite plasma concentrations are in general lower as compared 
to plasma concentrations of the parent drug. A limitation of metabolite quantification 
using LC-MS/MS, is that development of assays requires the use of chemically pure 
reference standards, while during drug development, metabolites of chemically pure 
quality are usually commercially not -or hardly- available and often expensive. To 
our knowledge, only one LC-MS/MS assay for the quantification of docetaxel and its 
metabolites using chemically pure reference standards has been described.9  To date, 
multiple approaches have been described to determine metabolite concentrations using 

Figure 1. Structures of docetaxel and metabolites.
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MS without the use of reference standards.10-13 These methods are used to compare the 
area under the plasma concentration-time curve (AUC) of the metabolite with the AUC 
of the parent compound and are not used for exact quantification of the metabolites. 
As FDA guidelines for safety testing of drug metabolites recommend further testing of 
the metabolites in case of metabolite quantities of >10% compared to the AUC of the 
parent drug14, the less abundant metabolites do not require quantification. A major 
drawback of LC-MS/MS for quantification in the approach in the FDA guidelines is the 
possibility of different ionisation patterns for the parent drug and its metabolites. This 
may result in under- or overestimation of the AUC of a metabolite. Apart from that, 
sometimes accurate quantification of the metabolites is highly desirable, e.g., in the case 
of active metabolites, which may influence pharmaceutical activity as well as toxicity 
even at low amounts. Additionally, metabolite formation is often used as parameter 
in cytochrome P450 interaction screening. Assessment of metabolite formation, and 
(semi)quantification of the metabolite concentration is then essential. Quantification 
of metabolites is pivotal in the comparison of preclinical and clinical data and can 
help to explain interspecies differences or improve extrapolation of preclinical data 
to the clinical setting. And lastly, metabolite quantification can also become important 
in specific populations such as patients with hepatic impairment. To be able to 
support these studies, we aimed to establish a method for quantification of docetaxel 
metabolites by LC-MS/MS by using docetaxel calibration standards, thus avoiding the 
need to purchase expensive reference substances of the metabolites.

Experimental
Chemicals 

Docetaxel was purchased from Sequoia Research Products (Oxford, UK), D9-labelled 
docetaxel was purchased from Toronto Research Chemicals (North York, ON, Canada).  
Pooled human liver microsomes and NADPH regeneration system were obtained from 
BD Biosciences (Erembodegem, Belgium). Methanol and acetonitrile (both HPLC 
grade) were purchased from Biosolve Ltd (Amsterdam, the Netherlands), tertiary-
butylmethylether (tert.-butylmethylether/ TBME, Analytical grade),  25% ammonium 
hydroxide (v/v, Analytical grade), potassium dihydrophosphate, dipotassium 
hydrophosphate and water for chromatography (LiChrosolv) were obtained from Merck 
(Darmstadt, Germany). Drug free lithium-heparinised human plasma was obtained 
from Bioreclamation Inc (Hicksville, NY, USA).

Synopsis of assay development and validation

Development of the assay was started by the generation of docetaxel metabolites. 
Docetaxel was incubated with human liver microsomes to generate docetaxel 
metabolites. After incubation, sample pre-treatment was started and retention times 
of docetaxel and its metabolites were determined using an LC-UV assay. Subsequently, 
peaks in the incubation samples were identified using LC-MSn. Metabolite formation in 
the incubation samples was optimised during peak identification to enlarge metabolite 
yield. For development of an LC-MS/MS assay, previously isolated metabolites from 
human faeces were used4, although  metabolites could also be isolated from microsomal 
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incubations. Metabolite concentrations in the isolated samples were quantified using 
docetaxel calibration standards analysed with a LC-UV assay. Subsequently, the 
isolated samples were used for spiking of quality control (QC) samples. Since molar 
absorption of docetaxel and its metabolites is similar at 227 nm, docetaxel calibration 
curves can be used for metabolite quantification.5 Molar concentrations of docetaxel 
and its metabolites were compared and back-calculated to ng/mL taking into account 
differences in molar mass. After sample pre-treatment, these spiked samples were used 
for LC-MS/MS development and validation.

Microsomal incubation

Microsomal incubations were performed with human liver microsomes to generate 
metabolites. A 150 µL sample containing 10 µM docetaxel, 2 mg/mL microsomal 
proteins, 100 mM phosphate buffer pH = 7.4 and water was preincubated for 5 min at 
37 °C. After preincubation, 50 µL of a NADPH regeneration system was added and the 
samples were incubated for 4 h at 37 °C (Thermomixer Comfort, Eppendorf Netheler 
Hinz GmbH, Hamburg, Germany), while being automatically shaken at 1,000 rpm. After 
incubation the samples were placed on ice and the enzymatic reaction was stopped by 
adding 100 µL ice-cold acetonitrile. An aliquot of 200 µL supernatant was collected.

Isolation of the metabolites

We used previously isolated metabolites4 from human faeces for validation of the 
LC-MS/MS method, but metabolites can also be isolated from microsome incubations. 
To isolate docetaxel metabolites from microsome incubations, an aliquot of the 
supernatant should be  injected on the described LC-UV assay (see below) and eluate 
fractions containing the metabolites can be collected. In this chromatographic system, 
M1 and M2 are not separated. The M1/M2 containing fraction shoud be re-injected on 
the described LC-MS/MS assay (see below) and separate fractions containing M1 and 
M2 can be collected.

Sample pre-treatment

To 200 µL sample, 1.0 mL of TBME was added and the sample was mixed for 10 s. 
For LC-MS/MS quantification, as internal standard, 25 µL of a 200 ng/mL D9-labelled 
docetaxel solution was added prior to TBME. Samples were successively shaken 
automatically for 10 min at 1,250 rpm (L46, Labinco, Breda, The Netherlands) and 
centrifuged for 5 min at 23,000 g (5403 Eppendorf, Netheler Hinz GmbH, Hamburg, 
Germany). The aqueous layer was frozen in a bath of ethanol and dry ice and the organic 
layer was decanted into a clean 1.5 mL tube. The sample was dried under a gentle stream 
of nitrogen at 40 oC. The residue was reconstituted in 100 mM ammonium acetate (pH 
5)/acetonitrile (1:1, v/v), vortex-mixed for 10 s and centrifuged for 3 min at 23,000 g. 
The supernatant was transferred to a glass autosampler vial with insert.

LC-UV for identification and quantification

The chromatographic conditions were based on a previously developed assay by our 
group for quantification of docetaxel and metabolites.5 A UV detector (UV1000, Thermo 
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Fischer Scientific, Waltham, MA, USA) was coupled to a HP1100 liquid chromatographic 
system (Agilent Technologies, Palo Alto, CA, USA). The HP1100 system consisted 
of a binary pump, an autosampler, a mobile phase degasser and a column oven. The 
mobile phase consisted of 20 mM ammonium acetate in water pH 5-acetonitrile (40:60, 
v/v) at a flow rate of 0.3 mL/min. Chromatographic separation was obtained using a 
SymmetryShield RP8 column (150 x 2.1 mm I.D., particle size 3.5 µm; Waters Corp., 
Milford, MA, USA). The column oven was set at 30 oC. A sample volume of 25 µL was 
injected and the injection needle was washed during 3 s with methanol after each 
injection. The UV signal was measured at a wavelength of 227 nm. The total runtime was 
18 min. A set of calibration samples containing docetaxel (150-100,000 ng/mL) in 20 
mM ammonium acetate in water (pH 5)/acetonitrile (40:60, v/v) was used to quantify 
docetaxel and metabolites in incubation samples and metabolite fractions. Calibration 
curves were fitted by linear regression of the peak area versus the concentration with 1/
x2 (the reciprocal of the squared concentration) as the weighting factor. Data acquisition 
and processing were carried out using Chromeleon version 6.5 SP5 (Dionex, Sunnyvale, 
CA, USA). 

LC-MSn for identification

An LTQ XL mass spectrometer (Thermo Fischer Scientific, Waltham, MA, USA) 
was coupled to an Accela pump and autosampler (Thermo Fischer Scientific). 
Chromatographic conditions were identical to the LC-UV method. An injection volume of 
20 µL was used and the total run time was 17 min. Microsomal incubation samples were 
measured and UV and MS spectra were recorded after chromatographic separation. The 
UV signal was measured at a wavelength of 227 nm and MS spectra at m/z 200-1100 
were obtained. Ion Trap Mass Spectrometry (MSn) spectra were used for identification 
of docetaxel and metabolite peaks. Data acquisition and processing were carried out 
using LC Quan version 2.5.6 (Thermo Fisher Scientific).

LC-MS/MS for quantification and validation

An API3000 triple quadrupole with electrospray ionisation (ESI) (AB Sciex, Foster 
City, CA, USA) was coupled to a binary pump, an autosampler, a mobile phase degasser 
and a column oven, all part of an HP1100 system (Agilent Technologies, Palo Alto, CA, 
USA). Chromatographic separation was obtained using a Zorbax Extend C18 column (150 
x 2.1mm I.D.,  particle size 5 µm, Agilent Technologies). The column oven was set at 30 
oC. A sample volume of 25 µL was injected and the injection needle was washed during 
3 s with methanol after each injection. A gradient of 10 mM ammonium hydroxide in 
water and methanol was used at a flow rate of 0.2 mL/min. At the start the mobile phase 
consisted of 50% (v/v) methanol. After 0.2 min, 70% (v/v) methanol was used for 6.8 
min, after which the methanol was reset to 50% (v/v) for 2 min. A switching valve was 
used to direct the eluent during the first 1.5 min of the run to waste. Mass transitions 
and MS/MS settings were optimised for docetaxel in positive ion mode. An overview 
of the mass transitions and MS/MS settings is listed in Table 1.  For quantification, 
the multiple reaction monitoring (MRM) chromatograms were acquired with Analyst 
software version 1.5 (AB Sciex). Docetaxel calibration curves were fitted by linear 
regression of the peak area ratio with the internal standard versus the concentration 
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with 1/x2 (the reciprocal of the squared concentration) as the weighting factor. 
Metabolite concentrations were calculated in ng/mL using docetaxel calibration curves 
and established correction factors.

Preparation of stock and working solutions

For docetaxel, two stock solutions from independent weighings were prepared in 
methanol at a concentration of 1 mg/mL. The stock solutions were diluted to working 
solutions with methanol. One set of working solutions was used for the preparation of 
calibration standards, while the other set was used for the preparation of QC samples. 
For the internal standard D9-docetaxel a stock solution of 1.0 mg/mL was prepared in 
methanol. The stock solution of the internal standard was further diluted to obtain a 
working solution of 200 ng/mL. Previously isolated metabolites from human faeces4 
were used. Fractions containing one of the metabolites were diluted with methanol to 
obtain working solutions  that contained one metabolite. All solutions were stored at 
−20 oC.

Preparation of calibration standards and QC samples

Calibrations standards (CAL) of docetaxel were prepared by diluting a fixed amount 
of docetaxel working solution in blank human plasma. The CALs contained 0.25–500 ng/
mL docetaxel. In a similar way, QC samples at three concentrations were prepared from 
another set of working solutions. The QC samples contained docetaxel concentrations 
of 0.75, 25 and 375 ng/mL. Samples were transferred to 2.0 mL polypropylene tubes 

Abbreviations: DOC: docetaxel; M1/M3: docetaxel metabolites M1/M3; M2: docetaxel metabolite M2; M4: 
docetaxel metabolite M4; IS DOC: D9-labelled docetaxel; RT: retention time.

Parameter Setting    

Entrance Potential 10.0 V

Ionspray Voltage 5500 V

Nebulizer gas 9.0 psi

Curtain gas 9.0 psi

Collision gas 3.0 psi

Temperature 250°C

Declustering Potential 66 V

Collision Cell Exit Potential 20 V

Focussing Potential 330 V

DOC M1/M3 M2 M4 IS DOC

Collision Energy (V) 15 20 15 25 15

ScanTime  (s) 0.2 0.2 0.2 0.2 0.2

Precursor ion (m/z) 808 839 824 837 817

Product ion (m/z) 527 527 298 527 527

Typical RT (min) 7.2 4.4 4.7 5.5 7.0

Table 1. MS/MS parameters and mass transitions of the analytes.
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(Eppendorf, Merck) in aliquots of 200 µL and stored at −20 oC. For QC samples of the 
metabolites, metabolite concentrations in the working solutions were quantified by 
HPLC-UV. Working solutions containing the metabolites were diluted 100, 500 and 
1000 times with blank human plasma. Diluted samples contained only one of the 
metabolites per sample. The metabolite concentrations in the diluted samples were 
0.89/1.56/1.24/1.61 (M1/M2/M3/M4), 1.78/3.12/2.48/3.21 and 8.88/15.6/12.4/16.1 
ng/mL, respectively. 

Validation program

For the LC-MS/MS assay, a partial validation program for docetaxel was executed, 
including calibration model and accuracy and precision. Stability of docetaxel in 
human plasma and processed samples, recovery and matrix effects were previously 
determined at our institute.15;16 Docetaxel metabolites were quantified using the 
docetaxel calibration curve. A correction factor was calculated to quantify docetaxel 
metabolites at a docetaxel calibration curve by quantifying the spiked samples with 
the HPLC-UV and HPLC-MS/MS assays. The validation program for the metabolites 
included robustness of the correction factor, accuracy and precision and stability. 
Stability was established for each metabolite separately during 1-3 freeze/thaw cycles 
and in human plasma. The validation and acceptance criteria were based on the FDA 
guidelines17 on bioanalytical method validation and on the guidelines of the 3rd AAPS/
FDA bioanalytical workshop17;18 unless otherwise specified.

Proof of concept

The concept of quantification of structural analogues like metabolites using a 
calibration curve of the parent drug and applying a correction factor was tested using 
paclitaxel as test compound. Paclitaxel is a taxane that shares the baccatin ring structure 
with docetaxel. Paclitaxel was quantified in human plasma samples by a validated LC-
MS/MS method15 using paclitaxel calibration curves and by using docetaxel calibration 
curves and a correction factor. The correction factor was calculated as described for the 
docetaxel metabolites using QC samples containing paclitaxel at three concentration 
levels. The calculated paclitaxel concentrations in the human plasma samples of the 
two methods were compared using weighted Deming regression analyses. The software 
package Analyse-it® (Method Evaluation edition version 2.30, Analyse-it Software 
Ltd, Leeds, United Kingdom) was used for regression analyses. Moreover, paclitaxel 
concentrations as quantified by the validated assay were used as nominal concentration 
and compared with paclitaxel concentrations as quantified using docetaxel calibration 
curves.  Acceptation criteria for this test were based on the guideline on bioanalytical 
method validation of the EMA19: the difference in concentration should be within ±20% 
of their mean for at least 67% of the samples. 
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Results
Optimisation of metabolite formation

Human pooled liver microsomes were used to obtain docetaxel metabolites. To 
increase the metabolite yield, multiple incubation times were tested. An excess of 
docetaxel was used; thus incubation time and protein concentrations determined rate 
of metabolite formation. Protein concentrations were fixed at 2 mg/mL and samples 
were incubated for 2, 4 and 6 h. Metabolite yield increased with time, however, after 4 
h metabolite yield was 300-1000 nM. Since this was sufficient for development of the 
assay, a 4 h incubation period was maintained during assay development.

Method development

UV-detection
Method development was started with the development of the LC-UV assay as 

described in the Experimental section. Calibration samples of docetaxel in water (pH 
5)/acetonitrile (40:60, v/v) were prepared to determine linearity and sensitivity 
of the assay. The assay was linear in the range of 0.05 to 100 μg/mL for docetaxel in 
reconstitution solvent (see section Sample pre-treatment). Microsome samples were 
used to verify the retention times of docetaxel and its metabolites. A sample incubated 
without NADPH was useWd as a control for metabolite formation, as docetaxel 
metabolism by CYP enzymes is NADPH-dependent.3 In microsome samples, docetaxel 
eluted at a retention time (RT) of 14.8 min and metabolite peaks were observed at 
5.5, 6.6 and 11.9 min (Figure 2). For identification of metabolite peaks in the LC-UV 

Figure 2. Typical UV chromatograms recorded at 227 nm of blank solvent (methanol-water, 1:1, v/v, panel 
A) and analytes spiked to solvent (1420; 1120; 1420; 1830; 1230 ng/mL for docetaxel, M1, M2, M3 and M4, 
respectively, panel B). 
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Figure 3. Fragmentation of sodium adducts of docetaxel (panel A), M1 (panel B), M2 (panel C), M3 (panel 
D) and M4 (panel E) using an LTQ XL mass spectrometer. Proposed structures of the main fragmentation 
products are included.
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assay the assay was transferred to LC-MSn. The MS spectrum showed no ions at the m/z 
[M+H]+ of the analytes, however ions at m/z [M+Na]+ were observed. Fragmentation of 
the precursor ions also resulted in sodium adducts of docetaxel-related fragments. M1 
and M3 were observed at m/z 844 ([M+Na]+), M2 was observed at m/z 842 ([M+Na]+) 

and M4 was observed at m/z 840 ([M+Na]+). Fragmentation of the sodium adducts and 
proposed structures of the main fragments are presented in Figure 3.  The fragmentation 
pattern confirmed identity of the metabolites of docetaxel in the samples and enabled 
identification of the observed peaks with LC-UV. M1 and M2 were not separated and 
eluted after 5.5 min. M3 and M4 eluted after 6.6 and 11.9 min, respectively.

MS/MS-detection
As previously described, docetaxel response is increased when an alkaline mobile 

phase is used.15 Therefore, to increase sensitivity for LC-MS/MS detection a gradient 
of 10 mM ammonium hydroxide in water and methanol was used. Since the product 
specification of the SymmetryShield RP8 column discourages a mobile phase pH >8, a 
Zorbax Extend C18 column was used. Flow and composition of the mobile phase were 
optimized for chromatographic separation. Metabolite M1 and M3 were not separated, 
however separation of metabolite M1 and M2 was considered more interesting for 
our research than separation of the stereoisomers M1 and M3. Thereby, the increased 
sensitivity for docetaxel and its metabolites was also assessed as more important 
(Figure 4). During LC-MS/MS optimization, ions at the m/z [M+H]+ and [M+NH4]+ were 
observed in the mass spectrum and the most abundant ion for each compound was 
selected as precursor ion (Table 1). 

Figure 4. Typical MRM chromatograms of the analytes in a blank plasma sample and at QC mid level (25; 
1.78; 3.12; 2.48; 3.21 ng/mL for docetaxel, M1, M2, M3 and M4, respectively). Panels show the response in a 
blank plasma sample and in a QC sample at mid level at the transition of docetaxel (1A and 1B, respectively), 
D9-labeled docetaxel (2A and 2B), M1 (3A and 3B), M2 (4A and 4B), M3 (5A and 5B) and M4 (6A and 6B). QC 
samples were spiked separately with docetaxel or one of the metabolites.
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Method validation

Calibration	model
CALs (9) with duplicate points at each concentration in the range 0.25 to 500 ng/mL 

docetaxel were prepared in control lithium heparinized human plasma and analysed in 
three independent analytical runs. Calibration curves were fitted by linear regression 
of the peak area ratio with the internal standard versus the concentration with 1/x2 
(the reciprocal of the squared concentration) as the weighting factor. When calibration 
data was fitted by linear regression, correlation coefficients (r2) of 0.9955 or better 
were obtained for docetaxel. For every calibration curve the calibration concentrations 
of docetaxel were back-calculated from the response ratios. At all tested concentration 
levels we accepted a deviation of ±15% and at the lower limit of quantification (LLOQ) 
level a deviation of ±20%. At the lowest calibration level (0.25 ng/mL) the deviation of 
the measured concentration from nominal concentration was 2.1%, with a coefficient of 
variation (CV) value of 12.4%. At all other calibration standard concentration levels the 
deviations of measured concentrations from nominal concentration were between -6.9 
and 8.1% with CV values of less than 11.1%. 

Abbreviations:  conc.: concentration; M1: docetaxel metabolite M1; M2: docetaxel metabolite M2; M3: 
docetaxel metabolite M3; M4: docetaxel metabolite M4. Metabolites were quantified using docetaxel 
calibration standards and samples contained the metabolites separately. Inter-assay bias and precision of 
the metabolites were calculated after correction of the metabolite concentration for differences in ionisation 
compared to docetaxel. 

Compound
Nominal conc. 

(ng/mL)
Inter-assay bias 

(%)
Inter-assay 

precision (%)
No. of replicates

Docetaxel 0.699 10.4 10.1 15

23.3 14.3 3.8 15

373 2.3 5.9 15

M1 0.888 -2.9 16.6 15

1.78 -0.6 12.9 15

8.88 -7.5 12.0 15

M2 1.56 -3.5 17.6 15

3.12 0.8 11.1 15

15.6 7.7 10.4 15

M3 1.24 -2.7 12.1 15

2.48 1.4 12.3 15

12.4 3.3 13.2 15

M4 1.61 0.1 12.0 15

3.21 -0.7 13.7 15

16.1 6.4 14.1 15

Table 2. Assay performance for docetaxel and its metabolites.
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Accuracy	and	precision
QC samples were prepared in control lithium heparinised human plasma and 

five replicates of each level were analysed in three independent analytical runs. The 
accuracy was determined by percentage difference between the mean concentration 
and the nominal concentration. The CV was used to report the precisions. The intra- 
and inter-assay accuracies and precisions were accepted if ±15% and less than 15%, 
respectively, for docetaxel and within ±20% and less than 20% for docetaxel metabolites, 
respectively. Since we used docetaxel calibration standards to quantify docetaxel 
metabolites we accepted higher accuracy and precision limits for docetaxel metabolites 
than for docetaxel itself. Assay performance data of docetaxel and its metabolites are 
given in Table 2. A correction factor was determined and used for quantification of the 
metabolites using the docetaxel calibration line. For each run, correction factors for each 
metabolite at three concentrations levels were calculated. The nominal concentrations 
as quantified by HPLC-UV were divided by the mean calculated concentration as 
docetaxel equivalent. For example, the mean calculated concentration of M2 at the 
high concentration level in the first run was 5.69 ng docetaxel equivalent/mL. Since 
the nominal concentration of M2 was 15.6 ng/mL, the calculated correction factor was 
2.74 (15.6/5.69). The overall correction factor for a metabolite was calculated as the 
mean of all calculated correction factors for that metabolite. The overall established 
correction factors for M1, M2, M3 and M4 were 0.73, 2.59, 0.46 and 0.92, respectively, 
with CV values <12.6%. 

Stability	of	the	metabolites
Stability of the metabolites after multiple freeze/thaw cycles was evaluated by 

comparing stored samples at two concentration levels with freshly prepared samples. 
The metabolites were considered stable in the plasma when 80-120% of the initial 
measured concentration was found. Docetaxel metabolite concentrations decreased 
after multiple freeze/thaw cycles, however stability of metabolites M1, M2 and M3 after 
3 freeze/thaw cycles was considered acceptable as after 3 freeze/thaw cycles minimally 
80% of the initial concentration was measured. Metabolite M4 was stable after 2 
freeze/thaw cycles, while after 3 freeze/thaw cycles, ~65% of initial concentration was 
measured. The CV was <20% for all the measured samples. Stability of the metabolites 
in human plasma was tested at ambient temperature and at 37 °C for 3 days at two 
concentration levels and compared to freshly prepared samples. After storage at 
ambient temperature for 3 days, measured metabolite concentrations were  decreased 
with 73, 56, 35 and 73% for M1, M2, M3 and M4, respectively. After storage at 37 °C, 
even lower concentrations of the metabolites were observed. Although the metabolites 
were found to be unstable at ambient temperature or higher, degradation of the 
metabolites did not result in formation of one of the other known metabolites. Incurred 
sample reproducibility of docetaxel and its metabolites was evaluated after storage at 
-20 °C of plasma samples of patients who received docetaxel. After 1 year of storage, 
the samples were re-analysed and the measured concentrations were compared to the 
initial measured concentrations. The mean bias in the re-analysed samples was -13, -25 
and -22% for the metabolites M1/M3, M2 and M4, respectively. Metabolites M1/M3 
could be measured in 47 samples, while M2 and M4 could be measured in 14 and 10 
samples, respectively.
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Proof of concept

Paclitaxel was quantified in 309 human plasma samples by a validated LC-MS/MS 
method15 using paclitaxel calibration curves and by using docetaxel calibration curves 
and a correction factor. Weighted Deming regression showed  that the intercept and 
slope were not significantly different from 0 and 1, respectively, within the 95% level 
of significance (Figure 5). This indicates that both assays are comparable. Paclitaxel 
concentrations as quantified by using docetaxel calibration curves were within ±20% of 
the mean concentration in 76.4% of the samples. These results indicate that the concept 
of quantifying metabolites using a calibration curve of the parent drug combined with a 
correction factor can be used for quantification without the need of certified reference 
standard of these metabolites.

Discussion
We describe an approach to quantify docetaxel metabolites by LC-MS/MS using 

docetaxel calibration samples. To obtain the metabolites, we incubated docetaxel with 
human liver microsomes and used metabolites isolated from human faeces. Without 
having chemically pure reference substances of the metabolites, it is hard to validate 
a bioanalytical assay using triple quadrupole mass-spectrometric detection, however 
with head-to-head comparison of both UV and MS/MS detection we showed that our 

Figure 5. Compared results of paclitaxel concentrations in human plasma samples calculated using a 
paclitaxel calibration curve (x-axis) vs concentrations calculated using a docetaxel calibration curve and a 
correction factor (y-axis). The solid line represents the line calculated by weighted Deming regression and 
the dotted line the line of identity. Between brackets is the 95% confidence interval of the slope and intercept. 
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method was accurate and precise in quantifying docetaxel metabolites using docetaxel 
calibration standards. The concept of this approach was proved using human plasma 
samples containing paclitaxel. The described approach may be used in general to 
quantify metabolites of other agents by LC-MS/MS using parent drug calibration 
standards.

The validation of this assay was based on the criteria in the FDA guidelines17, although 
broader acceptance criteria were set for the metabolites. For a full validation according 
to FDA guidelines, it is necessary to use reference standards of the metabolites. In the 
described assay, metabolites are not quantified using reference standards, but using 
the parent compound. Additionally, amounts of docetaxel metabolites in human plasma 
are low.9;20 However, even low amounts might yield useful information. Quantification 
based on reference standards of the parent compound and quantification of low levels  
might cause increased variability in the quantification of the metabolites. On the other 
hand, reporting plasma concentrations with increased uncertainty is more useful for 
population pharmacokinetic analysis than censoring by reporting no concentrations.21 
We expanded the acceptance criteria for accuracy and precision of the metabolites to 
±20% and less than 20%, respectively, for this assay for the quantification of docetaxel 
metabolite concentrations. 

Vishwanathan et al13 previously reported that when similar UV spectra are observed 
for a parent compound and its metabolites UV responses are also similar. Rosing 
et al5 reported that for docetaxel and its metabolites molar absorption at 227 nm is 
similar, thus for quantification of docetaxel metabolites by UV absorption a docetaxel 
calibration curve can be used.  However, switching from UV to MS detection can result 
in significant differences in response between parent compound and metabolites. 
It is known that ionisation of analytes using ESI-MS is influenced by multiple factors 
like polarity, analyte surface activity and pKa.22 Therefore, it is likely that there are 
major differences in ionisation between the parent compound and its metabolites. 
We compared quantification by UV and MS detection and observed clear differences 
in response of docetaxel and its metabolites. The observed differences were equal 
over multiple concentration levels and three independent runs, as reflected by the 
calculated correction factors. Therefore, it is possible to quantify the metabolites using 
docetaxel calibration lines, despite differences in ionisation. For method-transfer, it is 
advised to establish correction factors during a site-validation program to ensure exact 
quantification of the metabolites since performance of hardware might differ between 
sites.

Since M1 and M3 are not separated and correction factors differ (0.73 vs 0.46, 
respectively), quantification of the metabolites M1 and M3 in clinical samples can only 
be performed semi-quantitively. An estimation of M1 plus M3 (M1/M3) concentrations 
can be made using the correction factor of M3 (0.46), since this metabolite is more 
abundant compared to M1.9 This will result in an underestimation of the concentration 
of M1/M3 by maximally 37% if only M1 is present in the sample. However, it is unlikely 
that in-vivo only one of the two stereoisomers is formed. If metabolite concentrations of 
M1 and M3 are equal the underestimation will be around 22%.  
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During stability testing, we observed that docetaxel metabolites are unstable in 
human plasma when exposed to higher temperatures. During storage at -20 °C for up to 1 
year,  13-25% of the original metabolite concentration is lost. Interestingly, degradation 
products are other than the known metabolites M1/M3, M2 and M4. Our data indicate 
that storage of samples for quantification of docetaxel metabolites is limited and high 
temperatures during sample pre-treatment should be avoided.

Application of the method
The described assay was used for quantification of docetaxel metabolites in human 

plasma of two patients after intravenous administration of a fixed dose of 20 mg 
docetaxel (Taxotere®, Sanofi Aventis, France) over a 30 min infusion. Prior to docetaxel 
infusion, the patients received an oral 100 mg ritonavir capsule (Norvir®, Abbott, 
Illinois, USA). Blood samples were drawn at baseline, end of infusion and at multiple 
time points during the first 48 h after infusion. Docetaxel plasma concentrations at 
the end of infusion were 552 and 251 ng/mL in patient 1 and 2, respectively. The AUC 
extrapolated to infinity was 526 ng/mL*h in patient 1 and 624 ng/mL*h in patient 2. 
Maximal metabolite concentrations were observed within 1 h after the end of infusion 
and were undetectable after 4 h after the end of infusion. Metabolites M1/M3 were 
most abundant in the patients with maximal plasma concentrations of 1.37 and 1.51 
ng/mL in patient 1 and 2, respectively. Metabolite M2 was observed at maximal plasma 
concentrations of 0.939 and 0.858 ng/mL, while M4 could hardly be detected and 
reached maximal plasma concentrations of 0.422 and 0.229 ng/mL in patients 1 and 2, 
respectively.

Conclusion
The development and validation of an LC-MS/MS assay for the quantification of 

docetaxel and its metabolites in human plasma is described. The validated range for 
docetaxel was 0.25-500 ng/mL using 200 µL plasma aliquots. This assay was used 
for quantification of docetaxel metabolites in human plasma without chemically pure 
reference standards of the metabolites and using docetaxel calibrations standards.
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Abstract
Intestinal absorption is an essential step in the therapeutic use of most orally 

administered drugs and often mediated by enterocyte transmembrane transporters. 
Here we discuss several of these drug transport systems and knockout mouse models 
to study them. These studies showed that Multidrug resistance-associated protein 2 
(Mrp2) can limit intestinal drug absorption. Organic cation transporter n1 (Octn1) and 
Octn2 might also facilitate intestinal drug absorption, although direct in vivo evidence 
is lacking. On the other hand, intestinal uptake of drugs is facilitated by the Equilibrative 
nucleoside transporter 1 (Ent1), Mrp3 and possibly Mrp4. No significant role in 
intestinal absorption for Oct1 and Oct2 or for Organic anion-transporting polypeptides 
(Oatp) 1a and 1b was found so far. 
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The problem of intestinal drug absorption
Intestinal absorption is an essential factor in the therapeutic use of virtually all 

orally administered drugs. Given its importance, it is surprising how little is clearly 
established about the transmembrane transport processes involved. Almost every 
oral drug that needs to act systemically has to pass at least two membranes: the apical 
and basolateral membranes of the enterocytes (Figure 1). Only very small, hydrophilic 
drugs can pass the tight junction barrier between the enterocytes. All others need to 
cross the enterocyte. Whereas some drugs may be lipophilic and small enough to pass 
the enterocyte membranes by passive diffusion at sufficient rates to be therapeutically 
relevant, this is unlikely to be the case for the great majority of drugs. Most will be too 
big, too polar or even charged, or have a combination of these properties. Only mediated 
transport, usually by various types of transmembrane transporters, will allow these 
molecules to pass the apical and the basolateral membranes of the enterocytes and thus 
to enter the bloodstream at sufficient rates. Surprisingly, for only very few drugs is it 
exactly clear what transporters are involved.  

We here discuss several enterocyte transmembrane transport systems that may 
play a role in enhancement or reduction of the intestinal absorption of drugs. As we 
limit ourselves to transporters studied in knockout mouse models, this review is not 
exhaustive. Also, in view of other recent reviews, not much attention is given here to the 
roles of the Abcb1 (P-glycoprotein;Mdr1a/b) and Abcg2 (Bcrp) drug efflux transporters, 
or the PepT1 (Slc15a1) peptide and Lat1 (Slc7a5), Lat2 (Slc7a5), and Tat1 (Slc16a10) 
amino acid transporters.

Equilibrative nucleoside transporter 1 (Ent1)

The equilibrative nucleoside transporter 1 (Ent1; Slc29a1) belongs to the nucleoside 
transporter family (Slc29). It can transport endogenous nucleosides bidirectionally 
across plasma membranes, probably by a facilitated diffusion mechanism dependent on 
the transmembrane electrochemical gradient of the substrate.1 In the human intestinal 
tract, ENT1 is concentrated predominantly in the lateral membrane of crypt cells, but 
it is also found in the lateral and apical membranes of more superficial enterocytes.2 
Ent1 mRNA is broadly expressed in tissues of the mouse, including the intestine. This 
intestinal expression suggests a possible role of Ent1 in the intestinal absorption of 
drugs (Figure 1).

Ent1-/- mice were used to study in	vivo drug disposition roles of Ent1, but data on 
the role of Ent1 in oral drug absorption are limited to the polar hepatitis C antiviral 
drug ribavirin.3  After oral administration, plasma concentrations of 3H-labeled ribavirin 
and its primary metabolites were up to 3.7-fold decreased in Ent1-/- mice compared to 
wild-type mice. Interestingly, plasma concentrations after intravenous administration 
in both strains were comparable, suggesting that the intestinal absorption of ribavirin 
(and metabolites) is facilitated by Ent1, whereas its systemic clearance is not affected.

Probably Ent1, as a bidirectional equilibrative transporter primarily present in 
basolateral membranes, is necessary for efficient egress of ribavirin (and metabolites) 
from the enterocytes into blood. The preceding uptake of ribavirin from the intestinal 
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lumen is likely mediated by the concentrative nucleoside transporters Cnt2 and/
or Cnt3 (not shown), which may also provide part of the driving force of the overall 
intestinal uptake. However, Ent1 can apparently be a rate-limiting step in this overall 
uptake process.3 This interpretation was further supported by intestinal perfusion 
studies in Ent1-/- mice.4 Extrapolating from these data, Ent1 may also be involved in the 
oral absorption of other nucleoside-like drugs. 

Organic cation transporters (Oct) 1 and 2 (Slc22a1 and a2)

The organic cation transporters Oct1 and 2 are thought to be passive diffusion 
transporters for a diverse range of organic cations. Transport direction of substrates is 
thus dependent on their electrochemical gradient across the membrane. Contradictory 
evidence in the literature suggests that Oct1 is located either at the apical or at the 
basolateral membrane of enterocytes, while Oct2 is located at the basolateral membrane 
of polarized cells.5;6 mRNA of these transporters is strongly expressed in various tissues 
among which the small intestine (Figure 1), especially for Oct1.6 Studies in Oct1-/- mice 
demonstrated that small intestinal Oct1 can facilitate the direct intestinal excretion of the 
cation tetraethylammonium from blood to the intestinal lumen after i.v. administration, 
but oral drug uptake studies (requiring transport in the other direction) have not been 
done with these mice.7 As Oct1 might mediate both (basolateral) influx, and (apical) 
efflux of tetraethylammonium in enterocytes, the intestinal excretion data in the Oct1-/- 
mice do not exclude either an apical or basolateral localization of Oct1.   

The commonly prescribed antidiabetic drug metformin is a substrate of Oct1 and 
Oct2 and its pharmacokinetic behavior may be influenced by these transporters. Both 
Oct1 and Oct2 mRNA are expressed in the small intestine (Figure 1), and after oral 
administration plasma concentrations of metformin were substantially increased in 
Oct1;Oct2-/- versus wild-type mice. However, the oral bioavailability (AUCoral/AUCi.v.) was 
not changed.8 In Oct1;Oct2-/- mice, AUC0-inf was increased 4.5-fold compared to wild-type, 
whereas the systemic clearance was decreased 4.5-fold, presumably by decreases in 
both renal and hepatic clearance. Thus, the increased metformin plasma concentrations 
were due to decreased systemic clearance in Oct1;Oct2-/- mice rather than due to 
changes in intestinal absorption after oral administration. These results do not support 
a significant role of Oct1/2 in the intestinal absorption rate of metformin, although we 
cannot exclude that more direct studies might still reveal some contribution.  

Organic cation transporters Octn1 and Octn2 (Slc22a4 and a5)

In contrast to Oct1 and Oct2, Octn1 and Octn2 are usually located at the apical 
membrane of epithelial cells (Figure 1) and mRNA is strongly expressed in the kidney. 
mRNA expression is also observed in various tissues such as liver, muscles and brain. 
In the small intestine of rodents, both Octn1 and Octn2 are substantially expressed in 
the apical membrane of enterocytes.6;9 Both transport the zwitterion L-carnitine and 
a variety of other organic cations and zwitterions including several drugs. Depending 
on the circumstances and substrate, they can translocate substrates in both directions. 
Transport can be Na+-dependent, but does not have to be, and it may involve H+/cation 
exchange. The data suggest a substantial flexibility in the modes of transport mediated 
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Figure 1. Schematic diagram illustrating the intestinal transporters and metabolizing enzyme discussed 
in this review. Efflux and/or influx transporters are localized at the apical or basolateral membrane of 
enterocytes in mouse small intestine. Transporters in the same color indicate that the transporters are 
from the same group. (?) indicates mRNA expression of mouse protein was detected in the small intestine, 
but its protein localization has not been unequivocally established yet. (*) indicates that there have been 
contradictory reports concerning the apical or basolateral localization of Oct1 in enterocytes, although 
current evidence for an apical localization seems stronger. Ovals indicate transporters with mostly single-
directional transport, while circles indicate transporters with bidirectional transport. Green arrows indicate 
net absorptive direction of transport and red arrows indicate net excretory direction of transport. Long 
arrows indicate preferential transport and short arrows indicate less preferential transport directions by 
transporters that can mediate bidirectional transport. Protein and gene names: Ent1 (Slc29a1), equilibrative 
nucleoside transporter 1; Oct1/Oct2 (Slc22a1/Slc22a2), organic cation transporters 1 and 2; Octn1/Octn2 
(Slc22a4/Slc22a5), organic cation/carnitine transporters 1 and 2; P-gp (Abcb1a/1b), P-glycoprotein; Bcrp 
(Abcg2), breast cancer resistance protein; Cyp3a (Cyp3a), cytochrome P450 3A; Mrp2 (Abcc2), multidrug 
resistance-associated protein 2; Mrp3 (Abcc3), multidrug resistance-associated protein 3; Mrp4 (Abcc4), 
multidrug resistance-associated protein 4; Oatp1a4/Oatp1a5 (Slco1a4/Slco1a5), organic anion-transporting 
polypeptides 1a4 and 1a5. Oatp2b1 (Slco2b1), organic anion-transporting polypeptide 2b1.



Chapter 2.1

114

2.1

by these transporters, and they have been implicated both in uptake and secretory 
processes.6 Renal L-carnitine reabsorption is an important physiological function 
of Octn2 in humans and mice, preventing excessive loss of this essential cofactor in 
mitochondrial fatty acid beta-oxidation. 

The intestinal uptake of the dietary antioxidant and Octn1 substrate ergothioneine 
was strongly (~7-fold) decreased in Octn1-/- mice, using the everted intestinal sac 
method and analysis of remaining ergothioneine in the intestinal lumen after oral 
administration.9 Unexpectedly, however, plasma concentrations of oral ergothioneine 
were increased in Octn1-/- mice, instead of decreased. Intravenous administration 
showed that this could be attributed to a far lower hepatic extraction of ergothioneine 
in Octn1-/- compared to wild-type mice, which more than compensated for the lower 
oral absorption. Nonetheless, interference with Octn1 activity in the intestine only, for 
instance by some drugs, might reduce the oral availability of Octn1 substrates. 

Octn2 deficiency in Octn2-null mice limited the uptake of L-carnitine in small 
intestinal enterocytes in	 vitro, both assessed with Ussing chamber transepithelial 
transport, and with isolated enterocytes.10 The data suggested that Octn2 contributes 
to intestinal uptake of L-carnitine, but is not the only uptake process involved. Although 
the substrate preference of Octn2 for L-carnitine is clearer than that of Octn1, it does 
transport several drugs in	vitro.

In summary, therefore, although the data with the compounds ergothioneine and 
L-carnitine do suggest that Octn1 and Octn2 may be similarly involved in the intestinal 
absorption of some drugs, direct in	vivo experimental evidence for this is still lacking. 

Intestinal efflux transporters P-glycoprotein (Abcb1a/1b) and 
Breast cancer resistance protein (Abcg2)

Both these ATP-binding cassette (ABC) efflux transporters reside in the apical 
membrane of enterocytes, and have a very wide substrate spectrum. They can therefore 
actively pump many orally administered substrate drugs and other xenobiotics back into 
the intestinal lumen, thus reducing their oral availability (Figure 1). These important 
functions as uncovered with knockout mouse models have been extensively reviewed 
before, and we refer to the article by Fromm et al.11 for a further discussion of their 
clinical relevance.

P-glycoprotein shares many drug substrates with the drug-metabolizing enzyme 
cytochrome P450 3A (Cyp3a), that is likewise highly expressed in enterocytes. 
Combination knockout mice lacking both Abcb1a/1b and Cyp3a were used to unravel 
the in	 vivo interplay between transporter and metabolizing enzyme.12 The results 
revealed efficient collaboration between the two detoxifying systems in reducing the 
oral availability of shared substrate drugs (Figure 1), but this did not appear to be 
synergistic in nature. 
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Multidrug resistance-associated protein 2 (Mrp2, Abcc2)

The multidrug resistance-associated protein 2 (Mrp2; Abcc2) is also an ABC drug 
efflux transporter for many drugs and drug conjugates. It is expressed in the apical 
membrane of enterocytes (Figure 1), where it could potentially reduce the intestinal 
absorption of drug substrates.13 As Abcc2 is also expressed in the bile canalicular 
membrane and in the apical membrane of renal proximal tubular cells it can contribute 
substantially to the systemic clearance of its substrates, which may affect the 
interpretation of oral pharmacokinetic studies in knockout mice.    

Plasma concentrations after oral administration of the anticancer drug paclitaxel, 
an Abcb1 and Abcc2 substrate, were unchanged in Abcc2-/- compared to wild-type mice, 
but 1.7-fold increased in Abcb1a/b;Abcc2-/- mice compared to Abcb1a/b-/- mice, which in 
their turn showed 8.5-fold higher plasma levels than wild-type mice.14 This suggests that 
the contribution of Abcc2 to reducing paclitaxel plasma concentrations only becomes 
evident in the absence of the highly efficient paclitaxel transporter Abcb1. Similar 
results were found for docetaxel and etoposide, with a dominant effect of Abcb1 over 
Abcc2 in restricting plasma AUC after oral drug administration.15;16 Further comparison 
with i.v. administration showed, however, that the oral bioavailability (AUCoral/AUCi.v.) 
of paclitaxel and etoposide was not increased by Abcc2 deficiency, whereas that of 
docetaxel was. This suggests that most of the effect of Abcc2 deficiency on plasma 
AUC seen for paclitaxel and etoposide was due to reduced systemic clearance, but for 
docetaxel there may also be an increased intestinal absorption component.   

Plasma concentrations of oral methotrexate were not significantly increased in 
Abcc2-/- compared to wild-type mice, but a 1.7-fold increase due to Abcc2 deficiency 
was seen in the absence of Abcg2, which by itself also caused a 1.7-fold higher plasma 
AUC compared to wild-type mice.17 In this case therefore Abcg2 seemed to dominate 
Abcc2 effects. Interestingly, the effect of Abcc2 was lost in the absence of Abcc3 (see 
the section on Abcc3 below). Oral bioavailabilities were, however, not changed by the 
absence or presence of Abcc2, again suggesting that most effects on plasma AUC were 
mediated through altered systemic clearance. 

Collectively, the data indicate that Abcc2 can limit oral plasma levels of drugs, but 
its effects can easily be obscured by other, dominant transporters. Moreover, plasma 
concentrations after oral administration of drugs are often increased in the absence of 
Abcc2 due to decreased systemic elimination rather than increased intestinal uptake. 
Only for docetaxel is there a clear suggestion of increased intestinal absorption, which 
would merit further investigation. 

Multidrug resistance-associated protein 3 (Mrp3, Abcc3)

Abcc3 is another ABC drug efflux transporter, capable of transporting bile acids18 
and endogenous glucuronide conjugates19. Unlike Abcc2, Abcc3 is expressed in the 
basolateral membrane of hepatocytes and enterocytes19-21, where it mediates the 
basolateral efflux of substrates either from enterocytes or hepatocytes into the blood 
(Figure 1). With respect to xenobiotics, Abcc3 is active in the basolateral efflux of a 
broad range of glucuronides22, sulfates23, folates24, etoposide15 and methotrexate25. 
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Upon oral administration of methotrexate at 1 mg/kg, the plasma AUC0-4hr was 3.4-
fold lower in Abcc3-/- mice than in wild-type mice.25 Extensive pharmacokinetic analyses 
indicated that the bile canalicular clearance of methotrexate from plasma was increased, 
presumably because of reduced basolateral back-flux of methotrexate from the liver to 
blood in the absence of Abcc3. Oral bioavailability data, however, suggested reduced 
intestinal uptake of methotrexate. Everted intestinal sac experiments confirmed that 
the net intestinal uptake of methotrexate was considerably reduced in the duodenum 
of the Abcc3-/- mice, indicating that Abcc3 normally facilitates the absorptive efflux of 
methotrexate from the enterocyte to blood (Figure 1). Apparently, the decreased plasma 
levels of methotrexate in Abcc3-/- mice were due to both lower intestinal absorption and 
lower basolateral hepatic efflux. 

In addition, upon oral administration of gemfibrozil, E3040, troglitazone, bisphenol 
A, and 4-methylumbelliferon, Abcc3-/- mice showed a marked reduction in the plasma 
concentration of glucuronide conjugates of these compounds compared with wild-
type mice.22 This suggests that Abcc3 plays a key role in the efflux of these glucuronide 
conjugates into the systemic circulation. However, it was not further investigated 
whether this resulted primarily from reduced efflux of these glucuronides from liver 
hepatocytes or from enterocytes, as glucuronidation can occur in both cell types. 

Multidrug resistance-associated protein 4 (Mrp4, Abcc4)

The ABC drug efflux transporter Abcc4 can extrude a wide variety of endogenous 
organic anions and xenobiotics out of the cell, including steroid and bile acid 
conjugates26, diuretics27, antibiotics28 and antiviral drugs29. Its subcellular localization 
is cell-type dependent: apical in renal proximal tubular epithelial cells, but basolateral 
in prostate tubuloacinar cells, hepatocytes, and choroid plexus epithelium.30 It is not 
exactly clear where Abcc4 resides in the intestine. In the human colonic cell line HT-29-
CL19A, Abcc4 was found in both the apical and basolateral membrane, with a higher 
expression apically.31 In Caco-2 enterocyte cells, Abcc4 is apparently localized in the 
basolateral membrane32 (Figure 1). On the basis of the latter localization, Abcc4 might 
facilitate the intestinal absorption of drugs. 

Upon intrajejunal administration of the polar cephalosporin antibiotic cefadroxil, 
portal and peripheral blood concentrations were similar in Abcc4-/- mice, but 
approximately 2-fold reduced in Abcc3;Abcc4-/- mice compared with wild-type mice. 
This suggested that the impact of Abcc4 on intestinal absorption of cefadroxil only 
became apparent in the absence of Abcc3.33 Ussing chamber experiments with isolated 
intestinal tissue indicated that Abcc4 deficiency, but not Abcc3 deficiency, resulted 
in reduced transepithelial absorption of cefadroxil. The data suggest that in mice, 
Abcc4 is mostly localized in the basolateral membrane of enterocytes, and contributes 
to absorptive efflux of cefadroxil from enterocyte to blood. Note, however, that the 
intrajejunal administration data do not exclude that increased biliary clearance of 
cefadroxil from blood, mainly due to the hepatic Abcc3/Abcc4 deficiency, may also have 
contributed to the lower cefadroxil blood levels in Abcc3;Abcc4-/- mice. This would be 
analogous to the situation described above for methotrexate in Abcc3-/- mice.25
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Organic anion-transporting polypeptides (OATP; SLCO) OATP1A 
and OATP1B

Organic anion-transporting polypeptides (Oatps, Slco) are Na+-independent 
transmembrane transporters that mediate the cellular uptake of a broad range of 
organic endogenous and exogenous compounds, including many drugs and their 
conjugates.34 Human OATP1A2 and human and mouse OATP2B1 are thought to be 
located in the apical membrane of enterocytes, where they could have an important role 
in intestinal uptake of drugs. In addition, mouse Oatp1a4 and Oatp1a5 mRNAs were 
detected in small intestine, but their protein localization has not been established yet 
(Figure 1). Although there are no straightforward orthologs between the human and 
mouse OATP1A and OATP1B family members, mouse intestinal Oatp1a4 and Oatp1a5 
might have functions analogous to those of the single human OATP1A2 protein. 

To date, several knockout and transgenic mouse models have been generated to study 
the physiological and pharmacological functions of OATP1A and OATP1B transporters 
in	vivo.35 Mice lacking all Oatp1a/1b genes (Oatp1a/1b-/- mice) were generated to avoid 
any compensation by other Oatp1a or Oatp1b proteins.36 Pharmacological functions of 
Oatp1a and Oatp1b proteins in the liver uptake and thus systemic clearance of several 
anticancer drugs, organic dyes, estrogen derivatives, antibiotics, statins and toxins 
could be established in the aforementioned mouse models.35 However, directed studies 
to assess the impact on intestinal drug absorption of Oatp1a and Oatp1b proteins have 
so far only been performed in Oatp1a/1b-/- mice, with remarkably little success. Portal 
vein sampling tests of orally administered methotrexate, fexofenadine, pravastatin, and 
rosuvastatin have all failed to yield clear indications for reduced intestinal drug uptake 
due to the absence of Oatp1a and Oatp1b proteins, whereas the hepatic disposition of 
all these drugs was clearly affected.36-38 These results raise the question whether there 
may be extensive redundancy for uptake transporters of these drugs in the intestine, 
possibly including Oatp2b1 and drug uptake transporters of other families. Additional 
transporter gene knockout studies may shed light on this question.

Conclusion
Unlike the situation for several apical intestinal efflux transporters, that clearly limit 

the intestinal uptake of drugs, insight into the intestinal transporters that facilitate 
intestinal drug absorption is still surprisingly limited. Ongoing and future studies with 
genetically modified mouse models may further improve these insights, thus supporting 
the development of optimal orally available drugs.



Chapter 2.1

118

2.1

References
1.  Lu H, Chen C, Klaassen C. Tissue distribution of concentrative and equilibrative nucleoside transporters in male and 

female rats and mice. Drug	Metab	Dispos 2004; 32 (12): 1455-61.
2.  Govindarajan R, Bakken AH, Hudkins KL, Lai Y, Casado FJ, Pastor-Anglada M, Tse CM, Hayashi J, Unadkat JD. In situ 

hybridization and immunolocalization of concentrative and equilibrative nucleoside transporters in the human 
intestine, liver, kidneys, and placenta. Am	J	Physiol	Regul	Integr	Comp	Physiol 2007; 293 (5): R1809-R1822.

3.  Endres CJ, Moss AM, Govindarajan R, Choi DS, Unadkat JD. The role of nucleoside transporters in the erythrocyte 
disposition and oral absorption of ribavirin in the wild-type and equilibrative nucleoside transporter 1-/- mice. J	
Pharmacol	Exp	Ther 2009; 331 (1): 287-96.

4.  Moss AM, Endres CJ, Ruiz-Garcia A, Choi DS, Unadkat JD. Role of the equilibrative and concentrative nucleoside 
transporters in the intestinal absorption of the nucleoside drug, ribavirin, in wild-type and Ent1(-/-) mice. Mol	Pharm 
2012; 9 (9): 2442-9.

5.  Han TK, Everett RS, Proctor WR, Ng CM, Costales CL, Brouwer KL, Thakker DR. Organic Cation Transporter 1 (OCT1/
mOct1) Is Localized in the Apical Membrane of Caco-2 Cell Monolayers and Enterocytes. Mol.Pharmacol. 2013; 84 (2): 
182-9.

6.  Koepsell H, Lips K, Volk C. Polyspecific organic cation transporters: structure, function, physiological roles, and 
biopharmaceutical implications. Pharm	Res 2007; 24 (7): 1227-51.

7.  Jonker JW, Wagenaar E, Mol CA, Buitelaar M, Koepsell H, Smit JW, Schinkel AH. Reduced hepatic uptake and intestinal 
excretion of organic cations in mice with a targeted disruption of the organic cation transporter 1 (Oct1 [Slc22a1]) gene. 
Mol	Cell	Biol 2001; 21 (16): 5471-7.

8.  Higgins JW, Bedwell DW, Zamek-Gliszczynski MJ. Ablation of both organic cation transporter (OCT)1 and OCT2 alters 
metformin pharmacokinetics but has no effect on tissue drug exposure and pharmacodynamics. Drug	Metab	Dispos 
2012; 40 (6): 1170-7.

9.  Sugiura T, Kato S, Shimizu T, Wakayama T, Nakamichi N, Kubo Y, Iwata D, Suzuki K, Soga T, Asano M, Iseki S, Tamai I, Tsuji 
A, Kato Y. Functional expression of carnitine/organic cation transporter OCTN1/SLC22A4 in mouse small intestine and 
liver. Drug	Metab	Dispos 2010; 38 (10): 1665-72.

10.  Kato Y, Sugiura M, Sugiura T, Wakayama T, Kubo Y, Kobayashi D, Sai Y, Tamai I, Iseki S, Tsuji A. Organic cation/carnitine 
transporter OCTN2 (Slc22a5) is responsible for carnitine transport across apical membranes of small intestinal 
epithelial cells in mouse. Mol	Pharmacol 2006; 70 (3): 829-37.

11.  Misaka C, Müller F, Fromm MF. Clinical relevance of drug efflux pumps in the gut. Curr	Opin	Pharmacol 2013; 13.
12.  van Waterschoot RA, Schinkel AH. A critical analysis of the interplay between cytochrome P450 3A and P-glycoprotein: 

recent insights from knockout and transgenic mice. Pharmacol	Rev 2011; 63 (2): 390-410.
13.  Jedlitschky G, Hoffmann U, Kroemer HK. Structure and function of the MRP2 (ABCC2) protein and its role in drug 

disposition. Expert	Opin	Drug	Metab	Toxicol 2006; 2 (3): 351-66.
14.  Lagas JS, Vlaming ML, van Tellingen O, Wagenaar E, Jansen RS, Rosing H, Beijnen JH, Schinkel AH. Multidrug resistance 

protein 2 is an important determinant of paclitaxel pharmacokinetics. Clin	Cancer	Res 2006; 12 (20 Pt 1): 6125-32.
15.  Lagas JS, Fan L, Wagenaar E, Vlaming ML, van Tellingen O, Beijnen JH, Schinkel AH. P-glycoprotein (P-gp/Abcb1), Abcc2, 

and Abcc3 determine the pharmacokinetics of etoposide. Clin	Cancer	Res 2010; 16 (1): 130-40.
16.  van Waterschoot RA, Lagas JS, Wagenaar E, Rosing H, Beijnen JH, Schinkel AH. Individual and combined roles of CYP3A, 

P-glycoprotein (MDR1/ABCB1) and MRP2 (ABCC2) in the pharmacokinetics of docetaxel. Int	J	Cancer 2010; 127 (12): 
2959-64.

17.  Vlaming ML, van Esch A, van de Steeg E, Pala Z, Wagenaar E, van Tellingen O, Schinkel AH. Impact of abcc2 [multidrug 
resistance-associated protein (MRP) 2], abcc3 (MRP3), and abcg2 (breast cancer resistance protein) on the oral 
pharmacokinetics of methotrexate and its main metabolite 7-hydroxymethotrexate. Drug	Metab	Dispos 2011; 39 (8): 
1338-44.

18.  Belinsky MG, Dawson PA, Shchaveleva I, Bain LJ, Wang R, Ling V, Chen ZS, Grinberg A, Westphal H, Klein-Szanto A, Lerro 
A, Kruh GD. Analysis of the in vivo functions of Mrp3. Mol	Pharmacol 2005; 68 (1): 160-8.

19.  Zelcer N, van de Wetering K, de Waart R, Scheffer GL, Marschall HU, Wielinga PR, Kuil A, Kunne C, Smith A, van der Valk 
M, Wijnholds J, Elferink RO, Borst P. Mice lacking Mrp3 (Abcc3) have normal bile salt transport, but altered hepatic 
transport of endogenous glucuronides. J	Hepatol 2006; 44 (4): 768-75.

20.  Rost D, Mahner S, Sugiyama Y, Stremmel W. Expression and localization of the multidrug resistance-associated protein 
3 in rat small and large intestine. Am	J	Physiol	Gastrointest	Liver	Physiol 2002; 282 (4): G720-G726.

21.  Shoji T, Suzuki H, Kusuhara H, Watanabe Y, Sakamoto S, Sugiyama Y. ATP-dependent transport of organic anions into 
isolated basolateral membrane vesicles from rat intestine. Am	 J	 Physiol	 Gastrointest	 Liver	 Physiol 2004; 287 (4): 
G749-G756.

22.  Hirouchi M, Kusuhara H, Onuki R, Ogilvie BW, Parkinson A, Sugiyama Y. Construction of triple-transfected cells [organic 
anion-transporting polypeptide (OATP) 1B1/multidrug resistance-associated protein (MRP) 2/MRP3 and OATP1B1/



Genetically modified mouse models for oral drug absorption and disposition

119

2.
1

MRP2/MRP4] for analysis of the sinusoidal function of MRP3 and MRP4. Drug	Metab	Dispos 2009; 37 (10): 2103-11.
23.  Zamek-Gliszczynski MJ, Nezasa K, Tian X, Bridges AS, Lee K, Belinsky MG, Kruh GD, Brouwer KL. Evaluation of the role 

of multidrug resistance-associated protein (Mrp) 3 and Mrp4 in hepatic basolateral excretion of sulfate and glucuronide 
metabolites of acetaminophen, 4-methylumbelliferone, and harmol in Abcc3-/- and Abcc4-/- mice. J	Pharmacol	Exp	
Ther 2006; 319 (3): 1485-91.

24.  Kitamura Y, Kusuhara H, Sugiyama Y. Basolateral efflux mediated by multidrug resistance-associated protein 3 (Mrp3/
Abcc3) facilitates intestinal absorption of folates in mouse. Pharm	Res 2010; 27 (4): 665-72.

25.  Kitamura Y, Hirouchi M, Kusuhara H, Schuetz JD, Sugiyama Y. Increasing systemic exposure of methotrexate by active 
efflux mediated by multidrug resistance-associated protein 3 (mrp3/abcc3). J	Pharmacol	Exp	Ther 2008; 327 (2): 465-
73.

26.  Zelcer N, Reid G, Wielinga P, Kuil A, van der Heijden I, Schuetz JD, Borst P. Steroid and bile acid conjugates are substrates 
of human multidrug-resistance protein (MRP) 4 (ATP-binding cassette C4). Biochem	J 2003; 371 (Pt 2): 361-7.

27.  Hasegawa M, Kusuhara H, Adachi M, Schuetz JD, Takeuchi K, Sugiyama Y. Multidrug resistance-associated protein 4 is 
involved in the urinary excretion of hydrochlorothiazide and furosemide. J	Am	Soc	Nephrol 2007; 18 (1): 37-45.

28.  Ci L, Kusuhara H, Adachi M, Schuetz JD, Takeuchi K, Sugiyama Y. Involvement of MRP4 (ABCC4) in the luminal efflux of 
ceftizoxime and cefazolin in the kidney. Mol	Pharmacol 2007; 71 (6): 1591-7.

29.  Imaoka T, Kusuhara H, Adachi M, Schuetz JD, Takeuchi K, Sugiyama Y. Functional involvement of multidrug resistance-
associated protein 4 (MRP4/ABCC4) in the renal elimination of the antiviral drugs adefovir and tenofovir. Mol	Pharmacol 
2007; 71 (2): 619-27.

30.  Russel FG, Koenderink JB, Masereeuw R. Multidrug resistance protein 4 (MRP4/ABCC4): a versatile efflux transporter 
for drugs and signalling molecules. Trends	Pharmacol	Sci 2008; 29 (4): 200-7.

31.  Li C, Krishnamurthy PC, Penmatsa H, Marrs KL, Wang XQ, Zaccolo M, Jalink K, Li M, Nelson DJ, Schuetz JD, Naren AP. 
Spatiotemporal coupling of cAMP transporter to CFTR chloride channel function in the gut epithelia. Cell 2007; 131 (5): 
940-51.

32.  Ming X, Thakker DR. Role of basolateral efflux transporter MRP4 in the intestinal absorption of the antiviral drug 
adefovir dipivoxil. Biochem	Pharmacol 2010; 79 (3): 455-62.

33.  de Waart DR, van de Wetering K, Kunne C, Duijst S, Paulusma CC, Oude Elferink RP. Oral availability of cefadroxil depends 
on ABCC3 and ABCC4. Drug	Metab	Dispos 2012; 40 (3): 515-21.

34.  Kalliokoski A, Niemi M. Impact of OATP transporters on pharmacokinetics. Br	J	Pharmacol 2009; 158 (3): 693-705.
35.  Iusuf D, van de Steeg E, Schinkel AH. Functions of OATP1A and 1B transporters in vivo: insights from mouse models. 

Trends	Pharmacol	Sci 2012; 33 (2): 100-8.
36.  van de Steeg E, Wagenaar E, van der Kruijssen CM, Burggraaff JE, de Waart DR, Elferink RP, Kenworthy KE, Schinkel AH. 

Organic anion transporting polypeptide 1a/1b-knockout mice provide insights into hepatic handling of bilirubin, bile 
acids, and drugs. J	Clin	Invest 2010; 120 (8): 2942-52.

37.  Iusuf D, Sparidans RW, van Esch A, Hobbs M, Kenworthy KE, van de Steeg E, Wagenaar E, Beijnen JH, Schinkel AH. 
Organic anion-transporting polypeptides 1a/1b control the hepatic uptake of pravastatin in mice. Mol	Pharm 2012; 9 
(9): 2497-504.

38.  Iusuf D, van Esch A, Hobbs MJ, Taylor MA, Kenworthy KE, van de Steeg E, Wagenaar E, Schinkel AH. Murine Oatp1a/1b 
Uptake Transporters Control Rosuvastatin Systemic Exposure without Affecting Its Apparent Liver Exposure. Mol	
Pharmacol 2013; 83 (5): 919-29.





2.
2

P-glycoprotein and Cytochrome 
P450 3A act together in restricting 

the oral bioavailability of paclitaxel.

Jeroen J.M.A. Hendrikx
Jurjen S. Lagas

Hilde Rosing
Jan H.M. Schellens

Jos H. Beijnen
Alfred H. Schinkel

Int J Cancer. 
2013; 132 (10): 2439-47



Chapter 2.2

122

2.2

Abstract
Paclitaxel is avidly transported by P-glycoprotein (P-gp/MDR1/ABCB1). This 

results in low oral bioavailability, which can be boosted by coadministration of P-gp 
inhibitors. Unlike paclitaxel, docetaxel is extensively metabolized by CYP3A4 and its 
oral bioavailability can be enhanced in mice and humans by coadministration of the 
potent CYP3A inhibitor ritonavir. Unexpectedly, ritonavir also enhances the oral 
bioavailability of paclitaxel in humans. We aimed to resolve the mechanism underlying 
this enhancement. Using mice lacking Cyp3a and/or P-gp we investigated the combined 
and separate restricting roles of Cyp3a and P-gp in the oral bioavailability of paclitaxel, 
and the boosting effect of ritonavir. CYP3A4-humanized mice were used for translation 
to the human situation. P-gp had a dominant effect (11.6-fold, P < 0.001) over Cyp3a 
(<1.5-fold, n.s.) in limiting plasma concentrations of oral paclitaxel. However, in the 
absence of P-gp, Cyp3a decreased paclitaxel plasma concentrations twofold (P < 0.001). 
Coadministered ritonavir inhibited Cyp3a-mediated metabolism, but not P-gp-mediated 
transport of paclitaxel. Owing to the dominant effect of P-gp, ritonavir enhanced only 
paclitaxel plasma concentrations in P-gp-deficient mice. Mouse liver microsomes 
metabolized paclitaxel far less efficiently than human or CYP3A4-transgenic liver 
microsomes, revealing much lower efficiency of paclitaxel metabolism by mouse 
than by human CYP3As. Accordingly, ritonavir could enhance the oral bioavailability 
of paclitaxel in CYP3A4-humanized mice, despite the fact that these mice are P-gp-
proficient. Our results show that CYP3A4 inhibition most likely underlies the boosting 
effect of ritonavir on oral paclitaxel bioavailability in humans. Furthermore, CYP3A4-
humanized mice allow improved understanding of CYP3A4-mediated paclitaxel 
metabolism in humans.
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Introduction
Paclitaxel (Taxol®) was isolated in the early 1970s from the bark of the Taxus	brevifolia	

tree and is approved and widely used as an intravenously administered anticancer 
agent for various malignancies.1 Paclitaxel has a poor aqueous solubility and upon oral 
administration, its intestinal uptake is seriously hampered by the ATP-binding cassette 
(ABC) drug efflux transporter P-glycoprotein (MDR1/ABCB1/P-gp).2-7 Consequently, 
the oral bioavailability of paclitaxel is very low.8 Nonetheless, as oral administration 
has many advantages over intravenous (i.v.) administration8, the development of an 
oral paclitaxel formulation remains the subject of preclinical and clinical studies.9 
In humans, paclitaxel is mainly metabolized by Cytochrome P450 (CYP) 2C8 and by 
CYP3A4 upon standard i.v. administration. CYP2C8-mediated metabolism leads to the 
formation of 6α-hydroxy-paclitaxel, whereas CYP3A4-mediated metabolism leads to 
the formation of 3’-p-hydroxy-paclitaxel. Both metabolites are further metabolized by 
CYP3A4 and CYP2C8, respectively, to yield 6α,3’-p-dihydroxy-paclitaxel.10 In addition 
to MDR1 P-gp, paclitaxel is also transported by the ABC efflux transporters Multidrug 
resistance-associated protein 2 (MRP2/ABCC2) and MRP7/ABCC10.3;5;10;11 

Several studies have shown that the oral bioavailability of paclitaxel can be boosted 
by combining paclitaxel with an inhibitor of MDR1.2;6;7 However, the impact of drug-
metabolizing enzymes on the oral bioavailability of paclitaxel is not yet fully elucidated. 
The oral plasma AUC (area under the plasma concentration-time curve, which is a 
measure of the systemic exposure upon oral administration) of docetaxel (Taxotere®), 
a structurally related taxane anticancer drug, can be strongly enhanced in both mice 
and humans by coadministration of the potent CYP3A4 inhibitor ritonavir.12;13 This is 
explained by the fact that docetaxel is extensively metabolized by CYP3A.10 Interestingly, 
although the elimination of paclitaxel is thought to be far less dependent on metabolism 
by CYP3A4, we recently observed that paclitaxel oral bioavailability in humans can 
also be substantially improved by coadministration of ritonavir: a proof-of-concept 
study in cancer patients showed that oral coadministration of 100 mg paclitaxel and 
100 mg ritonavir resulted in similar plasma paclitaxel AUC as oral coadministration 
of 100 mg paclitaxel and 15 mg/kg cyclosporin A, an MDR1 and CYP3A inhibitor.14;15 
Although in this proof-of-concept study the plasma AUC of paclitaxel when combined 
with either ritonavir or cyclosporin A was not directly compared to paclitaxel alone, 
comparison with historical data shows that coadministration of paclitaxel and 
cyclosporin A results in eight to ninefold increased paclitaxel plasma concentrations 
in patients, with promising antitumor activity.4;16;17 The recent data suggest a fivefold 
boosting effect of ritonavir on oral paclitaxel AUC. Therefore, it seemed of interest to us 
to study the underlying mechanism of the boosting effect of ritonavir, also because the 
subtherapeutic boosting dose of 100 mg ritonavir has a far better safety profile than 15 
mg/kg of the immunosuppressant cyclosporin A. 

Inhibition of intestinal CYP3A by ritonavir might possibly be responsible for the 
elevated paclitaxel plasma concentrations after coadministration with ritonavir, 
because in human enterocytes mainly CYP3A and hardly any CYP2C8 (which is thought 
to primarily metabolize paclitaxel in the liver) is expressed.18 On the other hand, it has 
also been reported that ritonavir could inhibit MDR1 P-gp19;20, which might provide an 
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alternative explanation for its boosting effect. We therefore aimed to resolve the likely 
cause of the boosting effect of ritonavir on paclitaxel oral bioavailability.    

In our study, we used mice lacking Cyp3a and/or Mdr1a/b P-gp, and Cyp3a knockout  
mice (Cyp3a-/-) transgenically expressing human CYP3A4 to investigate: i) the combined 
and separate roles of P-gp and Cyp3a in restricting the oral bioavailability of paclitaxel; 
and ii) whether the boosting effect of ritonavir on the oral bioavailability of paclitaxel 
can be explained primarily by inhibition of CYP3A, or P-gp, or possibly of both.

Material and Methods
Drugs and chemicals

Paclitaxel, docetaxel and ritonavir were purchased from Sequoia Research Products 
(Oxford, United Kingdom). Drug-free lithium-heparinized human plasma was obtained 
from Bioreclamation LLC (New York, NY, USA). All other chemicals were of analytical 
grade and obtained from commercial sources.

Animals

Mice used in our study were housed and handled according to institutional 
guidelines complying with Dutch legislation. Mice were kept in a temperature-controlled 
environment with a 12-hr light / 12-hr dark cycle and received a standard diet (AM-II, 
Hope Farms, Woerden, The Netherlands) and acidified water ad	libitum. Strains used in 
our study were wildtype, Cyp3a-/-21, Mdr1a/b knockout (Mdr1a/b-/-)22, and combined 
Cyp3a and Mdr1a/b knockout mice (Cyp3a/Mdr1a/b-/-)23. Also Cyp3a knockout mice 
with specific expression of human CYP3A4 in liver, intestine or both liver and intestine 
(Cyp3a-/-Tg-3A4Hep, Cyp3a-/-Tg-3A4Int and Cyp3a-/-Tg-3A4Hep/Int, respectively) were used.21 
All strains had a >99% FVB genetic background. In all experiments, male mice of 8-16 
weeks of age were used.

In vivo analysis of plasma pharmacokinetics

Prior to the experiments, stock solutions containing 6 mg/mL paclitaxel or 7.5 mg/
mL ritonavir in ethanol:polysorbate 80 (1:1, v/v) were made and stored at -20o C. On 
the day of the experiments stock solutions were diluted with water to obtain solutions 
containing 1 mg/mL paclitaxel or 1.25 mg/mL ritonavir. Animals were fasted 2 hr 
before oral drug administration to minimize variation in absorption. Paclitaxel was 
administered orally or intraperitoneally (i.p.) at a dose of 10 mg per kg of bodyweight. 
Oral administration was performed by gavage into the stomach using a blunt-ended 
needle. In case of coadministration with ritonavir, a dose of 12.5 mg ritonavir per kg of 
bodyweight was administered by gavage 15 min prior to oral paclitaxel administration. 

Sample collection

Multiple blood samples (~50 µL) were collected from the tail vein at 15 and 30 min 
and 1, 2, 4, 8 and 16 hr, using heparinized capillary tubes (Oxford Labware, St. Louis, 
MO, USA). All samples up to 8 hours after administration were derived from the same 
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mouse. As the 16 hr time-point was added later, these samples were collected from 
different animals. At the last time-point of sequential sampling (8 hr) and at the 16 hr 
time-point, blood was taken by cardiac puncture. Blood samples were centrifuged at 
ambient temperature at 8,000g	for 5 min and subsequently plasma was collected. All 
samples were stored at -20oC until analysis.

Microsomal incubations

Pooled human liver and intestinal microsomes and the nicotinamide adenine 
dinucleotide phosphate (NADPH) regeneration system were obtained from BD 
Biosciences (Erembodegem, Belgium). Mouse microsomes were collected as described 
earlier.24 In brief, mouse liver was collected from five different animals per strain and 
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 livers were homogenized in 50 mM Tris–HCl pH 7.4 supplemented with 150 mM 
KCl, 1 mM EDTA, 1 tablet Complete® per 45 ml and 20% v/v glycerol. After multiple 
centrifugation steps, the microsomes were resuspended in buffer solution B and stored 
at -80°C. Microsomal incubations were performed with human liver and intestinal 
microsomes and with murine liver microsomes of wildtype and Cyp3a-/-Tg-3A4Hep 
mice. A 150 µL sample containing 10 µM paclitaxel or 10 µM docetaxel, microsomes 
(protein concentration 0.5 mg/mL for liver microsomes and 1 mg/mL for intestinal 
microsomes), 100 mM phosphate buffer pH = 7.4 and water was preincubated for 
5 min at 37°C. To study the effect of ritonavir-mediated CYP inhibition, the samples 
containing 2.5 µM ritonavir were also prepared. After preincubation, 50 µL of a NADPH 
regeneration system was added and the samples were incubated for 15 min at 37°C 
(Thermomixer Comfort, Eppendorf Netheler Hinz GmbH, Hamburg, Germany), while 
automatically shaken at 1,000 rpm. After incubation the samples were placed on ice and 
the enzymatic reaction was stopped by adding 100 µL ice-cold acetonitrile. An aliquot 
of 200 µL supernatant was collected and sample pretreatment as described for plasma 
samples was started.

Bioanalytical analysis

A previously developed liquid chromatography coupled with tandem mass 
spectrometry (LC-MS/MS) assay was used to quantify paclitaxel, 3’-p-hydroxy- 
paclitaxel and 6α-hydroxy-paclitaxel in plasma samples.25 13C6-labelled paclitaxel 
and 10-desacetyl-paclitaxel were used as internal standards for paclitaxel and the 
metabolites, respectively. In summary, mouse plasma samples of 20 µL were diluted 
with 180 µL of human plasma. Human plasma was used for dilution of the samples as 
the concentrations in the undiluted mouse plasma were outside the calibration range 
and also to mimic the calibration standards which were in human plasma. After dilution 
of the samples, 25 µL of internal standard working solution was added. Subsequently, 
the samples were mixed briefly, tertiarybutyl methyl ether was added and the samples 
were shaken for 10 minutes at 1,250 rpm. The samples were centrifuged at 23,000g, 
snap-frozen and the organic layer was collected. After evaporation of the organic 
layer, the samples were reconstituted with 100 µl of 10 mM ammonium hydroxide 
pH 5:acetonitrile (1:1, v/v) and an aliquot was injected into the LC-MS/MS system. 
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Calibration standards in human plasma in a range of 0.25-1000 ng/mL or 0.25-100 ng/
mL were used for quantification of paclitaxel and metabolites, respectively. 

Pharmacokinetic calculations and statistical analysis

Pharmacokinetic parameters, including the area under plasma concentration-time 
curves (AUCs), were calculated using the software package PK Solutions 2.0.2 (SUMMIT, 
Research Services, Ashland, OH, USA). One-way ANOVA was used when multiple groups 
were compared and the Bonferroni posthoc correction was used to accommodate  
multiple testing. The two-sided unpaired Student’s t test was used when treatments 
or differences between two groups were compared. Data that did not show normal 
distribution were log-transformed to normalize the distribution of the data sets and 
enable statistical comparison. During all statistical analyses, differences in group sizes 
were considered in the calculations. Differences were considered statistically significant 
when P < 0.05. All data are presented as mean ± standard deviation (SD).

Figure 1. Plasma concentration-time curves in wildtype, Mdr1a/b-/-, Cyp3a-/- and Cyp3a/Mdr1a/b-/- mice, 
after oral administration of 10 mg/kg paclitaxel without ritonavir (panel A), intraperitoneal administration 
of 10 mg/kg paclitaxel (panel B) or after oral administration of 10 mg/kg paclitaxel with 12.5 mg/kg ritonavir 
(panel C). 
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Results
Contribution of Mdr1a/b and Cyp3a to plasma pharmacokinetics of 
oral paclitaxel.

To study the effect of murine Mdr1a/b P-gp and Cyp3a on paclitaxel exposure 
after oral administration of paclitaxel (10 mg/kg), we compared paclitaxel plasma 
concentrations in wildtype, Cyp3a-/-, Mdr1a/b-/- and Cyp3a/Mdr1a/b-/- mice. Although we 
also screened for 3’-p-OH-paclitaxel and 6α-OH-paclitaxel in all strains, concentrations 
of these metabolites in plasma were below the lower limit of quantification of the assay 
(<0.25 ng/mL). In Mdr1a/b-/- mice the area under plasma concentration–time curve 
from 0 to 8 hr (AUC0-8) was strongly increased (11.6-fold, P < 0.001) relative to wildtype 
mice (Table 1, Figure 1A). Absence of Cyp3a alone (in Cyp3a-/- mice) caused a 1.5-fold 
increase in AUC0-8 relative to wildtype, but this was not significant. However, combined 
absence of Mdr1a/b and Cyp3a resulted in a 22.6-fold increased paclitaxel AUC relative 
to wildtype mice (P	< 0.001). The area under plasma concentration–time curve from 
0 to 16 hr (AUC0-16) in Cyp3a/Mdr1a/b-/- mice was increased 2.1-fold compared to 
Mdr1a/b-/- mice (P < 0.001). Comparison of the area under plasma concentration–time 
curve from 0 extrapolated to infinity (AUC0-inf) gave similar results (see supplementary 
data 1).

The observation that Mdr1a/b profoundly limits paclitaxel bioavailability after oral 
administration is in line with the previously described data.3;5 Interestingly, however, 

Wild-type Mdr1a/b-/- Cyp3a-/- Cyp3a/Mdr1a/b-/-

Intraperitoneal 
paclitaxel

Number of animals 6 6 5 6

AUC0-8 (ng*h/mL) 4036 ± 1084$,^^^ 4552 ± 606^^ 5871 ± 829* 7276 ± 945***,##

Oral paclitaxel

Number of animals 10 5 9 5

AUC0-8 (ng*h/mL) 307 ± 225###,^^^ 3572 ± 836***,$$$ 446 ± 160###,^^^ 6934 ± 1901***,$$$

AUC0-16 (ng*h/mL) 4039 ± 674^^^ 8645 ± 1701###

Oral paclitaxel + 
ritonavir

Number of animals 5 5 8 5

AUC0-8 (ng*h/mL) 322 ± 87$$,###,^^^ 5896 ± 1652***,$$$, † 575±153**,##,^^^ 6952 ± 1328***.$$

AUC0-16 (ng*h/mL) 9205 ± 1780††† 11424 ± 2266††

Values represent the means ± SD. Symbols correspond with levels of significance as calculated with ANOVA 
of the Log-transformed data with Bonferroni’s post-hoc test. Symbols reflect comparison to Wild-type (*), 
Mdr1a/b-/- (#), Cyp3a-/- ($) or Cyp3a/Mdr1a/b-/- (^) mice or to co-administration without ritonavir (†). One, 
two or three symbols reflect P < 0.05, P < 0.01 and P < 0.001, respectively.

Table 1. Plasma pharmacokinetic parameters in wild-type, Mdr1a/b-/-, Cyp3a-/- and Cyp3a/Mdr1a/b-/- mice, 
after i.p. or oral administration of 10 mg/kg paclitaxel with or without 12.5 mg/kg oral ritonavir.
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the AUC in Cyp3a/Mdr1a/b-/- mice was increased compared to that in Mdr1a/b-/- mice. 
This demonstrates that, in the absence of Mdr1a/b, murine Cyp3a can also noticeably 
limit paclitaxel exposure after oral administration. 

Our data indicate that the increase in plasma AUC0-8 of paclitaxel in Cyp3a/
Mdr1a/b-/- compared to wildtype mice is similar to the combined increases in  
AUC0-8 in Mdr1a/b-/- and Cyp3a-/- mice (Table 1). Compared to the Cyp3a/Mdr1a/b-/- mice, 
mice with Mdr1a/b activity and without Cyp3a activity had a 15.5-reduction in AUC0-8, 
whereas mice without  Mdr1a/b activity but with  Cyp3a activity had a 1.94-reduction 
in AUC0-8. As the theoretical product of these two effects (15.5 x 1.94 = 30.1) is slightly 
higher than the experimentally observed AUC0-8 decrease in wildtype mice (22.6-fold 
compared to Cyp3a/Mdr1a/b-/- mice), it is clear that there is only an additive, or perhaps 
even subadditive, effect of Cyp3a and Mdr1a/b in reducing paclitaxel oral exposure.

Contribution of Mdr1a/b and Cyp3a to plasma pharmacokinetics of 
intraperitoneal paclitaxel.

To discriminate between the Mdr1a/b and the Cyp3a contributions to first-pass 
clearance in the intestine versus systemic clearance of paclitaxel, we also administered 
paclitaxel (10 mg/kg) i.p. to the various mouse strains, and thus bypassing the initial 
intestinal uptake step. In strong contrast to oral paclitaxel administration, in mice 
lacking Mdr1a/b, paclitaxel plasma AUC0-8   after i.p. administration was not significantly 
altered compared to wildtype mice (Table 1, Figure 1B). However, in the absence of 
Cyp3a, plasma AUC of paclitaxel after i.p. administration was 1.5-fold higher compared 
to that in wildtype mice (P	 < 0.05). Moreover, in Cyp3a/Mdr1a/b-/- mice a 1.8-fold 
higher paclitaxel plasma AUC compared to wildtype was observed (P	< 0.001). Paclitaxel 
plasma AUC0-8 in Cyp3a/Mdr1a/b-/- mice was not significantly increased compared 
to Cyp3a-/- mice, but it was significantly increased by 1.6-fold (P < 0.01) compared to 
Mdr1a/b-/- mice. These data indicate that after i.p. administration Mdr1a/b does not 
have a significant impact on paclitaxel plasma concentrations. In contrast, Cyp3a can 
lower paclitaxel exposure after i.p. administration by 1.5-fold. Again, comparison of the 
AUC0-inf gave similar results (Supplementary Table 1).

Previously reported i.v. administration of paclitaxel showed a significant difference 
in plasma AUCs between wildtype and Mdr1a-/- mice5, whereas our results after i.p. 
administration show no difference between wildtype and Mdr1a/b-/- mice. This may 
relate to the substantial difference in maximal plasma concentrations of paclitaxel 
obtained after i.p. administration (below ~1,000 ng/mL) versus i.v. administration 
(exceeding 8,000 ng/mL): the results of Sparreboom et al.5 showed similar paclitaxel 
elimination rates after i.v. administration in wildtype and Mdr1a-/- mice once plasma 
concentrations went below ~1,000 ng/mL. This is compatible with the absence of a 
difference between wildtype and Mdr1a/b-/- mice upon i.p. administration, where 
plasma concentrations did not exceed 1,000 ng/ml (Figure 1B). On the other hand, 
paclitaxel disappearance from plasma was faster in wildtype mice than in Mdr1a-/- 
mice whereas plasma concentrations were above ~1,000 ng/ml.5 Similar results were  
observed when paclitaxel was given i.v. to wildtype and Mdr1a/b-/- mice.3 The exact 
mechanism behind the differences between wildtype and knockout mice in paclitaxel 
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plasma concentrations arising only above ~1,000 ng/mL, but not below remains to 
be determined. It might involve altered distribution and/or elimination of paclitaxel 
in combination with saturation of non-P-gp paclitaxel clearance mechanisms, that 
dominate at low plasma concentrations, whereas P-gp dominates at higher plasma 
concentrations.

Impact of ritonavir on plasma pharmacokinetics of oral paclitaxel.

To investigate the in	 vivo effect of ritonavir on Cyp3a-mediated metabolism and 
Mdr1-mediated transport of paclitaxel, we orally co-administered paclitaxel (10 mg/
kg) and ritonavir (12.5 mg/kg) to the four mouse strains tested above. Paclitaxel plasma 
AUC0-8 was significantly increased (1.65-fold, P	< 0.05) by ritonavir coadministration 
only in Mdr1a/b-/- mice, and to a level similar to that seen in Cyp3a/Mdr1a/b-/- mice, 
with or without ritonavir coadministration (Table 1). The other three strains did not 
display a significant increase in plasma paclitaxel concentrations (AUC0-8, Table 1, Figure 
1C) compared to single paclitaxel administration. 

Paclitaxel exposure in Mdr1a/b-/- mice thus appears to be increased through Cyp3a 
inhibition by ritonavir. However, our results indicate no significant in	 vivo effect of 
ritonavir on Mdr1a/b-mediated transport of paclitaxel in mice, as paclitaxel plasma 
AUC0-8 in Cyp3a-/- mice was not increased by ritonavir coadministration (Table 1). These 
results are in line with the data of Bardelmeijer et al12, which did not demonstrate any 
effect of ritonavir on in	vitro transport of docetaxel in human MDR1- and mouse Mdr1a-
overexpressing cell lines, whereas paclitaxel transport appeared to be even more 
difficult to inhibit than docetaxel transport.12 

In all strains, the time point of reaching maximum plasma concentrations (Tmax) of 
paclitaxel was significantly delayed upon coadministration of ritonavir. This observation 
is likely explained by the reported delaying effect of ritonavir on gastric emptying.26;27 
This delay did not, however, appear to affect the overall AUC0-8, as indicated by the similar 
paclitaxel AUCs of Cyp3a/Mdr1a/b-/- mice with and without ritonavir coadministration 
(Table 1).

Oral coadministration of paclitaxel and ritonavir in CYP3A4-
humanized mice

Although murine Cyp3a enzymes are catalytically quite similar to human CYP3A4, 
there can still be interspecies differences in affinity or metabolic activity towards 
certain individual substrates or inhibitors. For translation of preclinical data to the 
human situation, we therefore assessed paclitaxel plasma concentrations after oral 
administration at 10 mg/kg in mice lacking all murine Cyp3a enzymes, but expressing 
human CYP3A4. We used the Cyp3a-/- and the humanized Cyp3a-/-Tg-3A4Int, Cyp3a-/-Tg-
3A4Hep and Cyp3a-/-Tg-3A4Hep/Int strains, which express human CYP3A4 in intestine, liver, 
or both intestine and liver, respectively.21 

Paclitaxel exposure in the two intestinal CYP3A4 transgene-expressing strains was 
similarly reduced (albeit not statistically significant) compared to that in Cyp3a-/- mice, 
by 1.4-fold in the Cyp3a-/-Tg-3A4Int mice, and by 1.5-fold in Cyp3a-/-Tg-3A4Hep/Int mice. 
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Values represent the means ± SD. Symbols correspond with levels of significance as calculated with ANOVA of 
the Log-transformed data with Bonferroni’s post-hoc test. Symbols reflect comparison to Cyp3a-/-Tg-3A4Hep 
(*), Cyp3a-/-Tg-3A4Int (#), Cyp3a-/-Tg-3A4Hep/Int ($) or to administration without ritonavir (†). One, two or three 
symbols reflect P < 0.05, P < 0.01 and P < 0.001, respectively.

Cyp3a-/- Cyp3a-/-Tg-3A4Hep Cyp3a-/-Tg-3A4Int Cyp3a-/-Tg-3A4Hep/Int

Oral paclitaxel

Number of animals 9 7 5 7

AUC0-8 (ng*h/mL) 446 ± 160 530 ± 299$ 324 ± 30.7 293 ± 77.3*

Oral paclitaxel + 
ritonavir

Number of animals 8 6 7 5

AUC0-8 (ng*h/mL) 575 ± 153 864 ± 291#,† 467 ± 136*,† 598 ± 164††

Figure 2. Plasma concentration-time curves after oral administration of 10 mg/kg paclitaxel with or without 
12.5 mg/kg ritonavir to Cyp3a-/- mice (Panel A), and Cyp3a-/- mice expressing human CYP3A4 in liver (panel 
B), intestine (panel C), or both liver and intestine (panel D). PAC, paclitaxel; RTV, ritonavir.

Table 2. Plasma pharmacokinetic parameters in Cyp3a-/- mice expressing human CYP3A4 in liver, intestine, or 
both, after oral administration of 10 mg/kg paclitaxel with or without 12.5 mg/kg ritonavir.
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Sole hepatic CYP3A4 expression had little impact on the plasma concentrations. (Figure 
2, Table 2 and Supplementary Table 2). 

In all humanized mouse strains, but not in the Cyp3a-/- mice, coadministration of 
ritonavir resulted in a significant increase in oral paclitaxel plasma AUC0-8: 1.6-fold in 
the Cyp3a-/-Tg-3A4Hep mice (P < 0.05), 1.4-fold in the Cyp3a-/-Tg-3A4Int mice (P	< 0.05) 
and 2.0-fold in the Cyp3a-/-Tg-3A4Hep/Int mice (P < 0.01) (Figure 2, Table 2). Again, 
coadministration of ritonavir resulted in a delayed paclitaxel Tmax in all strains (Figure 
2). 

Collectively, these data indicate that in the humanized mice inhibition of human 
CYP3A4 in liver and intestine by ritonavir resulted in modestly increased oral paclitaxel 
bioavailability. This contrasts with the more limited effect seen in mice only expressing 
murine Cyp3a, where only in the absence of the dominant Mdr1a/b P-gp a noticeable 
increase in paclitaxel AUC could be demonstrated upon ritonavir coadministration 
(Table 1). 

Microsomal incubations with human and murine microsomes

As oral coadministration of paclitaxel and ritonavir did result in increased plasma 
concentrations of paclitaxel in CYP3A4-humanized mice and in humans, but not in 
wildtype mice, there might be differences in enzyme activity or substrate specificity of 
CYP3As between mice and humans. To assess CYP3A activity and substrate specificity for 
paclitaxel in	vitro, we incubated paclitaxel with human liver and intestinal microsomes. 
We compared the obtained results with incubations of paclitaxel with liver microsomes 
from wildtype mice and from mice expressing human CYP3A4 in the liver (see Figure 
3A). As a positive control for activity of the microsomes the metabolism of docetaxel 
was tested (Figure 3B). The formation of the primary docetaxel metabolites in this 

Figure 3. Microsomal incubations with paclitaxel (A) or docetaxel (B) with or without ritonavir (RTV). 
Metabolite formation in incubation samples with human liver and intestinal microsomes and wildtype and 
Cyp3a-/-Tg3A4hep murine liver microsomes is presented. For paclitaxel, metabolites 3’-p-hydroxy-paclitaxel 
(3’-p-OH) and 6α -hydroxy-paclitaxel (6α-OH) were measured and for docetaxel metabolites M1/M3, M2 and 
M4 were measured and total formation plotted.
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experiment was similar to the previously reported metabolite formation21, showing that 
all microsomal preparations used in our experiments were in good condition. 

Formation of the CYP3A metabolite 3’-OH-paclitaxel was comparable after 
incubation with human microsomes and incubation with liver microsomes derived from 
mice expressing human CYP3A4. With wildtype mouse microsomes, however, only very 
little paclitaxel metabolite formation was observed (about 1/40th of that observed with 
human liver microsomes), whereas incubation of docetaxel showed similar levels of 
metabolite formation in liver microsomes derived from human, wildtype mice and mice 
expressing human CYP3A4 (Figure 3A and B). These results indicate that murine Cyp3a 
in wildtype FVB liver metabolizes paclitaxel far less efficiently than human CYP3A4 
in either human liver or the CYP3A4-humanized transgenic mouse liver. However, 
both the murine Cyp3a- and the human CYP3A4-mediated metabolism of paclitaxel 
was extensively inhibited by ritonavir (Figure 3A). Finally, only upon incubation with 
human and wildtype mouse liver microsomes we did observe the formation of 6α-OH-
paclitaxel, although this was very low for the mouse liver microsomes (Figure 3A). 

Co-incubation with ritonavir resulted in decreased formation of 3’-OH-paclitaxel 
to concentrations below the detection limit in all the microsomal preparations, both 
human and mouse, whereas 6α-OH-paclitaxel formation in human liver microsomes 
(which is mediated by CYP2C8) was not substantially affected (Figure 3A). As docetaxel 
metabolites M1/M3, M2 and M4 are all formed through human CYP3A and/or murine 
Cyp3a10;21, coadministration of the CYP3A inhibitor ritonavir resulted in drastically 
reduced docetaxel metabolite formation in all the microsomal fractions (Figure 3B).

Discussion
Our data indicate that murine Mdr1a/b and Cyp3a both function to reduce the oral 

bioavailability of paclitaxel, but Mdr1a/b strongly predominates, and the contribution 
of Cyp3a comes only to the fore when Mdr1a/b activity is absent. Upon i.p. paclitaxel 
administration the dominant effect of intestinal Mdr1a/b is circumvented and Cyp3a 
can noticeably restrict paclitaxel plasma concentrations also in the presence of 
Mdr1a/b. After oral and i.p. administration, paclitaxel plasma AUC0-8 in the absence of 
both Cyp3a and Mdr1a/b was very similar. This suggests that, after oral administration 
at the dosage tested, bioavailability of paclitaxel is primarily limited by Mdr1a/b and 
Cyp3a, whereas other intestinal drug transporters or metabolic enzymes are of minor 
importance.                  

Ritonavir is a potent CYP3A inhibitor in humans and mice, and its coadministration 
results in increased plasma concentrations of the paclitaxel analogue docetaxel, 
whereas Mdr1-mediated transport of docetaxel is not affected by ritonavir.12;13 Yet, it has 
been reported that ritonavir is not only a Cyp3a inhibitor, but also a P-gp inhibitor19;20, 
and coadministration of paclitaxel with other potent P-gp inhibitors in mice results 
in enhanced bioavailability of paclitaxel.2;6;7;28 Some in	 vitro experiments suggest 
that ritonavir somewhat inhibits Mdr1-mediated transport of paclitaxel29, but in	vivo 
inhibition has not been reported so far. Our data show that ritonavir has no noticeable 
inhibiting effect on Mdr1a/b P-gp mediated transport in	vivo as paclitaxel plasma AUC 
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in wildtype and Cyp3a-/- mice is not increased after orally co-administered ritonavir. 
Consistent with the dominant effect of Mdr1a/b, inhibition of mouse Cyp3a by ritonavir 
results only in a noticeable effect on the oral bioavailability of paclitaxel in the absence 
of Mdr1a/b. The lack of a noticeable effect of ritonavir on in	vivo Mdr1a/b activity and 
the dominant effect of Mdr1a/b over Cyp3a together explain the unchanged paclitaxel 
plasma AUC0-8 in wildtype mice after coadministration of paclitaxel and ritonavir. 

 Oral coadministration of ritonavir did significantly increase the oral bioavailability 
of paclitaxel in transgenic mice overexpressing human CYP3A4 in liver, intestine, or both, 
but not in Cyp3a-/- mice, suggesting that human CYP3A4 in liver and/or intestine reduces 
paclitaxel bioavailability, albeit modestly. This was noticeable despite the presence of 
Mdr1a/b activity in these strains. We tried to evaluate the relative contribution of liver 
and intestinal CYP3A to paclitaxel metabolism and its interaction with ritonavir using 
Cyp3a-/-Tg-3A4Int and Cyp3a-/-Tg-3A4Hep mice. Interestingly, in both strains paclitaxel 
plasma AUC0-8 was modestly increased upon ritonavir coadministration, suggesting that 
ritonavir-mediated CYP3A4 inhibition in both tissues can affect paclitaxel bioavailability.  

The difference in ritonavir effect on paclitaxel pharmacokinetics between 
endogenous murine Cyp3a and transgenic CYP3A4 suggested that there is a species 
difference in CYP3A substrate specificity or enzyme activity. Indeed, the in	vitro rate 
of paclitaxel metabolite formation was much higher in human than in mouse liver 
microsomes. Moreover, in liver microsomes of transgenic mice expressing human 
CYP3A4, CYP3A4-mediated formation of 3’-p-OH-paclitaxel was similar to that in 
human liver microsomes. In contrast, metabolite formation rates for docetaxel in liver 
microsomes from wildtype mice, humans and humanized mice were all in the same 
range. The difference between wildtype murine and human microsomes in paclitaxel 
metabolite formation may therefore be owing to a species difference in enzyme activity or 
affinity towards paclitaxel rather than overall enzyme activity. Experiments comparing 
paclitaxel behavior in wildtype and Cyp3a-/- mice may therefore underestimate the 
impact of human CYP3A on paclitaxel pharmacokinetics in patients. 

In patients it was shown that ritonavir and cyclosporin A can enhance oral 
paclitaxel exposure to a similar extent.14 As cyclosporin A is a good P-gp inhibitor 
with modest CYP3A inhibiting capacity, its boosting effect was primarily attributed 
to P-gp inhibition.4 This was supported by the clinical observation that oral paclitaxel 
combined with the P-gp inhibitor elacridar (which does not affect CYP3A), yielded 
similar paclitaxel plasma concentrations in cancer patients as paclitaxel combined 
with cyclosporin A.4;30 Interestingly, our results indicate that (intestinal) CYP3A4 can 
also seriously hamper the oral paclitaxel bioavailability. Collectively, our data suggest 
that it is unlikely that the boosting effect of ritonavir on oral paclitaxel bioavailability 
observed in human patients is due to P-gp inhibition. It seems much more likely that 
the often substantial levels of intestinal (and hepatic) CYP3A4 in patients significantly 
contribute to first-pass metabolism of orally administered paclitaxel, and that inhibition 
of this CYP3A4 by ritonavir explains the boosting effect. In the proof-of-concept study 
testing oral coadministration of paclitaxel and ritonavir in patients, coadministration of 
clarithromycin (1,000 mg) and ketoconazole (400 mg) were also tested. These CYP3A4 
inhibitors similarly enhanced oral paclitaxel plasma AUCs, confirming the pronounced 
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restricting role of CYP3A4 in patients.14 However, because ritonavir can boost paclitaxel 
uptake at a subtherapeutic dose of 100 mg, this drug has the most favorable safety 
profile and thus presents the preferable booster. 

Our mouse data also add further insight into the cooperation between CYP3A and 
P-gp in the small intestine. It has been proposed that intestinal P-gp and CYP3A can act 
together in a synergistic way to reduce oral bioavailability of shared substrate drugs.31 
Previous studies indicate that intestinal P-gp might improve the efficacy of CYP3A by 
preventing saturation of the metabolizing enzyme by pumping substrates back into 
the intestinal lumen.32 A more controversial assertion is that the renewed uptake of 
those substrates in downstream intestinal cells might lead to repeated and therefore 
more extensive exposure to Cyp3a-mediated metabolism.31 So far, physiologically based 
pharmacokinetic models have failed to predict the latter effect, and in	vivo experiments 
also failed to support this concept.23;32 As shown in Results, our present data indicate that 
murine Mdr1a/b P-gp and Cyp3a function in an additive or subadditive way in reducing 
the oral bioavailability of paclitaxel. In comparison with the previously analyzed 
docetaxel23, paclitaxel is more strongly affected by P-gp than by Cyp3a. Thus, also with 
this combination of properties, no synergistic effect on paclitaxel bioavailability could 
be demonstrated. This absence of a noticeable synergistic effect for various drugs with 
different relative affinities for P-gp and Cyp3a may lead one to question the broader 
real-life relevance of synergistic Pgp/CYP3A interplay for intestinal drug uptake. 
Indeed, recent simulation models suggest that only few drugs (2 out of 41 analyzed 
drugs) might be subject to a noticeable synergistic P-gp/CYP3A interplay, primarily 
owing to intestinal CYP3A desaturation.33

Conclusions
In conclusion, our results show that both P-gp and CYP3A are involved in limiting 

paclitaxel plasma concentrations after oral administration. The boosting effect of 
ritonavir on oral paclitaxel plasma AUC is caused by CYP3A inhibition and not by 
Mdr1a/b inhibition. The mechanistic insights from this study may help in improving 
oral drug formulation strategies for taxanes and related compounds in patients. 
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Abstract
The intestinal uptake of the taxanes paclitaxel and docetaxel is seriously hampered 

by drug efflux through P-glycoprotein (P-gp) and drug metabolism via Cytochrome P450 
(CYP) 3A. The resulting low oral bioavailability can be boosted by co-administration 
of P-gp or CYP3A4 inhibitors. We examined whether it would be feasible and safe to 
substantially increase the oral availability of taxanes by simultaneous inhibition of 
P-gp by elacridar and CYP3A by ritonavir using CYP3A4-humanized mice. Oral co-
administration of the taxanes with elacridar resulted in complete inhibition of intestinal 
and hepatic P-gp and increased plasma concentrations of paclitaxel (10.7-fold, P < 
0.001) and docetaxel (4.0-fold, P < 0.001). Co-administration with ritonavir virtually 
completely inhibited intestinal and hepatic CYP3A4 and resulted in 2.5-fold (P < 0.001) 
and 7.3-fold (P < 0.001) increases in plasma concentrations of paclitaxel and docetaxel, 
respectively. Co-administration with both inhibitors simultaneously resulted in further 
increased plasma concentrations of paclitaxel (31.9-fold, P < 0.001) and docetaxel 
(37.4-fold, P < 0.001). Although boosting of orally applied taxanes with elacridar and 
ritonavir potentially increases brain accumulation of taxanes, we found that only brain 
concentrations, but not brain-to-plasma ratios, were increased after co-administration 
with both inhibitors. This indicates that neither the circulating elacridar levels, nor the 
increased plasma taxane levels were sufficient to substantially inhibit or saturate the 
taxane export activity at the blood-brain barrier. We therefore conclude that the oral 
availability of taxanes can be enhanced by co-administration with oral elacridar and 
ritonavir, without invoking the risk of increased CNS toxicity of the taxanes. 
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Introduction
The taxane anticancer agents paclitaxel (Taxol®) and docetaxel (Taxotere®) share 

the baccatin core ring structure.1 Currently, paclitaxel and docetaxel are routinely 
applied intravenously to treat several types of cancer, such as non-small cell lung cancer 
(NSCLC), ovarian, breast, gastric, prostate and head-and-neck cancer.2;3 

The development of oral formulations of paclitaxel and docetaxel is the focus of 
preclinical and clinical research in our groups because oral administration has many 
advantages over i.v. administration.2;4 Oral administration is more practical and 
convenient for patients, since oral medication can be taken by the patient at home while 
i.v. administration requires hospitalisation during infusion. Oral administration in the 
home situation also reduces treatment cost. Moreover, oral administration enables 
other dosing schedules like metronomic therapy (e.g. continuous or frequent treatment 
with low doses of anticancer drugs), which can increase efficacy of taxane treatment 
and reduce adverse effects caused by high plasma concentrations of docetaxel or 
paclitaxel.5;6

A major limitation in the concept of oral administration of taxanes is, however, 
the low oral availability of paclitaxel and docetaxel.2;4 Paclitaxel and docetaxel have 
poor aqueous solubility and upon oral administration, intestinal uptake is seriously 
hampered by drug efflux through P-glycoprotein (P-gp/MDR1/ABCB1) and systemic 
exposure is further limited by drug metabolism via Cytochrome P450 (CYP) 3A.7-14 
P-gp is a member of the ATP-binding cassette (ABC) efflux transporter family and is 
expressed in multiple tissues like intestine, liver, and kidney, but also at the blood-brain 
barrier.15 P-gp-mediated transport limits drug absorption across intestinal cells and 
brain penetration across the blood-brain barrier (BBB). In enterocytes, P-gp pumps back 
absorbed taxanes into the intestinal lumen, while at the blood-brain barrier, taxanes 
are pumped back into the systemic circulation. In liver and kidney, P-gp increases drug 
excretion by active efflux transport into the bile and urine.16

CYP3A is a member of the CYP superfamily and CYP enzymes are responsible for 
most phase-I drug metabolism.17 CYP enzymes are mainly expressed in the liver, but 
some CYP members are also expressed in enterocytes. CYP3A is the most abundant CYP 
enzyme in liver and intestine, representing 40% and 80% of the total CYP enzymes 
expressed in each tissue, respectively.18 Docetaxel is primarily metabolized by enzymes 
of the CYP3A subfamily, while paclitaxel is metabolized by both CYP3A4 and CYP2C8.1 
In contrast to CYP3A, CYP2C8 is only expressed in liver cells.18 

Although docetaxel is a good P-gp substrate, transport of paclitaxel by P-gp is even 
more efficient. In addition, paclitaxel metabolism is not solely CYP3A dependent. 
Therefore, it was assumed that oral bioavailability of paclitaxel was primarily limited 
by P-gp, and that of docetaxel primarily by CYP3A. However, in mice, complete versus 
single knockout of P-gp and/or Cyp3a genes resulted in further increased plasma 
exposure of paclitaxel and docetaxel alike after oral administration, suggesting that 
both systems are important for oral availability of both taxanes.13;14 The importance of 
CYP3A4 for paclitaxel metabolism was further supported by our finding that human 
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CYP3A4 metabolizes paclitaxel far more efficiently than the mouse Cyp3a enzymes.13 
Therefore, a promising strategy to boost the oral availability of these taxanes is 
combining oral formulations of paclitaxel or docetaxel with inhibitors of both P-gp and 
CYP3A4. In (pre-)clinical studies it has already been demonstrated that the area under 
the plasma concentration-time curves (AUC) after oral administration of paclitaxel and 
docetaxel can be strongly enhanced in both mice and humans by co-administration of 
the potent CYP3A4 inhibitor ritonavir.13;19-21 In addition, co-administration of the potent 
P-gp inhibitor elacridar results in increased oral plasma AUC of paclitaxel in mice and 
humans.22;23

There are potential risks involved when the oral bioavailability of paclitaxel and 
docetaxel is increased by inhibition of metabolizing enzymes and drug transporters. 
For instance, co-administration of oral elacridar in mice resulted in increased brain 
penetration of intravenously administered paclitaxel by inhibition of P-gp at the blood-
brain barrier.24 Therefore, boosting oral uptake of taxanes using an oral P-gp inhibitor 
might increase the relative risk of CNS toxicity. Furthermore, oral administration of 
docetaxel or paclitaxel to mice lacking both P-gp and Cyp3a resulted in substantially 
higher plasma levels than administration of the taxanes to mice lacking either P-gp 
or Cyp3a alone. Simultaneous inhibition of P-gp and CYP3A by drugs that are co-
administered with orally administered taxanes may lead to further increased plasma 
levels of the taxanes and therefore an increased risk of side effects and toxicity in clinical 
practice.

In the present preclinical study, we examined whether it would be feasible and safe 
to substantially increase the oral availability of taxanes by simultaneous inhibition 
of P-gp and CYP3A using oral co-administration of elacridar and ritonavir, without 
affecting P-gp transport at the blood-brain barrier. 

Materials and Methods
Drugs and chemicals

Paclitaxel, docetaxel, elacridar HCl and ritonavir were purchased from Sequoia 
Research Products (Oxford, UK). Drug-free lithium-heparinized human plasma was 
obtained from Bioreclamation LLC (New York, NY, USA). All other chemicals were of 
analytical grade and obtained from commercial sources.

Animals

Mice used in this study were housed and handled according to institutional 
guidelines complying with Dutch legislation. Mice were kept in a temperature-controlled 
environment with a 12-hr light / 12-hr dark cycle and received a standard diet (AM-II, 
Hope Farms, Woerden, The Netherlands) and acidified water ad	libitum. In this study 
Cyp3a knockout mice with specific expression of human CYP3A4 in liver and intestine 
(Cyp3a-/-Tg-3A4Hep/Int) were used.25 The strain had a >99% FVB genetic background. 
Cyp3a-/-Tg-3A4Hep/Int mice were used since there is a species difference for paclitaxel 
in CYP3A substrate specificity or enzyme activity between endogenous murine Cyp3a 
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and human CYP3A4.13 Experiments comparing paclitaxel PK in wild-type mice may 
therefore underestimate the impact of human CYP3A on paclitaxel pharmacokinetics in 
patients. The difference between species is minimized using Cyp3a-/-Tg-3A4Hep/Int mice. 
A basic difference in docetaxel metabolite formation was not observed between human, 
wild-type mice and Cyp3a-/-Tg-3A4Hep/Int mice.13  In all experiments, male mice of 9-14 
weeks of age were used.

In vivo analysis of plasma pharmacokinetics

Prior to the experiments, stock solutions containing 6 mg/mL paclitaxel, 6 mg/mL 
docetaxel, 15 mg/mL elacridar HCl, 7.5 mg/mL ritonavir or 15 mg/mL elacridar HCl 
and 7.5 mg/mL ritonavir in ethanol:polysorbate 80 (1:1, v/v) were made and stored 
at -20o C. On the day of the experiments stock solutions were diluted with water (1:5, 
v/v) to obtain solutions for administration. Animals were fasted 2 hours before oral 
drug administration to minimize variation in absorption. Paclitaxel and docetaxel were 
administered orally at a dose of 10 mg per kg of bodyweight, ritonavir was administered 
orally at a dose of 12.5 mg per kg of bodyweight, and elacridar was administered orally 
at a dose of 25 mg per kg of bodyweight. Oral administration was performed by gavage 
into the stomach using a blunt-ended needle. In case of co-administration with ritonavir, 
elacridar, or ritonavir and elacridar, the booster(s) were orally administered 15 min 
prior to oral taxane administration. 

Sample collection

For determining plasma pharmacokinetics, multiple blood samples (~50 µL) were 
collected from the tail vein at 15 minutes and at 1, 2, 4, 8 and 24 hours, using heparinized 
capillary tubes (Oxford Labware, St. Louis, MO, USA). All time point samples were derived 
from the same mouse. At the last time point of sequential sampling (48 hr), blood was 
taken by cardiac puncture. Blood samples were centrifuged at ambient temperature at 
8,000 g	for 5 minutes and subsequently plasma was collected.  All samples were stored 
at -20oC until analysis.

For brain accumulation studies, blood samples at 2 hours were taken by cardiac 
puncture and brain tissue was isolated. Blood samples were centrifuged at ambient 
temperature at 8,000 g	 for 5 minutes and subsequently plasma was collected. Brain 
tissue was homogenized in 1% bovine serum albumin. All samples were stored at 
-20oC until analysis. Brain-to-plasma ratios at t = 2 hours were calculated per mouse by 
dividing the brain concentration by the corresponding plasma concentration.

Bioanalytical analysis

Previously developed liquid chromatography assays coupled with tandem mass 
spectrometry detection (LC-MS/MS) were used to quantify paclitaxel26 and docetaxel27. 
Labeled structure analogues were used as internal standards. In summary, mouse 
plasma samples of 20 µL were diluted with 180 µL of human plasma. Human plasma was 
used for dilution of the samples as the concentrations in the undiluted mouse plasma 
were outside the calibration range and also to mimic the calibration standards, which 
were in human plasma. Brain samples were not diluted since concentrations were too 
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low to quantify after dilution in some samples. To 200 µL of diluted plasma sample or 
homogenized brain sample, 25 µL of internal standard working solution was added. 
Subsequently, the samples were mixed briefly, tertiary-butyl methyl ether was added 
and the samples were shaken for 10 minutes at 1250 rpm. The samples were centrifuged 
at 23,000 g, snap-frozen and the organic layer was collected. After evaporation of the 
organic layer, the samples were reconstituted with reconstitution solvent and an aliquot 
was injected into the LC-MS/MS system. Calibration standards in human plasma in a 
range of 0.25-1000 ng/mL or 0.25-500 ng/mL were used for quantification of paclitaxel 
and docetaxel, respectively. 

Pharmacokinetic calculations and statistical analysis

Pharmacokinetic parameters, including the area under the plasma concentration-
time curves (AUCs), were calculated using the software package PK Solutions 2.0.2 
(SUMMIT, Research Services, Ashland, OH, USA). One-way ANOVA was used when 
multiple groups were compared and the Bonferroni post-hoc correction was used to 
accommodate multiple testing. The two-sided unpaired Student’s t test was used when 
treatments or differences between two groups were compared. Data that did not show 
normal distribution were log-transformed to normalize the distribution of the datasets 
and enable statistical comparison. During all statistical analyses, differences in group 
sizes were considered in the calculations. Differences were considered statistically 
significant when P < 0.05. All data are presented as mean ± SD.

Addition of previously reported data

Previously, we published AUCs of paclitaxel after oral administration of 10 mg/
kg paclitaxel with and without 12.5 mg/kg ritonavir to Cyp3a-/-Tg-3A4Hep/Int

 mice (5 
and 7 animals were used, respectively).13 These data were compared with plasma 
concentrations after oral administration of 10 mg/kg paclitaxel with and without 
12.5 mg/kg ritonavir obtained in this study (6 and 4 animals were used, respectively). 
Previously obtained results were not statistically different from the results in the 
present study (data not shown). Therefore these results were also used to decrease the  
number of animals needed for this study.

Comparison with previously reported data in knockout mice

To estimate the extent of P-gp inhibition by elacridar and Cyp3a inhibition by 
ritonavir,  plasma exposure after chemical inhibition was compared to plasma 
exposure after complete knockout of P-gp or Cyp3A. Previously reported plasma AUCs 
extrapolated to infinity (AUC0-inf) after oral administration of 10 mg/kg paclitaxel13 or 10 
mg/kg docetaxel14 to mice lacking P-gp, Cyp3a, or both, were compared with AUC0-infs 
after chemical inhibition as obtained in this study. All plasma AUCs were normalized for 
their matching control group and these relative plasma AUCs were used for comparison.
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Results
Paclitaxel exposure after oral co-administration with elacridar 
and/or ritonavir

To study the effect of the P-gp inhibitor elacridar and the CYP3A inhibitor ritonavir 
on oral bioavailability of paclitaxel, we orally administered 10 mg/kg paclitaxel to the 
CYP3A4-humanized Cyp3a-/-Tg-3A4Hep/Int mice and combined paclitaxel administration 
with 25 mg/kg elacridar and/or 12.5 mg/kg ritonavir. 

Oral co-administration of paclitaxel and elacridar or paclitaxel and ritonavir resulted 
in increased plasma concentrations of paclitaxel (Figure 1). AUC0-inf was 10.7-fold higher 
after co-administration with elacridar than after single paclitaxel administration (P < 
0.001). These results in humanized mice are in line with the previously observed 6.6-
fold increase in paclitaxel AUC after oral co-administration of paclitaxel and elacridar at 
the same dose to wild-type mice.22 Co-administration of paclitaxel and ritonavir resulted 
in an increase in the AUC0-inf of 2.5-fold (P < 0.001). However, this boosting effect with 
ritonavir was clearly less than that of elacridar co-administration. Co-administration of 
paclitaxel with both elacridar and ritonavir together resulted in further increased plasma 
concentrations of paclitaxel (31.9-fold higher than single paclitaxel administration; P < 

Figure 1. Plasma concentration-time curves in Cyp3a-/- mice expressing human CYP3A4 in liver and intestine 
(Cyp3a-/-Tg-3A4Hep/Int) after oral administration of 10 mg/kg paclitaxel. Paclitaxel was administered alone  
(   ) or co-administered with 25 mg/kg oral elacridar (     ), 12.5 mg/kg oral ritonavir (     ) or both elacridar 
and ritonavir (    ). Insets show the area under the plasma concentration-time curves from 0 extrapolated 
to infinity (AUC0-inf). Differences in AUC0-inf between all groups were statistically significantly different (P < 
0.001), unless stated otherwise (NS, P > 0.05). Abbreviations: PAC: paclitaxel; ELC: elacridar; RTV: ritonavir. 
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0.001). The increases in oral AUC0-inf of paclitaxel after chemical inhibition with elacridar 
or ritonavir, alone or in combination, were comparable to the increases in oral AUC0-

inf after complete genetic knockout of P-gp or Cyp3a, alone or in combination (Table 
1). These data suggest that virtually complete inhibition of both P-gp and CYP3A4 
(intestinal and hepatic) was achieved with the combination elacridar and ritonavir. 

Docetaxel exposure after oral co-administration with elacridar 
and/or ritonavir

Parallel to the paclitaxel experiments, we studied the effect of elacridar and/or 
ritonavir co-administration on the oral bioavailability of docetaxel. In the CYP3A4-
humanized mouse model, we observed a 7.3-fold increase in AUC0-inf after oral 
administration of docetaxel and ritonavir when compared with AUC0-inf after single 
docetaxel administration (P < 0.001; Figure 2). Oral co-administration of docetaxel and 
elacridar resulted in a 4.0-fold increase compared to single docetaxel administration 
(P < 0.001). The AUC0-inf of docetaxel after boosting with elacridar was not significantly 
different from the AUC0-inf after boosting with ritonavir (P > 0.05). As observed for 
paclitaxel, co-administration of docetaxel with both elacridar and ritonavir resulted in 

Control 
group1)

P-gp inhib./
KO

CYP3A inhib./
KO

CYP3A and P-gp 
inhib./KO

Oral paclitaxel

AUC0-inf (ng*h/mL) after inhibition 314 ± 74 3373 ± 725 780 ± 412 10002 ± 2652

Fold vs control 1 10.7 2.5 31.9

AUC0-inf (ng*h/mL) in knockout 320 ± 224 3954 ± 825 471 ± 174 8830 ± 1999

Fold vs control 1 12.4 1.5 27.6

Oral docetaxel

AUC0-inf (ng*h/mL) after inhibition 157 ± 67 626 ± 182 1146 ± 281 5869 ± 2520

Fold vs control 1 4.0 7.3 37.4

AUC0-inf (ng*h/mL) in knockout 228 ± 130 645 ± 272 2627 ± 1011 16466 ± 2020

Fold vs control 1 2.8 11.5 72.2

Table 1. Area under the plasma concentration-time curve of paclitaxel and docetaxel after oral administration 
of 10 mg/kg paclitaxel or 10 mg/kg docetaxel in Cyp3a-/-Tg-3A4Hep/Int mice. Both drugs were administered 
as a single dose or co-administered with an oral dose of the CYP3A4 inhibitor ritonavir (12.5 mg/kg), the 
P-gp inhibitor elacridar (25 mg/kg) or both. Data are compared with previously reported data after oral 
administration of paclitaxel13 or docetaxel14 to wild-type mice, Mdr1a/b knockout (Mdr1a/b-/-), Cyp3a 
knockout (Cyp3a-/-), and combined Mdr1a/b and Cyp3a knockout mice (Cyp3a/Mdr1a/b-/-).

Values represent the means ± SD. 5-11 animals per group were used. 
Abbreviations: AUC0-inf: area under the plasma concentration-time curve from 0 extrapolated to infinity; 
CYP3A: Cytochrome P450 3A; Cyp3a-/-Tg-3A4Hep/Int: Cyp3a knockout mice with specific expression of human 
CYP3A4 in liver and intestine; KO: knockout; P-gp: P-glycoprotein (MDR1;ABCB1); SD: standard deviation.
1) When murine P-gp and human CYP3A are inhibited, the control group reflects single drug administration in 
Cyp3a-/-Tg-3A4Hep/Int mice. When murine P-gp and murine Cyp3a are knocked out, the control group reflects 
single drug administration in wild-type mice.
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a further increase in AUC0-inf (37.4-fold higher than single docetaxel administration; P < 
0.001). The increase in oral AUC0-inf of docetaxel after chemical inhibition with elacridar 
was comparable to the increase in oral AUC0-inf after complete genetic knockout of 
P-gp. However, the increase after chemical inhibition with ritonavir was modestly, 
but significantly (P < 0.01) lower than after complete genetic knockout of Cyp3a, and 
the same was true for combined CYP3A4 and P-gp inhibition compared to full Cyp3a 
and P-gp knockout (P < 0.001; Table 1). These data suggest that for docetaxel in the 
transgenic mice the inhibition of intestinal and hepatic CYP3A4 by ritonavir was not 
entirely complete. 

Brain concentrations of taxanes after oral co-administration with 
elacridar and/or ritonavir

Since brain accumulation could potentially be increased after boosting of oral 
taxanes with a P-gp inhibitor, we measured brain concentrations two hours after 
oral administration of paclitaxel or docetaxel, i.e., roughly around the plasma Tmax. 
Two effects might occur: firstly, increased taxane brain concentrations simply as 
a consequence of the higher plasma levels of the taxanes; and secondly, a further, 

Figure 2. Plasma concentration-time curves in Cyp3a-/- mice expressing human CYP3A4 in liver and intestine 
(Cyp3a-/-Tg-3A4Hep/Int) after oral administration of 10 mg/kg docetaxel. Docetaxel was administered alone  
(   ) or co-administered with 25 mg/kg oral elacridar (     ), 12.5 mg/kg oral ritonavir (     ) or both elacridar 
and ritonavir (    ). Insets show the area under the plasma concentration-time curves from 0 extrapolated 
to infinity (AUC0-inf). Differences in AUC0-inf between all groups were statistically significantly different (P < 
0.001), unless stated otherwise (NS, P > 0.05). Abbreviations: DOC: docetaxel; ELC: elacridar; RTV: ritonavir. 
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disproportionate increase in brain concentration relative to the plasma levels due to 
inhibition of P-gp at the blood-brain barrier, and/or possibly saturation of P-gp activity 
at the blood-brain barrier due to the much higher plasma taxane levels. The second 
effects could result in poorly predictable alterations in CNS toxicity of the taxanes. As 
these effects are most likely to occur when plasma levels of both taxanes and inhibitors 
are high, we chose the 2-hour time point for sampling. Maximum plasma concentrations 
of docetaxel and paclitaxel are reached at two to four hours after oral administration. 
We did not measure plasma concentrations of the inhibitors in this experiment, but 
maximum plasma concentrations are reached in wild-type mice around two hours after 
oral administration of elacridar22 or ritonavir (Supplemental Figure 1). 

Brain concentrations of paclitaxel were significantly increased after co-
administration with elacridar (P < 0.01 vs. single paclitaxel administration), but not 
after co-administration with ritonavir (P > 0.05; Figure 3B). Co-administration of 
paclitaxel with both elacridar and ritonavir resulted in a similar increase in brain 
concentrations as after co-administration of paclitaxel and elacridar (P > 0.05 vs. 
paclitaxel and elacridar administration; P < 0.001 vs. single paclitaxel administration). 
However, correcting for the increased plasma levels after boosting (Figure 3A), brain-

Figure 3. Plasma and brain concentrations of 
paclitaxel in Cyp3a-/- mice expressing human 
CYP3A4 in liver and intestine 2 hours after oral 
administration of 10 mg/kg paclitaxel. Paclitaxel 
was administered alone or co-administered with 25 
mg/kg oral elacridar, 12.5 mg/kg oral ritonavir or 
both elacridar and ritonavir. Panels reflect plasma 
concentrations (panel A), brain concentrations (panel 
B) or brain-to-plasma ratios (panel C).  Differences 
in plasma or brain concentrations between groups 
were statistically significantly different (P < 0.001), 
unless stated otherwise (NS: not significant, P > 0.05 
or **: P < 0.01). Differences in brain-to-plasma ratios 
between all groups were not statistically significant. 
Abbreviations: PAC: paclitaxel; ELC: elacridar; RTV: 
ritonavir.
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to-plasma ratios were not different between the groups (P > 0.05 for all comparisons; 
Figure 3C). These data suggest that the relative brain accumulation of paclitaxel was not 
altered by elacridar and ritonavir co-administration, despite the substantially increased 
plasma levels of paclitaxel and the circulating elacridar levels.

Co-administration with elacridar also increased docetaxel brain concentrations (P 
< 0.01 vs. single docetaxel administration; Figure 4B). In contrast to paclitaxel brain 
concentrations, docetaxel brain concentrations were substantially increased after co-
administration with ritonavir to comparable levels as seen after co-administration 
with elacridar (P > 0.05 vs. docetaxel and elacridar administration; P < 0.001 vs. 
single docetaxel administration), thus more or less following the pattern of effects of 
the inhibitors on docetaxel plasma concentrations. Brain concentrations of docetaxel 
were further increased after co-administration with both ritonavir and elacridar (P 
<0.001 vs. single docetaxel administration). However, the increase in docetaxel brain 
concentrations was primarily caused by the increased plasma concentrations after 
boosting (Figure 4A), since brain-to-plasma ratios were not different between any of 
the treatment groups (P > 0.05 for all comparisons; Figure 4C).

Figure 4. Plasma and brain concentrations of 
docetaxel in Cyp3a-/- mice expressing human 
CYP3A4 in liver and intestine 2 hours after oral 
administration of 10 mg/kg docetaxel. Docetaxel 
was administered alone or co-administered with 25 
mg/kg oral elacridar, 12.5 mg/kg oral ritonavir or 
both elacridar and ritonavir. Panels reflect plasma 
concentrations (panel A), brain concentrations (panel 
B) or brain-to-plasma ratios (panel C).  Differences 
in plasma or brain concentrations between groups 
were statistically significantly different (P < 0.001), 
unless stated otherwise (NS: not significant, P > 0.05 
or **: P < 0.01). Differences in brain-to-plasma ratios 
between all groups were not statistically significant. 
Abbreviations: DOC: docetaxel; ELC: elacridar; RTV: 
ritonavir.
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Discussion
Our data with CYP3A4-humanized mice show that it is possible to dramatically 

enhance the plasma AUC of oral paclitaxel and docetaxel (30- to 40-fold) by orally co-
administering elacridar and ritonavir. Each inhibitor contributed substantially to the 
overall AUC increase, although the contribution of elacridar was stronger for paclitaxel, 
and that of ritonavir for docetaxel. Yet, at the same time, the relative brain accumulation 
of the taxanes (corrected for the increased plasma levels) was not increased. This 
indicates that neither the circulating elacridar levels, nor the increased plasma taxane 
levels were sufficient to substantially inhibit or saturate the taxane export activity at 
the blood-brain barrier. These data suggest that it may be possible to greatly enhance 
the oral availability of taxanes in patients by co-administration with oral elacridar and 
ritonavir, without invoking the risk of increased CNS toxicity of the taxanes. 

To estimate the extent of P-gp inhibition by elacridar and CYP3A4 inhibition 
by ritonavir, plasma exposures after chemical inhibition were compared to plasma 
exposures after complete knockout of P-gp and/or Cyp3a (Table 1). Plasma AUC0-infs 
of paclitaxel and docetaxel were comparable after complete knockout of P-gp and after 
chemical inhibition of P-gp by elacridar. This suggests that the intestinal and hepatic 
inhibition of P-gp was complete at the used dose of elacridar. 

The plasma AUC0-infs of paclitaxel were similar after complete gene knockout of 
Cyp3a and inhibition of CYP3A4 by ritonavir, but the plasma AUC0-inf of docetaxel was 
slightly lower after ritonavir inhibition than upon Cyp3a knockout. The difference is 
not substantial (Table 1), but it can probably be attributed to incomplete inhibition of 
human CYP3A4 in the CYP3A4-humanized mice at later time points, as the ritonavir 
concentrations likely drop considerably after a few hours. Although not tested in these 
mice, ritonavir levels in plasma of wild-type mice receiving 12.5 mg/kg oral ritonavir 
drop substantially after 2 hours (Supplemental Figure 1), which may result in incomplete 
CYP3A4 inhibition at later time points. The effect may be more obvious for docetaxel 
than for paclitaxel because docetaxel metabolism is more strongly CYP3A-dependent.14

Previously reported data showed that complete knockout of both P-gp and Cyp3a 
resulted in higher plasma concentrations of orally applied taxanes than single knockout 
of P-gp or Cyp3a.13;14 We show here that chemical inhibition of P-gp and CYP3A4 with 
both elacridar and ritonavir likewise further increased plasma concentrations of orally 
applied taxanes. In humans, oral formulations of paclitaxel and docetaxel were thus 
far tested with only one of these boosters. In patients, oral availability of paclitaxel 
is boosted by elacridar23 or ritonavir20 and oral availability of docetaxel is boosted 
by ritonavir.21;28 Our results suggest that boosting of orally applied taxanes by both 
elacridar and ritonavir might further increase plasma exposure of taxanes in patients. 
Moreover, combined inhibition of P-gp and CYP3A4 may result in decreased interpatient 
and intrapatient variability in taxane pharmacokinetics. Xenobiotics, like other drugs, 
herbal derivatives or environmental pollutants can cause clinically relevant P-gp  and 
CYP3A4 induction via Pregnane X receptor (PXR) regulation29-31, but polymorphisms 
of genes encoding for P-gp and CYP3A4 are currently not related to variability in 
pharmacokinetics of taxanes.32;33 Complete inhibition of both P-gp and CYP3A4 in 
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intestine and liver by elacridar and ritonavir can eliminate the effects of xenobiotic-
related induction and thereby decrease variability in taxane pharmacokinetics after 
oral administration. Not only CYP3A4 induction, but also incomplete CYP3A4 inhibition 
by various other co-administered drugs might contribute to variable oral taxane plasma 
exposure.34;35 Complete inhibition of CYP3A by ritonavir might eliminate this risk. It 
should be noted that, since P-gp and CYP3A4 act at both the intestinal and hepatic level, 
the risk of interpatient and intrapatient variability after oral administration of taxanes 
is likely higher than after intravenous administration of taxanes, as two potentially 
variable barriers need to be passed instead of one. This underscores the importance of 
reducing potential sources of variability by using effective CYP3A and P-gp inhibitors in 
oral taxane regimens.

Boosting orally applied taxanes with elacridar and ritonavir potentially increases 
the relative brain penetration of taxanes and would thereby increase the risk of brain 
toxicity, by either substantial inhibition of BBB P-gp by the circulating elacridar, or 
saturation of BBB P-gp activity due to the highly increased plasma taxane levels, or a 
combination of both. We found here that brain concentrations were increased after 
co-administration of the taxanes with elacridar and ritonavir, but brain-to-plasma 
ratios were not. This indicates that the increased brain concentrations after oral co-
administration of the taxanes with elacridar or ritonavir were merely a consequence 
of the increased plasma concentrations. Kemper et al.24 showed a 4-fold increase in 
brain-to-plasma ratios at one hour after administration of 10 mg/kg intravenously 
administered paclitaxel due to 25 mg/kg orally administered elacridar. This 4-fold 
increase was comparable with the increase in brain-to-plasma ratios as observed after 
intravenous administration of paclitaxel to P-gp knockout mice. Brain concentrations 
were not further increased when the elacridar dose was increased to 100 mg/kg. Both 
findings suggest that 25 mg/kg oral elacridar can largely, if not completely, inhibit 
BBB P-gp activity. However, in our experiments we observed no increase in brain-to-
plasma ratios after oral co-administration of the same dose of paclitaxel and elacridar. 
This can most likely be explained by the initially far higher plasma levels of paclitaxel 
after intravenous administration compared to those after oral administration. When 
operating close to saturation, P-gp at the blood-brain barrier will be more sensitive to 
partial inhibition.36 The absence of increased brain-to-plasma ratios in the experiments 
by Kemper et al.24 at 4 hours after administration of intravenous paclitaxel and oral 
elacridar (when plasma concentrations of paclitaxel are much lower) further supports 
this interpretation. Collectively, our data suggest that at modest plasma concentrations 
of paclitaxel (and presumably also docetaxel), P-gp in the BBB has little or no effect on 
the relative brain accumulation of taxanes.  

Conclusions
Comparison of the results in our study with previously reported data obtained 

from oral administration of taxanes to knockout mice showed that orally administered 
elacridar and ritonavir at comparatively low doses can completely (for paclitaxel), 
or almost completely (for docetaxel) inhibit intestinal and hepatic P-gp and CYP3A4 
activity. 
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We also demonstrated that co-administration of the taxanes with elacridar and 
ritonavir simultaneously resulted in a further increase in plasma levels of the taxanes. 
In contrast, relative brain accumulation of the taxanes was not  affected after boosting 
with oral elacridar. Even at the highly increased plasma concentrations of taxanes 
after boosting with both elacridar and ritonavir, relative brain accumulation was still 
similar as seen after boosting with elacridar, or even in otherwise untreated CYP3A4-
humanized animals.

We therefore believe that it will be worthwhile testing whether simultaneous 
inhibition of P-gp and CYP3A may provide a relatively safe strategy to boost plasma 
exposure of orally applied taxanes in patients, as relative brain exposure is unlikely to 
be higher than that in the currently used i.v. schedules.
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Supplemental figure 1. Plasma concentration-time curves of ritonavir after oral co-administration of 10 
mg/kg paclitaxel and 12.5 mg/kg ritonavir to wild-type, Mdr1a/b knockout (Mdr1a/b-/-), Cyp3a knockout 
(Cyp3a-/-), and combined Mdr1a/b and Cyp3a knockout mice (Cyp3a/Mdr1a/b-/-). Data are unpublished data 
from previously reported experiments.13
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Abstract
Purpose: Organic Anion Transporting Polypeptides (human: OATPs, mouse: Oatps) 

are uptake transporters with important roles in drug pharmacokinetics and toxicity. 
We aimed to study the in vivo impact of mouse and human OATP1A/1B transporters on 
docetaxel plasma clearance and liver and intestinal uptake. 

Experimental Design: Docetaxel was administered to Oatp1a/1b knockout and liver-
specific humanized OATP1B1, OATP1B3 and OATP1A2 transgenic mice. Experiments 
were conducted with a low polysorbate 80 (2.8%) formulation, as 8% polysorbate 
somewhat inhibited docetaxel plasma clearance after intravenous administration. 

Results: After intravenous administration (10 mg/kg) Oatp1a/1b knockout mice 
had a ~3-fold higher plasma AUC, while the liver concentrations remained unchanged in 
comparison with wild-type mice. Impaired liver uptake was evident from the significantly 
reduced (~3-fold) liver-to-plasma ratios after i.v. administration. Absence of mouse 
Oatp1a/1b transporters did not affect the intestinal absorption of orally administered 
docetaxel (10 mg/kg), while the systemic exposure of docetaxel was again substantially 
increased due to impaired liver uptake. Most importantly, liver-specific expression of 
each of the human OATP1B1, OATP1B3 and OATP1A2 transporters provided a nearly 
complete rescue of the increased plasma levels of docetaxel in Oatp1a/1b-null mice 
after intravenous administration (10 mg/kg). 

Conclusions: One or more of the mouse Oatp1a/1b transporters, and each of the 
human OATP1A/1B transporters can mediate docetaxel uptake in vivo. This might be 
clinically relevant for OATP1A/1B-mediated tumor uptake of docetaxel and for docetaxel 
clearance in patients in which the transport activity of OATP1A/1B transporters is 
reduced due to genetic variation or pharmacological inhibition, leading to potentially 
altered toxicity.
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Introduction
One of the most widely used chemotherapeutic drugs is docetaxel, a microtubule 

inhibitor approved for the treatment of breast, lung, ovarian, prostate, gastric, and 
head and neck cancers.1 An important problem in docetaxel therapy is the inter-patient 
variability in docetaxel exposure which in turn can lead to unpredictable dose-limiting 
toxicity (neutropenia, diarrhea) and/or variability in response to treatment.2 Factors 
which control plasma exposure to docetaxel include drug-metabolizing enzymes and 
drug transporters.2 One of the major clearance mechanisms of docetaxel is metabolism 
by Cytochrome P450 3A (CYP3A), a drug-metabolizing enzyme complex expressed in 
both the intestine and liver.3 Although there are substantial inter-individual differences 
in expression and activity of CYP3A enzymes, this alone cannot explain entirely the inter-
patient variability after intravenously administered docetaxel.1 Recent studies pointed 
to low-activity polymorphic variants of drug transporters involved in the clearance 
of docetaxel as contributors to the unpredictable systemic exposure of docetaxel.1;4;5 
These transporters involve efflux transporters from the ATP-binding cassette (ABC) 
transporter family (ABCB1 or ABCC2), but also uptake transporters of the Organic 
Anion Transporting Polypeptide (OATP) family.1;6

The OATP superfamily of sodium-independent influx transporters consists of 
6 families, of which the OATP1B subfamily is best studied with respect to clinical 
pharmacogenetics of drugs.7 It is important to note that between mouse and human 
Oatps there are no straighforward orthologs, for example humans have only one OATP1A 
transporter (OATP1A2), while in mouse there are at least 4 known (Oatp1a1, Oatp1a4, 
Oatp1a5 and Oatp1a6). In contrast, humans have 2 OATP1B transporters, (OATP1B1 
and OATP1B3), while in mouse there is only one (Oatp1b2).8 

Due to their localization in pharmacokinetically relevant tissues (liver, small intestine 
and kidney) and their capacity to transport many drugs, OATP1A/1B transporters are 
thought to play a major role in the distribution, pharmacodynamics and toxicity of many 
drugs.9-11 In the liver, OATP1B1 and OATP1B3 are highly expressed on the basolateral 
membrane of hepatocytes where they mediate the hepatic uptake, and therefore 
clearance of many xenobiotics.8 OATP1A2 is mainly expressed in other tissues, like brain, 
kidney, and small intestine, while in the liver it is expressed in cholangiocytes but not 
in hepatocytes. Its role in drug distribution remains to be elucidated.8 It is thought that 
in the small intestine human OATP1A2 and/or mouse Oatp1a proteins are expressed 
on the apical membrane of enterocytes where they might mediate the intestinal uptake 
of drugs.12 In addition to their role in the pharmacokinetics of drugs, many OATPs are 
expressed in breast, gastrointestinal and lung tumors, where they may contribute to the 
tumor uptake of anticancer drugs.13

Docetaxel has been described as a substrate of human OATP1B1 and OATP1B3, and 
rat and mouse Oatp1b2 in	vitro.14-16 The impact of the functional alterations in uptake 
capacity of OATP1B1 and/or OATP1B3 on docetaxel pharmacokinetics and toxicity 
(upon intravenous administration) has been studied in several pharmacogenetic 
studies, but the results are equivocal4;6;14, while the interaction between OATP1A2 and 
docetaxel has not been reported yet. 
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In recent years, substantial efforts have been made to obtain an oral formulation 
for docetaxel.17 While oral dosing has substantial advantages over intravenous dosing 
(more patient-friendly, no hospitalization required, lower healthcare costs), it brings 
the challenge that the drug must pass an additional biological barrier, the intestinal 
epithelium. It might be that mouse Oatp1a or human OATP1A2 uptake transporters 
have a role in docetaxel intestinal uptake, while metabolizing enzymes and efflux drug 
transporters might limit its effective absorption.8

Here, we studied the impact of the combined deletion of the mouse Oatp1a and 
Oatp1b genes on the disposition of docetaxel after intravenous and oral administration, 
using Oatp1a/1b knockout mice.18 We further assessed the in	 vivo impact of human 
OATP1B1, OATP1B3 and OATP1A2 on the uptake of docetaxel using humanized 
transgenic mice with liver-specific expression of OATP1B1, OATP1B3 or OATP1A2 in an 
Oatp1a/1b knockout background.19;20

Materials and methods
Animals

Animals were housed in groups as far as possible, in a temperature-controlled 
environment with a 12-hour light/12-hour dark cycle. They received a standard diet 
(AM-II; Hope Farms) and acidified water ad	 libitum. All mouse experiments were 
approved by the Animal Experiments Review Board of the Netherlands Cancer Institute 
(Amsterdam), complying with Dutch legislation and in accordance with European 
Directive 86/609/EEC. Male wild-type, Slco1a/1b(-/-)	 (Oatp1a/1b knockout), 
Slco1a/1b(-/-);1B1(Tg), Slco1a/1b(-/-);1B3(Tg) and Slco1a/1b(-/-);1A2(Tg) (i.e., liver-
specific OATP1B1, OATP1B3 and OATP1A2 humanized transgenic) mice of comparable 
genetic background (>99% FVB), between 8 and 14 weeks of age, were used.19;21

Chemicals and reagents

Docetaxel was obtained from Sequoia Research Products (Oxford, UK). Isoflurane 
(Forane) was purchased from Abbott Laboratories (Queenborough, Kent, UK) and 
heparin (5,000 IE/ml) was from Leo Pharma BV (Breda, The Netherlands). Bovine 
serum albumin (BSA), Fraction V was from Roche (Mannheim, Germany) and drug-free 
lithium-heparinized human plasma was obtained from Bioreclamation LLC (New York, 
NY, USA). All other reagents were from Sigma-Aldrich (Steinheim, Germany).

Pharmacokinetic studies

For intravenous studies, solutions containing docetaxel (2 mg/mL) were injected in a 
volume of 5 µL per g of bodyweight into the tail vein of mice, in order to achieve a dosage 
of 10 mg/kg. For solutions with low polysorbate concentrations (2.77% of polysorbate 
80 in the final solution), docetaxel was dissolved in a mixture of ethanol:polysorbate 80 
(50:50) to a concentration of 36 mg/mL, which was further diluted prior to injection 
with saline to a concentration of 2 mg/mL docetaxel. For solutions containing high 
polysorbate concentrations (8.3% in the final solution), docetaxel was dissolved in a 
mixture of ethanol:polysorbate 80 (50:50) to a concentration of 12 mg/mL, which was 
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further diluted prior to injection with saline to 2 mg/mL docetaxel. 

For oral studies, docetaxel (1 mg/mL) was administered to the mice in a volume of 
10 µL per g of bodyweight by oral gavage, in order to achieve a dosage of 10 mg/kg. We 
used the formulation containing low polysorbate 80 concentrations (2.77%): docetaxel 
was dissolved in ethanol:polysorbate 80 (50:50) to a concentration of 18 mg/mL, which 
was further diluted prior to dosing with saline to 1 mg/mL docetaxel. 

Experiments were terminated (at t = 3, 15, 30, 60, 120 and 240 min after i.v. dosing 
and t = 5, 7.5 and 15 min after oral dosing) by isoflurane anaesthesia and heparin-blood 
sampling by cardiac puncture, followed by cervical dislocation and tissue collection. 
For the oral studies, portal vein blood samples were taken prior to cardiac puncture. 
Blood samples were centrifuged at 5,200g for 5 min at 4°C and plasma was collected 
and stored at -30°C until analysis. 

Drug analysis

Concentrations of docetaxel in plasma and livers (homogenized in 3 mL of ice-cold 
4% (w/v) BSA) were determined by LC-MS/MS analysis as previously described.22 D9-
labelled docetaxel was used as internal standard for docetaxel. In summary, mouse 
plasma or tissue homogenate samples of 20 µL were diluted with 180 µL of human 
plasma. Human plasma was used for dilution of the samples as the concentrations in 
the undiluted mouse plasma were outside the calibration range and also to mimic the 
calibration standards which were in human plasma. After dilution of the samples, 25 
µL of internal standard working solution was added. Subsequently, the samples were 
mixed briefly, tertiary-butyl methyl ether was added and the samples were shaken for 
10 minutes at 1,250 rpm. The samples were centrifuged at 23,000 g, snap-frozen and 
the organic layer was collected. After evaporation of the organic layer, the samples were 
reconstituted with 100 µl of 10 mM ammonium hydroxide pH 5:acetonitrile (1:1, v/v) 
and an aliquot was injected into the LC-MS/MS system. Calibration standards in human 
plasma in a range of 0.25-500 ng/mL were used for quantification of docetaxel.

Pharmacokinetic and statistical analysis

Averaged plasma concentrations for each time point were used to calculate the area 
under the blood concentration versus time curve (AUC) from t = 0 to the last sampling 
time point by the linear trapezoidal rule; S.E. was calculated by the law of propagation 
of errors.23

When variances were not homogeneous, the data were log-transformed in order to 
obtain equal variances. 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. Statistical significance of differences between wild-type and Slco1a/1b(-/-), 
Slco1a/1b(-/-);1B1(Tg), Slco1a/1b(-/-);1B3(Tg)	or	Slco1a/1b(-/-);1A2(Tg)	  or between 
Slco1a/1b(-/-)	mice and Slco1a/1b(-/-);1B1(Tg), Slco1a/1b(-/-);1B3(Tg)	or	Slco1a/1b(-
/-);1A2(Tg) mice was assessed by one-way ANOVA followed by Tukey’s multiple 
comparison test. Results are presented as the mean ± S.D. Differences were considered 
to be statistically significant when P < 0.05.19
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Results 
Influence of polysorbate 80 concentration on pharmacokinetics of 
docetaxel

Docetaxel is very poorly soluble in water, and thus the formulation of docetaxel 
for intravenous administration contains ethanol and polysorbate 80, a detergent 
used to maintain docetaxel in solution, in concentrations between 0.75-2% in clinical 
formulations.24;25 Recently there has been an increasing number of reports showing 
that polysorbate 80 might have an inhibitory effect on the transport activity of OATP 
uptake transporters.14;26 Therefore we started by analyzing the effect of polysorbate 
80 concentration in the final formulation on the plasma and liver levels of docetaxel 
after intravenous administration (10 mg/kg) to wild-type mice. We used two docetaxel 
formulations: one with high (8.3%) and one with a low polysorbate 80 concentration 
(2.77%). At different time points after dosing, we compared the docetaxel plasma and 
liver levels and liver-to-plasma ratios in these mice (Figure 1). After dosing with the 
high polysorbate 80 formulation, the plasma levels of docetaxel at later time points 
were modestly, but significantly higher than after dosing with the low polysorbate 
80 formulation (Figure 1A), suggesting that polysorbate 80 at high concentrations 

Figure 1. Impact of high (black bars) and low polysorbate (white bars) formulation on plasma and liver levels 
of docetaxel after administration of 10 mg/kg docetaxel i.v. to male wild-type mice. (A) Plasma concentrations 
of docetaxel, (B, C) docetaxel liver concentrations as µg/g and % of dose, respectively, and (D) liver-to-plasma 
ratios of docetaxel. Averaged liver-to-systemic plasma ratios were calculated from individual mouse data. 
Data are presented as mean ± S.D. (n = 5-6, *, P < 0.05; **, P < 0.01; ***, P < 0.001 when compared with wild-
type high polysorbate formulation).
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has a modest in	 vivo inhibitory effect on plasma clearance of docetaxel. The liver 
concentrations after high polysorbate concentrations were variably, but mostly not 
significantly affected by high versus low polysorbate 80 formulation (Figure 1B, C). 
Assessed by the liver-to-plasma ratios, low polysorbate 80 formulation led to generally 
higher ratios than the high polysorbate 80 formulation (Figure 1D), suggesting that 
high concentrations of polysorbate 80 might somewhat inhibit the uptake of docetaxel 
in the liver. Based on these results, we used the low polysorbate 80 formulation in 
our subsequent pharmacokinetic studies. Further reduction of polysorbate 80 in the 
formulation was not compatible with the comparatively high docetaxel dosages given.

Impact of Oatp1a/1b transporters on plasma and liver exposure of 
docetaxel after intravenous administration

Docetaxel was described as a mouse Oatp1b2 substrate in	vitro and in	vivo.14 We here 
aimed to study the possible additional roles that mouse Oatp1a transporters may have 
in the plasma and liver exposure of docetaxel. We therefore made use of Oatp1a/1b 
knockout mice, which lack all Oatp1a and Oatp1b transporters. After intravenous 
dosing (10 mg/kg), plasma exposure of docetaxel was significantly increased in the 
Oatp1a/1b knockout mice in comparison with wild-type mice (Figure 2A). The area 

Figure 2. Role of Oatp1a/1b uptake transporters in the plasma and liver exposure of docetaxel after 
intravenous administration of docetaxel (10 mg/kg) to male wild-type and Oatp1a/1b knockout mice. (A) 
Plasma concentrations of docetaxel, (B, C) docetaxel liver concentrations as µg/g and % of dose, respectively, 
and (D) liver-to-plasma ratios of docetaxel. Averaged liver-to-systemic plasma ratios were calculated from 
individual mouse data. Data are presented as mean ± S.D. (n = 5-6, *, P < 0.05; **, P < 0.01; ***, P < 0.001 when 
compared with wild-type).
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under the curve (AUC) of the plasma concentrations in Oatp1a/1b-null mice was 2.9-
fold higher than that in the wild-type mice (608.7 ± 25.2 versus 211.8 ± 19.8 µg·min/
mL, P	< 0.001), indicating that disposition of docetaxel is impaired in the absence of 
Oatp1a/1b transporters. 

OATP1A/1B transporters mediate mainly the liver uptake of drugs, thus controlling 
their clearance and disposition. We therefore also measured the liver concentrations. 
Similar to previous studies with rosuvastatin27, the liver concentrations were not 
markedly different between the two strains of mice (Figure 2B, C), whereas the liver-to-
plasma ratios were clearly reduced at virtually all time points after dosing (Figure 2D). 
This suggests that liver uptake of docetaxel is substantially impaired in the Oatp1a/1b-
null mice. 

Oatp1a transporters are not essential for the intestinal absorption 
of docetaxel

In contrast to Oatp1b2 which is exclusively expressed in the liver, members of the 
Oatp1a family are also expressed in enterocytes12 where they are thought to contribute 
to the intestinal absorption of drugs. We therefore assessed the impact of Oatp1a on 
the intestinal absorption of docetaxel, again using the low polysorbate 80 formulation 
(2.77%). We compared portal vein concentrations in Oatp1a/1b knockout and wild-
type mice, shortly after oral administration (10 mg/kg) of docetaxel. However, 
docetaxel portal vein concentrations were substantially higher at all time points in the 
Oatp1a/1b knockout mice (Figure 3A). These results suggest that Oatp1a transporters 
are not essential in the intestinal absorption of docetaxel. The increased portal vein 
concentrations at all time points after dosing likely reflect in part the higher systemic 
plasma concentrations of docetaxel in the Oatp1a/1b-null mice (Figure 3B) resulting 
from impaired liver uptake, as seen previously in the intravenous experiment (Figure 
3D, E and Figure 2). This impaired liver uptake was evident both in the liver-to-systemic 
plasma and liver-to-portal vein plasma ratios (Figure 3D, E).

 Human OATP1B1, OATP1B3 and OATP1A2 can transport docetaxel 
in vivo

In the human liver, OATP1B1 and OATP1B3 are expressed on the basolateral 
membrane of hepatocytes. Although not straightforward homologues of the individual 
mouse Oatp1a/1b proteins, based on amino acid homology, substrate specificity, and 
tissue localization, they are considered to fulfill the same roles as the basolateral mouse 
Oatp1a/1b transporters in the liver.19;23;28 We recently generated and characterized 
humanized mice with hepatocyte-specific expression of OATP1B1, OATP1B3 and 
OATP1A2 (in an Slco1a/1b(-/-)	background).19;20 Note that Slco1a/1b(-/-);1A2(Tg)	mice 
do not represent a physiological model for the role of OATP1A2 in hepatic uptake of 
drugs, as hepatic OATP1A2 in humans is expressed only in cholangiocytes, and not in 
hepatocytes. Nevertheless, this mouse model has proved to be useful in studying the 
in	vivo transport capacity of OATP1A2, which might be relevant for its activity in other 
healthy or malignant tissues.19
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Figure 3. Mouse Oatp1a proteins are not essential for the intestinal absorption of docetaxel after oral 
administration (10 mg/kg) to male wild-type and Oatp1a/1b knockout mice. (A), docetaxel portal vein 
plasma concentrations and (B) docetaxel systemic plasma concentrations, (C) docetaxel liver levels in μg/g, 
(D) liver-to-systemic plasma ratios and (E) liver-to-portal vein plasma ratios. Averaged liver-to-systemic 
plasma (or liver-to-portal vein plasma) ratios were calculated from individual mouse data. Data are 
presented as mean ± SD (n = 5-6, *, P < 0.05; **, P < 0.01 when compared with wild-type).



Chapter 2.4

168

2.4

Figure 4. Human OATP1B1, OATP1B3 and OATP1A2 transport docetaxel in vivo after i.v. administration of 
docetaxel (10 mg/kg) to male wild-type, Oatp1a/1b knockout and OATP1B1, -1B3, and -1A2 transgenic mice. 
(A) Plasma concentrations of docetaxel, (B) docetaxel liver concentrations and (C) liver-to-plasma ratios of 
docetaxel. Averaged liver-to-systemic plasma ratios were calculated from individual mouse data. Data are 
presented as mean ± S.D. (n = 5-6, *, P < 0.05; **, P < 0.01; ***, P < 0.001 when compared with wild-type, †, P 
< 0.05; ††, P < 0.01 ; †††, P < 0.001 when compared with Oatp1a/1b knockout mice).

Figure 5. Area under the curve (15 to 60 minutes) of (A) plasma, (B) liver and (C) liver-to-plasma ratios after 
i.v. administration of docetaxel (10 mg/kg) to male wild-type, Oatp1a/1b knockout and OATP1B1, -1B3, and 
-1A2 transgenic mice. Averaged liver-to-systemic plasma ratios were calculated from individual mouse data. 
Data are presented as mean ± S.E.M. (n = 5-6, *, P < 0.05; ***, P < 0.001 when compared with wild-type, †, P < 
0.05; ††, P < 0.01 when compared with Oatp1a/1b knockout mice).
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We used these models to assess the capacity of the human OATP1A/1B proteins to 
transport docetaxel in	vivo. After 10 mg/kg i.v. dosing, the increased docetaxel plasma 
concentrations in the Oatp1a/1b-null mice were partially or completely brought back 
to wild-type levels in all the humanized mouse strains (Figure 4A). Only at 30 minutes 
after dosing, plasma levels in the OATP1B3 humanized mice were as high as in the 
Oatp1a/1b-null mice, perhaps due to experimental variation (Figure 4A). Also plotted 
as plasma AUC from 15 till 60 minutes in these strains (Figure 5A), the plasma AUC 
in the Oatp1a/1b-knockout mice was 4-fold increased in comparison with the wild-
type mice. The rescue provided by the presence of OATP1B1 or OATP1A2 was obvious 
as the plasma AUC values were quite similar to the values in the wild-type mice and 
significantly lower than in the Oatp1a/1b knockout mice (Figure 5A). The values in 
the OATP1B3-humanized mice were intermediate between the values in the wild-type 
and Oatp1a/1b-null mice, most probably due to the high plasma concentrations in this 
strain at 30 minutes after administration (Figure 4A).

As seen before (Figure 2B), the liver levels were not significantly changed in the 
Oatp1a/1b-null mice in comparison with wild-type mice, and accordingly shifts in 
liver concentration due to the role of human OATP1A/1B transporters in rescuing the 
absence of mouse Oatp1a/1b transporters were modest, albeit significant for OATP1B1 
and OATP1B3 at 30 minutes (Figure 4B). However, the liver AUC levels from 15 to 60 
min were not significantly altered in any of the tested strains (Figure 5B).

Liver-to-plasma ratios in the humanized mice (in OATP1A2 mice especially) were 
also significantly higher than in the knockout mice (Figure 4C). However, the liver-to-
plasma ratios were not up to the levels seen in wild-type mice (Figure 4C). 

This incomplete rescue by human OATP1A/1B transporters in liver-to-plasma ratios 
is likely an underestimation of the actual OATP1B-mediated liver uptake in humans, as 
in human liver both OATP1B1 and OATP1B3 function at the same time, likely resulting 
in additive effects. Nevertheless, these results show that human OATP1B1, OATP1B3 
and OATP1A2 can transport docetaxel in vivo and that all three transporters can 
compensate to an extent for the loss of the murine Oatp1a/1b transporters.

Discussion
In the present study we found that mouse Oatp1a/1b transporters contribute to 

the plasma clearance of docetaxel, even as there was no clear effect on the apparent 
liver exposure. Still, impaired liver uptake in the absence of Oatp1a/1b transporters 
was obvious in the markedly reduced liver-to-plasma ratios. Importantly, liver-specific 
expression of human OATP1B1, OATP1B3 or OATP1A2 provided substantial rescue of 
the increased plasma levels of docetaxel in Oatp1a/1b knockout mice. Assessed by the 
liver-to-plasma ratios this rescue was partial. Oatp1a/1b transporters did not appear 
to contribute to intestinal docetaxel uptake. Our findings indicate that all the human 
OATP1A/1B uptake transporters, when expressed in hepatocytes, can mediate the liver 
uptake of docetaxel	in	vivo, and can thus contribute to hepatic docetaxel clearance, and, 
by implication, possibly docetaxel tumor uptake in	vivo as well. 
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Although it has been described that human OATP1B1 and OATP1B3 can transport 
docetaxel in	 vitro, there is wide variability dependent on the type of cellular uptake 
system used.1;14;15 Our data demonstrate docetaxel transport by OATP1B1 and OATP1B3 
in hepatocytes in	 vivo. Transport activity of OATP1B1 or OATP1B3 can be reduced 
as a consequence of genetic variation (polymorphic variants) or pharmacological 
inhibition, leading to decreased liver uptake of docetaxel and thus impaired plasma 
clearance. Yet there are only two clinical studies that show an association between 
low-activity polymorphisms in the gene encoding OATP1B3 and altered docetaxel 
pharmacokinetics4 or docetaxel-induced neutropenia29, while others investigating the 
impact of polymorphic variants of OATP1B1 or OATP1B3 on docetaxel pharmacokinetics 
and toxicity did not find any associations.1;6;14;30 Our data suggest that in the case of single 
polymorphisms affecting only one of the human OATP1B transporters, the remaining 
OATP1B1 or OATP1B3 could at least partially compensate for the loss of function of the 
other transporter. Accordingly, single polymorphisms in the OATP1B1 or OATP1B3 genes 
were not clearly associated with altered docetaxel clearance.14 This may be different 
for Rotor syndrome patients, which are deficient in both OATP1B1 and OATP1B320, 
and might thus be at risk of developing life-threatening toxicity when treated with 
docetaxel. Also, clinically relevant drug-drug interactions might occur when docetaxel is 
co-administered with inhibitors of OATP1B transporters (e.g., rifampicin, cyclosporine, 
statins) or other OATP1B substrates (e.g., statins, methotrexate, paclitaxel) which might 
compete for transport into the liver.31

To the best of our knowledge, we show here for the first time that OATP1A2 can 
transport docetaxel in	 vivo and that it can mediate docetaxel liver uptake. Because 
expression of OATP1A2 in human liver is restricted to cholangiocytes, the epithelial cells 
of the bile duct, the information provided by our humanized OATP1A2 mice (in which 
OATP1A2 is expressed in hepatocytes) has only qualitative meaning. Nevertheless, this 
information is relevant for the function of OATP1A2 in other tissues like small intestine, 
kidney and the blood-brain barrier, where it might affect the oral uptake, urinary 
reabsorption or brain penetration of docetaxel.32-34 The role of OATP1A2 in small 
intestine, and thus in the oral bioavailability of docetaxel remains unclear as in our 
study we observed that mouse Oatp1a transporters are not essential for the intestinal 
absorption of docetaxel. Importantly, when expressed in tumor cells, OATP1A2 can likely 
affect the susceptibility of these cells to docetaxel chemotherapy in	vivo by altering the 
effective intracellular docetaxel exposure.13

OATP1A/1B proteins have been found expressed in tumors of almost all the cancer 
types which are currently treated with docetaxel: colon, gastric, ovarian, breast and 
lung cancer (reviewed in 13;35-37) and OATP1A2 has also been found in the blood-brain 
barrier of gliomas.38 Previous studies in our group showed that other anticancer drugs, 
namely methotrexate and paclitaxel, are also transported in	vivo by human OATP1A/1B 
proteins.19 These data imply that	 in	 vivo expression and activity of OATP1A/1B 
transporters in various tumors may affect the tumor drug uptake, and hence influence 
their sensitivity to certain anticancer drugs.35 Direct studies involving sensitivity to 
docetaxel in cell lines derived from these tumor types are lacking so far, although there 
are indications that for paclitaxel and methotrexate, expression and activity of OATP1B1 
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and/or OATP1B3 transporters can increase sensitivity of tumors cells to these drugs.37;39 
Moreover, there are several studies trying to correlate the tumor expression levels of 
OATPs with tumor development and prognosis.40;41

In this study we also aimed to investigate if mouse Oatp1a transporters expressed 
on the basolateral membrane of hepatocytes have an additional role to that of mouse 
Oatp1b214 in mediating the liver uptake, and hence plasma clearance of docetaxel. 
However, in quantitative terms our results are very different from those of de Graan 
et	 al.14 We observed a 3-fold higher docetaxel plasma AUC between full Oatp1a/1b 
knockout mice and (FVB) wild-type mice, while de Graan	et	al.	noted a 26-fold higher 
plasma AUC between single Oatp1b2 knockout mice and their DBA1/lacJ wild-type 
controls.14 Comparing the absolute docetaxel plasma AUC levels between the studies, 
these were quite similar between both knockout strains, but the AUC in wild-type 
DBA1/lacJ mice was far lower than that in wild-type FVB mice. Assuming that all Oatp-
dependent docetaxel uptake in the liver is mediated by Oatp1b2, this would suggest that 
this protein is far more active and/or far more highly expressed in DBA1/lacJ mice than 
in FVB mice. This could theoretically be caused by differences in genetic background, or 
possibly food and housing conditions between the FVB and DBA1/lacJ wild-type mice. 
Still, a 26-fold change in plasma AUC is a surprisingly big effect of the knockout of a 
protein that seems to be a modest docetaxel transporter in	vitro.14

Another difference between our data and those of de Graan et	al. is the unexpected 
4.2-fold increase (rather than decrease) in liver AUC in the Oatp1b2 knockout strain 
compared to the DBA1/lacJ wild-type strain, as deduced from a 6.2-fold decreased liver-
to-plasma AUC ratio and a 26.3-fold increased plasma AUC.14 In contrast, we observed 
very similar liver AUCs between FVB wild-type and Oatp1a/1b knockout mice (Figure 
2B, C). This latter pharmacokinetic behavior is similar to that previously reported 
for rosuvastatin27, where reduced liver uptake (due to the absence of Oatp1a/1b 
transporters) resulted in marked changes in plasma exposure and liver-to-plasma 
ratios, without affecting the liver concentrations. This pharmacokinetic behavior is 
consistent with the physiologically-base pharmacokinetic model of Watanabe	 et	 al. 
for drugs with a low renal clearance and for which the liver uptake is the rate-limiting 
step42-44, as appears to be the case for pravastatin, rosuvastatin and docetaxel. The 4.2-
fold increased liver AUC of docetaxel in DBA1/lacJ Oatp1b2 knockout mice observed by 
de Graan et	al.14, coinciding with presumably reduced liver uptake rates of docetaxel, 
therefore remains unexplained. Perhaps additional, as yet unidentified other alterations 
have contributed to the profoundly changed docetaxel pharmacokinetics in these mice, 
even though a broad microarray screening of other detoxifying genes did not yield 
obvious candidates.14 The model of Watanabe et	al. would predict an increase in liver 
AUC primarily as a consequence of diminished canalicular efflux activity.42-44 Possibly 
the activity (though not the expression) of one of the ABC transporters involved in 
docetaxel biliary excretion (ABCB1 or ABCC2)44 was compromised in the Oatp1b2 
knockout mice. Clearly, more work will be needed to fully understand all the aspects of 
Oatp1a/1b-mediated hepatic docetaxel clearance.

In line with previous studies14;24;26, we here provide in	 vivo pharmacokinetic 
evidence that polysorbate 80 at high concentrations can have an inhibitory effect on 
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the plasma clearance of docetaxel, probably by inhibiting Oatp1a/1b-mediated liver 
uptake. Perhaps new formulations, which have been studied recently, will provide a 
better alternative to current polysorbate 80 formulations (reviewed in 45;46). 

Taken together, our results suggest that human OATP1A/1B uptake transporters 
can have multiple effects on the docetaxel therapeutic index, on the one hand by 
controlling its general plasma and tissue pharmacokinetics and toxicity, but also by 
possibly mediating its tumor uptake. OATP1A/1B transporters might thus represent 
a valuable target for modulators in order to improve chemotherapy. Further studies 
using humanized OATP1A/1B mice may help to better assess the in	 vivo impact of 
OATP1A/1B transporters on pharmacokinetics, toxicity and therapeutic outcome of 
anticancer drugs. 
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Abstract
Docetaxel (Taxotere®) is currently used intravenously for treatment of several types 

of cancer. Bioavailability of orally administered docetaxel is limited by Cytochrome P450 
3A (CYP3A), but can be enhanced by co-administration of the HIV protease inhibitor 
ritonavir, a strong CYP3A4 inhibitor. Possible anticancer effects of ritonavir itself have 
been recently described. We here aimed to test whether ritonavir co-administration 
could increase the anti-tumor efficacy of docetaxel in a syngeneic mouse model for 
hereditary breast cancer. 

Spontaneously arising K14cre;Brca1-/-;p53-/- mouse mammary tumors were 
orthotopically implanted in syngeneic female mice lacking Cyp3a (Cyp3a-/-), to 
circumvent increased docetaxel plasma levels due to systemic Cyp3a inhibition by 
ritonavir. Over three weeks, docetaxel (20 mg/kg) was administered intravenously once 
weekly, while ritonavir (12.5 mg/kg) was administered orally for 5 subsequent days per 
week. Untreated mice were used as control for tumor growth.

 Ritonavir treatment alone did not significantly affect the median time of survival (14 
vs 10  days). Median time of survival in docetaxel-treated mice was 54 days. Ritonavir 
co-treatment significantly increased this median time to 66 days, and substantially 
reduced average tumor size. Tumors did not display qualitative histological differences 
with and without ritonavir treatment. Concentrations of the major docetaxel metabolite 
M2 in tumor tissue were lower when docetaxel was co-administered with ritonavir, 
while RNA expression of Cyp3a in the tumors was unaltered. 

In this model for BRCA1-mutated breast cancer, we observed no direct antitumor 
effect of ritonavir itself, but we found enhanced efficacy of docetaxel treatment when 
combined with oral ritonavir. Our data suggest that Cyp3a inhibition in tumor tissue by 
ritonavir results in decreased docetaxel metabolism in the tumor, possibly contributing 
to the observed increased antitumor efficacy of docetaxel when coadministered with 
ritonavir.
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Introduction
Docetaxel (Taxotere®) is a semi-synthetic taxane, originating from the European 

yew Taxus	baccata. It is currently used as anticancer agent for several types of cancer, 
among which lung, breast, gastric and prostate cancer.(1,2,3,4) The development of an 
oral formulation of docetaxel is the focus of preclinical and clinical research in our 
groups. A major limitation in the concept of oral administration of docetaxel is its low 
oral availability due to its handling by P-glycoprotein (P-gp; MDR1) and Cytochrome 
P450 (CYP) 3A.(5,6) Co-administration of the oral formulation of docetaxel with the HIV 
protease inhibitor and strong CYP3A4 inhibitor ritonavir in mice and humans results in 
markedly increased docetaxel plasma concentrations.(7,8)

Possible anticancer effects of protease inhibitors, among which ritonavir, have 
been incidentally described. Ritonavir also causes DNA damage and cell death in 
human endothelial cells.(9) It is also reported that ritonavir decreases the production of 
factors that contribute to tumor neovascularisation in Kaposi sarcoma.(10) Based on the 
inhibitory effect on endothelial cell invasion, ritonavir might inhibit angiogenesis.(11) 

In	 vivo, ritonavir treatment decreased tumor growth in an HIV-independent 
Kaposi sarcoma mouse model.(10) Preclinical anti-tumor effects of ritonavir were also 
described for other types of cancer such as mouse lymphoma(12), human head and neck 
carcinoma(13) and human breast cancer.(14) On the other hand, no antitumor effect of 
ritonavir was observed for glioblastoma in preclinical and clinical studies.(15,16) In a 
mouse xenograft model of human prostate cancer, ritonavir co-administration increased 
docetaxel antitumor efficacy and blocked docetaxel-induced upregulation of CYP3A.(17) 
However, this study did not analyze docetaxel plasma levels. Therefore, the increased 
efficacy might also be related to the likely highly increased exposure to docetaxel due 
to impaired Cyp3a-mediated metabolism of docetaxel by ritonavir. Van Waterschoot 
et al.(18) showed that plasma levels of intravenously administered docetaxel are 5-fold 
increased when Cyp3a is absent. Ritonavir competely blocked docetaxel metabolism 
at a concentration of ~2.5 µM in in	vitro	experiments with mouse liver microsomes.
(19) This concentration is most likely reached in the in	vivo	situation as 30 minutes after 
single oral administration of 40 mg/kg ritonavir, liver concentrations over 40 nmol/g 
(~40 µM) were observed.(20) Since Ikezoe et al.(17) administered 12.5 mg/kg ritonavir 
for 5 subsequent days a week, inhibition of docetaxel metabolism is likely to be almost 
complete, probably resulting in up to 5 times higher plasma concentrations in the 
docetaxel/ritonavir co-treated group than in the docetaxel-treated group. 

In the present study, we aimed to investigate whether ritonavir co-administration 
increases anti-tumor efficacy of docetaxel in a syngeneic mouse model for hereditary 
breast cancer. We hypothesized that ritonavir co-administration not only affects 
angiogenesis, but also increases docetaxel levels in the circulation and in tumor tissue. 
Increased docetaxel exposure in tumors due to ritonavir co-administration could also 
be caused by inhibition of Cyp3a already inherently expressed in tumors. It is further 
reported that docetaxel treatment can induce expression of Cyp3a in tumor tissue.
(21) Since it is possible that ritonavir can reduce Cyp3a activity to normal levels(17), co-
administration of ritonavir might also result in decreased docetaxel metabolism by 



Chapter 2.5

180

2.5

blockage of docetaxel-induced enhancement of Cyp3a expression. In our study we used 
mice lacking Cyp3a as hosts for the transplanted tumors to rule out increased plasma 
exposure of docetaxel due to general Cyp3a inhibition by ritonavir outside of the tumor 
as a cause of altered docetaxel therapy response. 

Materials and Methods
Drugs and chemicals

Docetaxel and ritonavir were purchased from Sequoia Research Products (Oxford, 
UK). Drug-free lithium-heparinized human plasma was obtained from Bioreclamation 
LLC (New York, NY, USA). All other chemicals were of analytical grade and obtained 
from commercial sources.

Animals

All mouse experiments were approved by the Animal Experiments Review Board of 
the Netherlands Cancer Institute (Amsterdam), complying with Dutch legislation and 
in accordance with European Directive 86/609/EEC. Mice were kept in a temperature-
controlled environment with a 12-hr light / 12-hr dark cycle and received a standard 
diet (AM-II, Hope Farms, Woerden, The Netherlands) and acidified water ad	 libitum. 
Crushed and moistened food was made available for additional support of mice during 
treatment. Since we implanted a mouse breast tumor, female mice were selected. In 
this study, Cyp3a knockout mice (Cyp3a-/-) in a >99% FVB genetic background(22) were 
used as host to eliminate differences in docetaxel metabolism between single docetaxel 
treatment and co-administration of docetaxel and ritonavir. In experiments to test 
for the maximum tolerable dose, mice of 8-14 weeks of age were used. For tumor 
implantations, mice of 7-11 weeks of age were used.

Drug solutions

Prior to the experiments, stock solutions containing 18, 24, 30, 36 or 42 mg/mL 
docetaxel or 7.5 mg/mL ritonavir in ethanol:polysorbate 80 (1:1, v/v) were made and 
stored at -20o C. On the day of the experiments docetaxel stock solutions were diluted 
with saline (1:5, v/v) to obtain solutions for intravenous (i.v.) administration. Solutions 
containing docetaxel were injected in a volume of 5 µL per g of bodyweight into the tail 
vein of the mice, in order to achieve a dosage of 15, 20, 25, 30 or 35 mg/kg docetaxel. 
Ritonavir stock solutions were diluted with water (1:5, v/v) to obtain solutions for 
oral administration. Ritonavir was orally administered in a volume of 10 µL per g of 
bodyweight to the mice, in order to achieve a dosage of 12.5 mg/kg ritonavir. Oral 
administration was performed by gavage into the stomach using a blunt-ended needle. 

Maximum Tolerable dose

Prior to tumor treatment, the maximum tolerable dose of docetaxel and ritonavir 
for Cyp3a-/- mice was determined. The maximum tolerable dose was defined as the 
maximum dose at which mice maintained at least 80% of their initial bodyweight and 
at which mice did not show signs of little to moderate discomfort (e.g. inactivity, general 
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weakness/illness or neglected coat).  Mice were treated with 15, 20, 25, 30 or 35 mg/
kg intravenously administered docetaxel or 12.5 mg/kg orally administered ritonavir. 
Docetaxel was administered once a week, while ritonavir was administered for 5 
subsequent days per week. Tolerability of the doses was determined during treatment 
with docetaxel and/or ritonavir for 3 subsequent weeks. 

Tumor implantation

Small tumor pieces (1-2 mm) derived from the K14cre;Brca1F/F;p53F/F mouse model(24) 
for hereditary breast cancer were grafted orthotopically in the mammary fat pad of 
syngeneic female Cyp3a-/- mice as described before.(23) A tumor with basal expression of 
Cyp3a, Mdr1a/b and Bcrp was selected to compare response after docetaxel treatment 
with and without ritonavir. In screening experiments, the selected tumor showed a 
decreased tumor volume after treatment with docetaxel and was therefore considered 
as docetaxel-sensitive. After implantation, tumor size was measured in	situ in the living 
animal by caliper (volume = 0.5 x length x width2).(25,26) One observer measured all 
tumors to reduce variation in tumor measurement.(25) 

Tumor treatment and sample collection

Tumor treatment was started (day 1) when tumors reached a volume of ~200 mm3. 
Mice were divided randomly over 4 groups. Group I was not treated and used as control 
for tumor growth. Group II was treated with 12.5 mg/kg oral ritonavir, group III was 
treated with 20 mg/kg intravenous (i.v.) docetaxel, and group IV was treated with both 
20 mg/kg  i.v. docetaxel and 12.5 mg/kg oral ritonavir (Supplemental figure 1). Docetaxel 
was administered once a week, while ritonavir was administered for 5 subsequent days 
per week. Mice were treated for 3 subsequent weeks or until tumors reached a volume 
of ~1500 mm3. After three weeks, treatment was stopped and mice were monitored 
until a tumor volume of ~1500 mm3 was reached. Tumor volumes were measured daily 
in all groups. At a tumor volume of ~1500 mm3, mice were sacrificed and blood was 
taken by cardiac puncture and tumors collected. Blood samples were centrifuged at 
ambient temperature at 8,000 g	for 5 minutes and subsequently plasma was collected. 
After tumor isolation, the tumor was cut over its length axis. One half was used for 
histological analysis and the other half was used for analysis of drug concentrations 
and RNA expression. Additional mice were used for tumor and plasma sampling on day 
2 and 9. In groups III and IV, samples were also collected on day 16. All samples were 
taken approximately 24 hours after drug administration on the day before.

Histological analysis

Tumor samples for histological analysis were fixed in EAF fixative (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 (HE) 
according to standard procedures. The sections were reviewed with a Zeiss Axioskop2 
Plus microscope (Carl Zeiss Microscopy, Jena, Germany) 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).
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RNA expression levels

After isolation, tumor samples were stored in RNAlater® (Qiagen, Venlo, The 
Netherlands) until RNA was extracted using the RNeasy mini kit (Qiagen) according 
to the manufacturer’s 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, Foster City, CA, USA) and superscript II reverse 
transcriptase (Invitrogen, Carlsbad, CA, USA), 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. 

Real-time (RT)-PCR was performed on an Applied Biosystems 7500 real-time 
cycler system according to the manufacturers protocol. Specific primers (Qiagen) for 
the individual mouse genes Cyp3a11, Cyp3a13, Cyp3a16, Mdr1a, Mdr1b and Bcrp were 
used. Briefly, in a MicroAmp Fast Optical 96-well reaction plate (Applied Biosystems), 
10 μl reaction mixtures containing 2.5 μl cDNA (0.1 ng/μl), 5 μl SyBr Green PCR master 
mix, 1 μl sample primer mix (QuantiTect Primer Assays, Qiagen) and 1.5 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 previously.(27) Quantitation 
of the target cDNAs in all samples was normalized to GAPDH cDNA (Cttarget−CtGAPDH=ΔCt). 
Statistics were performed on ΔCt values.(28)

Drug concentrations

Previously developed liquid chromatography assays coupled with tandem mass 
spectrometry detection (LC-MS/MS) were used to quantify docetaxel, ritonavir and 
docetaxel metabolites M1/M3, M2 and M4 in plasma and tumor homogenates.(29,30)  
Labeled structure analogues of docetaxel and ritonavir were used as internal standards. 
Tumor samples were homogenized in 4% of bovine serum albumin phosphate in 
buffered saline - pH 7.4 (w/v). A 200 µL sample of plasma or homogenized tumor was 
used for quantification of the analytes. For quantification of docetaxel, homogenized 
tumor samples were 20-fold diluted with human plasma as the concentrations in the 
undiluted samples were outside the calibration range. Ritonavir and metabolites of 
docetaxel were quantified in undiluted homogenized tumor samples. 25 µL of internal 
standard working solution was added to the samples. Subsequently, the samples were 
mixed briefly, tertiary-butyl methyl ether was added and the samples were shaken 
for 10 minutes at 1250 rpm. They were centrifuged at 23,000 g, snap-frozen and the 
organic layer was collected. After evaporation of the organic layer, the samples were 
reconstituted with reconstitution solvent and an aliquot was injected into the LC-
MS/MS system. Calibration standards in human plasma were used for quantification. 
Concentrations in homogenized tumor samples were back-calculated to concentrations 
in tumor tissue. Limits of quantification for docetaxel and its metabolites in plasma and 
tumor tissue were 0.5 ng/mL and 0.5 ng/g, respectively, and 2 ng/mL and 2 ng/g for 
ritonavir.
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Statistical analysis

The Mann-Whitney U test was used when differences in drug levels between two 
groups were compared. Differences were considered statistically significant when P < 
0.05. For RNA expression levels, one-way ANOVA with Dunnet’s correction was used 
to accommodate multiple testing and to compare expression levels to the control 
group. Differences were considered statistically significant when P < 0.05. All data are 
presented as mean ± SD. Survival curves were compared using a Log-rank (Mantel-Cox) 
test. As a correction for multiple comparisons, differences between survival curves 
were considered statistically significant when P < 0.00833. To compare the period to 
development of a critical tumor volume (1500 mm3), one-way ANOVA was used and the 
Bonferroni post-hoc correction was used to accommodate multiple testing. Differences 
were considered statistically significant when P < 0.05.

Results
Maximum tolerable dose of docetaxel and ritonavir

Initially, tolerability of i.v. docetaxel in female	Cyp3a-/- mice was assessed. At all tested 
doses, no other signs of little to moderate discomfort were observed than a decrease in 
bodyweight. Weekly administration of doses up to 25 mg/kg i.v. docetaxel were well 
tolerated for 3 weeks (n = 3 per dose level; data not shown). Administration of 30 or 
35 mg/kg i.v. docetaxel resulted in a drop in bodyweight near to 80% of the initial 
bodyweight for all mice after the third administration of docetaxel (n = 2 per dose level). 
As a result, 25 mg/kg was considered to be the maximum tolerable dose of docetaxel. 

Oral administration of 12.5 mg/kg ritonavir (daily, 5 times per week) was also 
tolerated for 3 weeks (n = 3). However, the combination of 25 mg/kg i.v. docetaxel and 
12.5 mg/kg ritonavir resulted in an unacceptable decrease in bodyweight (<80 % of 
the initial bodyweight) during the third week of treatment (n = 4), despite additional 
support of the mice with crushed and moistened food during treatment. A dose of 15 (n 
= 4) or 20 mg/kg (n = 5) i.v. docetaxel co-administered with 12.5 mg/kg oral ritonavir 
was tolerated when using additional support with crushed and moistened food during 
treatment. Therefore, 20 mg/kg i.v. docetaxel and 12.5 mg/kg oral ritonavir was selected 
as the maximum tolerable dose combination of docetaxel and ritonavir and used for 
tumor treatment (Supplemental figure 1).

Effects of drug treatment on tumor growth

At a tumor volume of ~200 mm3, the drug treatments were started (Supplemental 
figure 1). Treatment was given for 3 subsequent weeks. Since tumors of mice receiving 
single ritonavir treatment reached a volume of ~1500 mm3 within 3 weeks, mice were 
sacrificed before the end of the initially planned period of treatment. The median time 
to reach a tumor volume of ~1500 mm3 was 10 days in the control group and 14 days 
in the ritonavir-treated group (Figure 1). Mean times to reach 1500 mm3 were 10.8 (SD: 
2.2) days and 12.4 (SD: 3.1) days, respectively (Supplemental figure 2). Although the 
tumors in the ritonavir-treated group tended to grow slightly more slowly, there was no 
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statistically significant difference between the survival curves of the ritonavir-treated 
group and the untreated group. 

As expected, docetaxel treatment resulted in a reduction of tumor volume. After 
three weeks of treatment the tumor volume was reduced to ~70% of the tumor volume 
at the start of the treatment (Figure 2). However, after co-treatment with ritonavir the 
tumor volume was further reduced to ~30% of the initial tumor volume (P < 0.01). In 
line with this stronger effect of the co-treatment, the median time to reach a tumor 
volume of ~1500 mm3 was 54 days (mean ± SD: 53.6 ± 1.5) in the docetaxel group 
and 66 days (mean ± SD: 65.6 ± 8.6) in the docetaxel and ritonavir group (Figure 1; 
Supplemental figure 1). Interestingly, a statistically significant difference (P = 0.0025) 
was observed between the survival curves of the docetaxel-treated group and the 
docetaxel and ritonavir co-treated group (Figure 1). Thus, oral co-administration of 
ritonavir increased the efficacy of docetaxel treatment in our model.

Histological analysis

Tumor tissue derived from the control group on day 2 was considered representative 
for initial tumor tissue. Histological analysis of these samples showed a solid and 
moderately differentiated adenocarcinoma with thin fibro-vascular stroma (Figure 
3). The tumor cells were round and moderate in size with very poor cell boundaries. 
Mitotic cells were abundantly present and apoptotic cells were readily seen. Necrosis 

Figure 1. Effect of docetaxel/ritonavir co-administration on survival of Cyp3a-/-	mice (n = 5 per group) with 
orthotopically implanted syngeneic mouse mammary tumors. Mice were treated for 3 weeks with 20 mg/
kg i.v. docetaxel and/or 12.5 mg/kg oral ritonavir. Docetaxel was administered once a week, while ritonavir 
was administered for 5 subsequent days per week. Untreated mice were used as a control group. Treatment 
was started at a tumor volume of 200 mm3 and mice were sacrificed when a tumor volume of ~1500 mm3 
was reached. Note that differences between survival curves were considered statistically significant when P < 
0.00833, in view of the multiple (4) groups compared. 
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Figure 2. Tumor volumes after docetaxel/ritonavir co-administration to Cyp3a-/- mice (n = 5 per group) with 
orthotopically implanted syngeneic mouse mammary tumors. Tumor volumes are presented as percentage 
of the tumor volume at start of treatment. Mice were treated for 3 weeks with 20 mg/kg i.v. docetaxel and/
or 12.5 mg/kg oral ritonavir. Docetaxel was administered once a week, while ritonavir was administered for 
5 subsequent days per week. Untreated mice were used as a control group. Treatment was started at a tumor 
volume of 200 mm3 and mice were sacrificed when a tumor volume of ~1500 mm3 was reached. Panel A 
shows the mean tumor volumes with standard deviations per treatment group over the first 7 weeks. Beyond 
this period, differential loss of individual mice between groups would result in biased means; these were 
therefore not plotted. Panel B shows the curves of individual mice over the full monitoring period. Curves of 
different colors represent different treatment groups.
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was locally observed in the tumor tissue. On day 9, necrosis in tumor tissue of the 
control group was more extensive and the tumor stroma showed an increased amount 
of collagen. At a tumor volume of ~1500 mm3, necrosis of tumor tissue of the control 
group was even more readily observed than in tumor tissue collected on day 9. Tumor 
tissue collected from ritonavir-treated mice was similar to tissue from the control 
group for days 2 and 9, and at a tumor volume of ~1500 mm3. On day 2, tumor tissue 
in docetaxel-treated mice showed more apoptosis than tumor tissue in untreated mice. 
On day 9, tumor cells of docetaxel-treated mice showed a great deal of pleomorphism 
(variability in the size and shape of cells) and tumor stroma was expanded with fibrotic 
changes. In these samples, mitotic cells were readily seen, although not as frequently 
as in untreated tumor tissue. Apoptotic cells were abundantly present and no necrosis 
was observed in tumor tissue of docetaxel-treated mice on day 9. On day 16, the number 
of mitotic cells was further reduced and atrophic cells were observed. Tumor tissue of 
ritonavir and docetaxel co-treated mice was very similar to tumor tissue of docetaxel-
treated mice. There was no obvious difference in the histopathology of all the tumors 
once they reached a size of ~1500 mm3 (i.e., when fully grown out, and at least 4 weeks 
after termination of drug treatment when applied).

RNA expression levels

The observed difference in tumor growth between the docetaxel-treated group and  
the docetaxel and ritonavir co-treated group might be related to an altered expression 
profile of metabolizing or drug-transporting enzymes (e.g. Cyp3a or P-gp) between 
the groups. We therefore measured RNA expression levels in all tumor tissue samples 
derived on day 2, 9 and 16. Tissue samples derived from the control group on day 2 
were considered as initial expression levels in tumor tissue. Although a primer set was 
used for Cyp3a13, expression levels of this gene were too low for reliable quantification. 
Expression levels of all other tested genes were unchanged over time in the control 
group (Figure 4). Single treatment with orally administered ritonavir or intravenously 
administered docetaxel expression levels of the genes encoding for Cyp3a11, Cyp3a16 
or Bcrp. However, repeated single administration of docetaxel resulted in increased 
expression levels of genes encoding for Mdr1a and 1b on day 9 and 16 (figure 4, panel 
C and D). This increase in gene expression during the drug administration period was 
transient, since expression of Mdr1a and 1b in tumors at a volume of ~1500 mm3 
was again similar to initial expression levels. After administration of docetaxel with 
and without ritonavir, expression levels of the genes encoding for Cyp3a11, Cyp3a16 
or Bcrp were not statistically different.  Expression levels of Mdr1a and 1b on day 2 
were significantly higher after co-administration of docetaxel and ritonavir, however, 
expression levels were again similar on day 9 and 16 and in tumors at a volume of 
~1500 mm3. 

Since expression levels of the tested genes on day 9 and 16 were not different 
between docetaxel treatment with and without ritonavir, these results suggest that 
the increased efficacy of docetaxel when co-administered with ritonavir can not be 
explained by a difference in expression levels of Cyp3a,	Mdr1	or Bcrp as a result of 
ritonavir co-administration.  
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2.5 Figure 4. RNA expression levels in tumor tissue (n = 5 per group). Panels reflect expression of Cyp3a11 (panel 
A), Cyp3a16 (panel B), Mdr1a (panel C), Mdr1b (panel D) and Bcrp (panel E). Expression of Cyp3a13	was too 
low to detect. Cyp3a-/- mice were implanted with syngeneic mouse mammary tumors and treated for 3 weeks 
with 20 mg/kg i.v. docetaxel and/or 12.5 mg/kg oral ritonavir. Docetaxel was administered once a week, while 
ritonavir was administered for 5 subsequent days per week. Untreated mice were used as a control group. 
Samples were collected on day 2, day 9 and after outgrowth (tumor volume ~1500 mm3). Samples were also 
collected on day 16 for the docetaxel and docetaxel + ritonavir treated group. Data reflect 1 divided by the 
number of RT-PCR cycles. Data are presented as mean ± S.D. Cycles are normalized for GAPDH expression. Data 
are not statistically different from samples taken on day 2 in the control group, unless otherwise specified (*P 
< 0.05, **P < 0.01 and ***P < 0.001).  Other symbols reflect a statistical difference between day 2 and another 
day in that group (##	P < 0.01) or a difference between docetaxel treatment with or without ritonavir (^ P < 
0.05). Abbreviations: DOC: docetaxel; RTV: ritonavir.
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Figure 5. Drug concentrations in plasma and tumor tissue (n = 5 per group) on days 2, 9 and 16. Samples 
were taken approximately 24 hr after the last administration of ritonavir and docetaxel. Panels reflect plasma 
(panel A), and tumor (panel B) concentrations of docetaxel, tumor concentrations of docetaxel metabolite M2 
(panel C), and tumor concentrations of ritonavir (panel D). Ritonavir and metabolite M2 were not detected 
in plasma (limit of detection was 2 ng/mL and 0.5 ng/mL, respectively). Cyp3a-/- mice were implanted with 
syngeneic mouse mammary tumors and treated for 3 weeks with 20 mg/kg i.v. docetaxel and/or 12.5 mg/kg 
oral ritonavir. Docetaxel was administered once a week, while ritonavir was administered for 5 subsequent 
days per week. Untreated mice were used as a control group. Samples were collected on days 2 and 9. 
Samples were also collected on day 16 for the docetaxel and docetaxel + ritonavir treated group. Data are 
presented as individual data points and lines represent the mean.  Statistical significance was tested using 
the Mann-Whitney U test. The limit of detection (0.5 ng/g) was used for statistical calculations when tumor 
concentrations of M2 were below the limit of detection. Differences between single drug treatment and co-
treatment of docetaxel and ritonavir are not statistically different, unless otherwise specified (**P < 0.01) 
Abbreviations: DOC: docetaxel; NS: not significant; RTV: ritonavir.
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Drug concentrations in plasma and tumors

On day 2, 9 and 16, plasma concentrations of ritonavir were below the limit of 
detection. These samples were taken approximately 24 hours after oral administration 
of 12.5 mg/kg ritonavir on the day before. Docetaxel metabolites could also not be 
detected in plasma in samples taken on day 2, 9 and 16 (approximately 24 hours after 
i.v. administration of 20 mg/kg docetaxel). In contrast, docetaxel plasma concentrations 
were detectable throughout, but not significantly different after administration of i.v. 
docetaxel with or without oral ritonavir (P > 0.05, figure 5, panel A). 

In tumor tissue on day2, 24 hr after the first drug administration, both ritonavir and 
docetaxel concentrations were comparable between single and co-administration of the 
drugs (P > 0.05; figure 5, panel B and D). However, on day 9, concentrations of ritonavir 
and docetaxel in tumor tissue were higher when docetaxel was co-administered with 
ritonavir than after single drug administration (P	< 0.001). On day 16, although not 
statistically significant (P	 = 0.15),  tumor concentrations of docetaxel also tended 
to be increased in the co-treated group. Interestingly, tumor concentrations of the 
major docetaxel metabolite M2 after docetaxel and ritonavir co-administration were 
significantly lower than after single docetaxel administration at all sampled time points 
(P < 0.05 to P < 0.01; figure 5, panel C), suggesting substantially decreased metabolism 
of docetaxel.

Discussion
Our data in Cyp3a-/- mice with an orthotopically transplanted mouse mammary 

tumor model showed an additional inhibiting effect on tumor growth when oral 
ritonavir was co-administered with i.v. docetaxel. No effect of ritonavir administration 
alone was observed and histological analysis of tumors showed no qualitative difference 
between docetaxel treatment with and without ritonavir. Therefore, it is likely that in 
our experiments the antitumor efficacy of docetaxel was enhanced by ritonavir after co-
administration, instead of reflecting a direct antitumor effect of ritonavir itself.

Previously, effects of ritonavir treatment were assessed in multiple mouse 
models.(12,17,13,14) However, most of these mouse models used human xenografts in 
immunocompromised mice and the predictive value of such models for the clinical 
setting is often questioned.(31,32) The use of genetically engineered mouse models 
(GEMMs) developing certain well-defined tumors might be better to predict clinical 
efficacy of anticancer drugs, since GEMM-derived tumors evolve in immune-proficient 
physiological conditions and use representative tumor-stromal interactions.(33,32) An 
example of a GEMM for breast cancer is the BRCA1- and p53-deficient mouse model we 
used here. Mammary tumors in this model exhibit dramatic genomic instability, and 
their molecular signatures resemble those of human BRCA1-mutated breast cancers.
(24) Rottenberg et al. observed that spontaneous tumors of this GEMM showed a similar 
response to docetaxel when different parts of the same tumor were orthotopically 
transplanted into syngeneic wild-type mice (FVB genetic background).(34) In our 
experiment we used these spontaneous K14cre;Brca1-/-;p53-/- mouse mammary 
tumors implanted in a syngeneic Cyp3a-/- strain. We could study a spontaneously 
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arising mammary tumor from a GEM model that resembles BRCA1-mutated human 
breast cancer and that maintains its characteristics when implanted in the mammary 
fat pad of syngeneic mice. In addition, absence of Cyp3a in the host strain avoids a 
strong increase in docetaxel plasma concentrations as a result of inhibition of systemic 
Cyp3a metabolism by ritonavir. In this combined GEM model, we observed no direct 
antitumor effect of ritonavir itself, but found enhanced antitumor effects of docetaxel 
treatment when combined with oral ritonavir. Our results are in line with the results of 
Ikezoe et al(17) and suggest that the observed increased efficacy of docetaxel after co-
administration with oral ritonavir in their xenograft model for prostate cancer was not 
only due to a difference in plasma exposure to docetaxel.

We aimed to understand the observed additional inhibiting effect on tumor 
growth when oral ritonavir was co-administered with i.v. docetaxel and studied drug 
concentrations in plasma and tumor tissue as well as mRNA expression in tumor 
tissue. After i.v. administration of docetaxel in Cyp3a-/- mice, plasma concentrations 
(approximately 24 hours after drug administration) were not significantly different 
with and without oral co-administration of ritonavir (Figure 5, panel A), albeit that 
there was a trend towards slightly higher plasma levels in the ritonavir co-treated mice. 
Plasma concentrations of ritonavir and docetaxel metabolites were below the limit of 
detection in all measured samples. 

In tumor tissue, docetaxel concentrations on day 9 were significantly higher (mean 
about 2.0-fold increased) when docetaxel was co-administered with ritonavir than 
after single drug administration (Figure 5B). Also on day 16 there was a 2.0-fold higher 
mean tumor docetaxel concentration in the co-treated group, although this was not 
statistically significant. Also for ritonavir on day 9 there were markedly and significantly 
higher tumor concentrations (Figure 5D). 

Ritonavir concentrations in tumor tissue on day 9 were significantly higher 
when ritonavir and docetaxel were co-administered than after single ritonavir 
concentration. However, for ritonavir one should be cautious with interpretation of 
tumor concentrations on day 9 since this comparison might be biased by the difference 
in tumor volume in the ritonavir-treated group and docetaxel and ritonavir co-treated 
group (~770 mm3 versus ~170 mm3, respectively). Moreover, histology of tumors was 
different between tumors treated with and without docetaxel. This concern is less of a 
problem for docetaxel and docetaxel metabolite M2 concentrations, since histology of 
docetaxel-treated tumors was comparable between groups treated with and without 
ritonavir. Tumor sizes on day 9 were also more similar between the docetaxel-treated 
and co-treated groups. 

The amount of the primary docetaxel metabolite M2 in tumor tissue was clearly much 
lower when docetaxel was co-administered with ritonavir on all days of measurement 
(Figure 5, panel C). Docetaxel is metabolized via Cyp3a into metabolite M2 and this 
metabolite is further metabolized into other metabolites.(35,36,37) Metabolite M2 exhibits 
some cytotoxicity, however its cytotoxic effects are much lower than the cytotoxic effects 
of docetaxel. The other metabolites show no relevant cytotoxic activity.(38) A decrease 
in docetaxel tumor concentrations can be caused by both docetaxel metabolism and 
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docetaxel efflux from the tumor tissue by drug transporters like P-gp. Given this, M2 
tumor concentrations are a good parameter for assessment of altered docetaxel 
metabolism, since M2 formation is a direct functional result of docetaxel metabolism. 
Lower M2 tumor concentrations in docetaxel and ritonavir co-treated mice suggest that 
docetaxel metabolism in the tumor was lower when docetaxel was co-administered with 
ritonavir than after single docetaxel administration. Decreased metabolism of docetaxel 
in the tumor could also explain the observed higher parent docetaxel concentrations in 
the tumor when docetaxel is co-administered with ritonavir (Figure 5, panel B). 

Docetaxel metabolism might be altered due to Cyp3a inhibition in the tumor by 
ritonavir or by altered Cyp3a expression in tumor tissue. Ritonavir could be detected 
and quantified in tumor tissue, indicating that Cyp3a inhibition in tumors by ritonavir 
is a possibility. As we did not observe a change in Cyp3a11, -3a13 or -3a16 expression 
in tumors, altered docetaxel metabolism seems not to be caused by a shift in Cyp3a 
expression. Mdr1a and 1b	expression in tumors was increased after repeated single 
docetaxel treatment (Figure 4C and D), but co-administration of docetaxel and ritonavir 
resulted in similar changes in expression levels on day 9 and 16. It cannot be excluded 
that the increased expression of Mdr1a and Mdr1b after docetaxel (co)treatment 
is related to selection of tumor cells with comparatively higher Mdr1a and Mdr1b 
expression. Intracellular exposure of cells to docetaxel will be reduced when intrinsic 
expression of Mdr1a and Mdr1b is higher. This can result in a survival benefit for such 
cells and thus in a relatively high abundance of tumor cells with a high expression of 
Mdr1. Moreover, theoretically the observed increase in expression of Mdr1a and 1b in 
docetaxel treated tumors could also be related to the relative increase in tumor stroma 
in these tumors, as they are responding to the docetaxel therapy, in case stroma has 
higher	Mdr1a and 1b expression than the initial tumor cells. Expression of Mdr1 genes 
in stroma will become more important if the number of tumor cells decreases and the 
stroma is relatively expanded. Nonetheless, based on similar expression levels of Mdr1 
in docetaxel-treated mice with and without ritonavir co-treatment, it is not likely that 
Mdr1a and 1b activity are a factor in the increased antitumor efficacy as observed after 
co-administration of docetaxel and ritonavir. 

During the first week of treatment, tumor volumes were comparable in mice treated 
with docetaxel and in mice treated with both docetaxel and ritonavir. During the second 
week of treatment, we started to observe differences in tumor volume between these 
groups. An increased antitumor efficacy of docetaxel and ritonavir co-treatment was 
clearly visible during the third and last week of treatment. This is in line with the 
observed differences in tumor concentrations of docetaxel and M2 over time (Figure 
5). On day 2, tumor concentrations of M2 were low in docetaxel-treated mice and not 
detectable in docetaxel and ritonavir co-treated mice. While M2 was still undetectable on 
day 9 and 16 in tumor tissue of co-treated mice, tumor concentrations of M2 increased 
over time after single docetaxel administration. In line with these observations, parent 
docetaxel concentrations were about 2-fold increased in the tumors. This suggests 
decreased docetaxel metabolism in tumors upon co-administration with ritonavir. 
Since detectable concentrations of ritonavir were still observed in tumor tissue 24 
hr after administration, it is likely that ritonavir can extensively inhibit intratumoral 
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Cyp3a. Given the absence of antitumor efficacy of single ritonavir treatment in our 
model, Cyp3a inhibition in the tumor by ritonavir may be primarily responsible for 
the observed increase in docetaxel efficacy when docetaxel is co-administered with 
ritonavir. 

Conclusions
We showed that antitumor efficacy of intravenously administered docetaxel in a GEM 

model for BRCA1-mutated breast cancer is substantially increased by co-administration 
of orally administered ritonavir. Since we used mice lacking Cyp3a, this increase in 
efficacy is unlikely to be caused by altered systemic clearance of docetaxel. Although 
we screened for an underlying mechanism for the increased efficacy of docetaxel 
when coadministered with ritonavir, this is not yet fully explained. We could exclude a 
differential shift in gene expression of Cyp3a and P-gp as a result of coadministration 
with ritonavir. Our data indicate that Cyp3a inhibition in tumor tissue by ritonavir may 
cause decreased docetaxel metabolism in the tumor and this may have contributed 
to the observed increased antitumor efficacy of docetaxel when coadministered with 
ritonavir. 

Since ritonavir is currently used in clinical phase I trials to increase the plasma 
exposure of orally applied docetaxel in patients(39), these results reveal an additional 
advantage of co-administration of docetaxel and ritonavir. Although we administered 
docetaxel intravenously in this experiment, the increased antitumor efficacy might also 
be observed after oral administration. We therefore believe that it will be worthwhile 
to test in patients whether oral co-administration of docetaxel and ritonavir will result 
in a higher anti-tumor efficacy than that of the currently used i.v. schedules of docetaxel 
without co-administration of ritonavir.
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Supplemental figure 1. Treatment schedules used in this experiment. Cyp3a-/- mice implanted with syngeneic 
mouse mammary tumors were treated for 3 weeks with 20 mg/kg i.v. docetaxel and/or 12.5 mg/kg oral 
ritonavir. Docetaxel was administered once a week, while ritonavir was administered for 5 subsequent days 
per week. Untreated mice were used as a control group. Treatment was started at a tumor volume of 200 mm3 
and mice were sacrificed when a tumor volume of ~1500 mm3 was reached. Abbreviations: DOC: docetaxel; 
RTV: ritonavir.

Treatment schedules 

Arm 1 
(n=5) 

Arm 2 
(n=5) 

Arm 3 
(n=5) 

Arm 4 
(n=5) 

Docetaxel (20 mg/kg): 
  Day 1,8,15 

Ritonavir (12.5 mg/kg): 
  Day 1-5,8-12,15-19 

Docetaxel (20 mg/kg): 
  Day 1,8,15 
Ritonavir (12.5 mg/kg): 
 Day 1-5,8-12,15-19     

No treatment 

1 8 15 22 DOC 

RTV 

1 8 15 22 DOC 

RTV 

1 8 15 22 DOC 

RTV 

1 8 15 22 DOC 

RTV 
Day 9/16 and at end of outgrowth (1500mm3):  
*Plasma Sampling: 
- DOC/RTV/DOC metab levels 

*Tumor isolation: 
  - RNA expression 
  - DOC/RTV/DOC metab levels 
  - Histology 
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Supplemental figure 2. Effect of ritonavir/docetaxel co-treatment on period to development of a critical 
tumor volume. Days passed until a tumor volume of ~1500 mm3 was reached (n = 5 per group). Cyp3a-/- mice 
were implanted with mouse mammary tumors and treated for 3 weeks with 20 mg/kg i.v. docetaxel and/
or 12.5 mg/kg oral ritonavir. Docetaxel was administered once a week, while ritonavir was administered 
for 5 subsequent days per week. Untreated mice were used as a control group. Treatment was started at 
a tumor volume of 200 mm3 and mice were sacrificed when a tumor volume of ~1500 mm3 was reached.  
Differences between groups were statistically significantly different (P < 0.001), unless stated otherwise 
(NS: not significant, P > 0.05 or **: P < 0.01). Levels of significance as calculated with ANOVA. Logarithmic 
transformation was used to correct for different variances between groups and the Bonferroni post-hoc 
correction was used to accommodate multiple testing.
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Abstract 
Oral administration of docetaxel in combination with CYP3A4 and P-glycoprotein 

boosters is used in clinical trials to improve oral bioavailability of docetaxel. The 
most common and dose-limiting toxicity of oral docetaxel was diarrhea. This study 
combined preclinical and clinical data and focused on incidence, severity and cause 
of oral docetaxel induced diarrhea. We examined intestinal toxicity in mice lacking 
Cyp3a and mice lacking both Cyp3a and P-glycoprotein after oral and intraperitoneal 
administration of docetaxel. Data were compared with results from clinical studies 
conducted in humans who received docetaxel orally. Intestinal toxicity in mice was 
similar after oral and intraperitoneal administration of docetaxel and included severe 
degeneration of large and small intestinal mucosa. This indicated that intestinal toxicity 
by docetaxel was caused by systemic exposure to docetaxel rather than by a direct local 
effect of docetaxel. In human, severity and onset of diarrhea was used as parameter for 
intestinal toxicity. Plasma exposure to docetaxel was higher in patients that suffered 
from diarrhea than in patients without diarrhea. Higher plasma exposure tended to be 
associated with increased severity of diarrhea. The administered dose and maximal 
observed plasma concentrations were not higher in patients with diarrhea than in 
patients without diarrhea. Our data indicate that the onset of severe diarrhea after oral 
co-administration of docetaxel in humans is probably caused by the level of docetaxel 
in the systemic blood circulation. Severe diarrhea after oral docetaxel is reversible and 
is not related to the route of administration of docetaxel. 
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Introduction
Docetaxel (Taxotere®) is a semi-synthetic derivative of a paclitaxel analogue 

originally obtained from the Taxus	baccata and currently used as an anticancer agent 
in several types of cancer, such as non-small cell lung cancer (NSCLC), breast, gastric, 
prostate and head and neck cancer.1 Docetaxel undergoes complex detoxification, 
involving both ABC drug transporters and drug-metabolizing enzymes, which results in 
low bioavailability after oral administration.2 In vivo, both P-glycoprotein (P-gp/ABCB1/
MDR1) and Cytochrome P450 (CYP) 3A are involved in the pharmacokinetics (PK) of 
docetaxel by decreasing exposure to docetaxel.3;4 Due to the poor water solubility of 
docetaxel and its handling by P-gp and CYP3A, the oral bioavailability of docetaxel is 
limited and several studies have explored the usefulness of enhancers in combination 
with oral formulations to increase the bioavailability.5 One of the applied boosting 
agents is the CYP3A inhibitor ritonavir (Norvir®). Low doses of ritonavir are widely 
used as a booster to increase the bioavailability of protease inhibitors in HIV therapy.6 
Similarly, a low dose of ritonavir was shown to enhance the systemic exposure to oral 
docetaxel resulting in an apparent bioavailability of approximately 60%.7

These results encouraged us to perform a phase I dose escalation study to determine 
the feasibility of this concept with oral docetaxel in combination with ritonavir.8 This 
study started with docetaxel as a drinking solution and during the study denoted 
ModraDoc001 10 mg capsules, containing docetaxel as a solid dispersion without the 
use of polysorbate 80, were introduced.9 Oral docetaxel in combination with either 100 
mg or 200 mg ritonavir, however, resulted in a modified toxicity profile of docetaxel 
compared to its intravenous administration. The most common and dose-limiting 
toxicity of oral docetaxel was diarrhea, while the most common treatment-related 
adverse events after intravenous administration of docetaxel were alopecia, anemia, 
leucocytopenia and neutropenia.8;10 This increase of intestinal toxicity after oral 
administration of docetaxel was also seen in another dose escalation study with oral 
docetaxel and ritonavir and in several proof of principle studies with oral docetaxel 
boosted by one of each of the CYP3A inhibitors ritonavir, ketoconazole, grapefruit juice 
and clarithromycin.11  

Similarly, severe intestinal toxicity in mice was observed after oral administration 
of 10 mg/kg docetaxel in mice lacking murine P-gp (Mdr1a/b P-gp) and Cyp3a.12 
Pathological examination of these mice revealed degeneration and necrosis of the 
intestinal mucosa three days after docetaxel administration.  

Damage to the intestinal mucosa can lead to an imbalance between absorption 
and secretion of fluids leading to diarrhea. This damage could be an effect of mitotic 
arrest of intestinal crypt cells caused by exposure to chemotherapeutic agents in the 
systemic circulation as observed after administration of 5-fluorouracil13, or it can be 
a direct local effect of intestinal luminal drug on the intestinal or colonic epithelium 
as it is believed to be the case after irinotecan administration.14;15 In the case of the 
applied oral docetaxel formulation, both clinical and preclinical data suggest intestinal 
toxicity by oral docetaxel as major etiology. Therefore it is important to understand the 
mechanism behind the development of this toxicity and possible measures to prevent it.
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In this study, we examined mice lacking Cyp3a and mice lacking both Cyp3a and 
Mdr1a/b P-gp, in order to mimic the clinical conditions wherein Cyp3a and possibly 
P-gp are inhibited. Clinical data of two phase I trials with oral docetaxel were selected to 
investigate the severity and the duration of intestinal toxicity after oral administration 
of the drug. Our study aimed to elucidate 1) whether the intestinal toxicity caused by 
docetaxel is a direct local effect or related to the docetaxel concentration in the systemic 
circulation, and 2) whether the intestinal toxicity is related to the amount of docetaxel 
present in the lumen of the gastrointestinal tract. The data obtained from the mouse 
experiments were compared to the data derived from clinical studies with orally 
administered docetaxel. 

Materials and Methods
Drugs and chemicals 

Docetaxel and ritonavir for mice studies were purchased from Sequoia Research 
Products (Oxford, UK). Drug-free lithium-heparinized human plasma was obtained 
from Bioreclamation LLC (New York, NY, USA). All other chemicals were of analytical 
grade and obtained from commercial sources. 

In patient studies, docetaxel was administered to patients as drinking solution (i.v. 
formulation, Taxotere®, Rhone-Poulenc Rorer/Aventis) or capsules (ModraDoc001 
10 mg capsules, Department of Pharmacy & Pharmacology, Slotervaart Hospital/The 
Netherlands Cancer Institute). CYP3A inhibitors employed were ritonavir (Norvir®; 
Abbott, Illinois, USA), ketoconazole (Nizoral®; Janssen-Cilag, Tilburg, The Netherlands), 
grapefruit juice (Coolbest® pink grapefruit juice: Royal Friesland Foods N.V. Meppel, 
The Netherlands) and clarithromycin (Klacid®; Abbott, Illinois, USA).

Animals

Mice were housed and handled according to institutional guidelines complying with 
Dutch legislation. Mice were kept in a temperature-controlled environment with a 12-
hr light / 12-hr dark cycle and received a standard diet (AM-II, Hope Farms, Woerden, 
The Netherlands) and acidified water ad	libitum. Strains used in this study were Cyp3a 
knockout (Cyp3a-/-)16 and combined Cyp3a and Mdr1a/b P-gp knockout mice (Cyp3a/
Mdr1a/b-/-)12. All strains had a >99% FVB genetic background. In all experiments, male 
mice of 8-14 weeks of age were used. For dose-finding experiments 4-5 mice per group 
were used and toxicity was determined in 6-9 mice per group.

Docetaxel plasma pharmacokinetics for mice studies

Prior to the experiments, stock solutions containing 1, 3, 6, 9 and 36 mg/mL docetaxel 
in ethanol:polysorbate 80 (1:1, v/v) were prepared and stored at -20o C. On the day of 
the experiments stock solutions were diluted with water to obtain solutions containing 
various concentrations of docetaxel in ethanol:polysorbate 80:water (1:1:10, v/v). 
Animals were fasted 2 hours before oral drug administration to minimize variation in 
absorption. Docetaxel was administered orally or intraperitoneally at various doses 
using a total volume of 10 µL per kg of body weight. Oral administration was performed 
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by gavage into the stomach using a blunt-ended needle. Intraperitoneal administration 
was performed by injection into the peritoneal cavity. Multiple blood samples (~50 µL) 
were collected from the tail vein at 15 and 30 minutes and 1, 2, 4, 8 and 24 hours after 
administration, using heparinized capillary tubes (Oxford Labware, St. Louis, MO, USA). 
Blood samples were centrifuged at ambient temperature at 8,000 g	for 5 minutes and 
subsequently plasma was collected. All samples were stored at -20oC until analysis.

Histological analysis for mice studies

Three days after oral or intraperitoneal administration of docetaxel to mice, total 
body necropsy was performed and tissues and organs were fixed in EAF fixative 
(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 (HE) according to standard procedures. The sections were reviewed with a Zeiss 
Axioskop2 Plus microscope (Carl Zeiss Microscopy, Jena, Germany) 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).

Clinical trials

The PK data in humans were obtained from two clinical studies which have been 
extensively described elsewhere.8;11;17 Briefly, the first study was a phase I study with 
weekly once daily oral docetaxel in combination with different CYP3A inhibitors. 
This study included 73 patients in several cohorts, including a dose escalation cohort 
with ritonavir and proof of principle cohorts with ritonavir, ketoconazole, grapefruit 
juice and clarithromycin. In the dose escalating cohort of the study docetaxel was 
administered as drinking solution in the first dose level (30 mg docetaxel, n=5) and 
as ModraDoc001 capsules (n=43) in the other dose levels. The once weekly doses of 
the other dose levels were 40, 60 and 80 mg docetaxel in combination with 100 mg 
or 200 mg ritonavir. Patients received the treatment until progressive disease or 
until unacceptable toxicity despite dose reduction. In additional cohorts, a total of 
25 patients received 30 mg docetaxel as ModraDoc001 capsules in combination with 
100 mg ritonavir or another CYP3A inhibitor in a cross-over design (ketoconazole, 
grapefruit juice and claritromycin). Patients continued in the subsequent weeks with 
30 mg or 40 mg docetaxel as drinking solution (n=6) or as ModraDoc001 capsules 
(n=17) in combination with 100 mg RTV until progressive disease or adverse events 
were observed, that required dose modifications or discontinuation of therapy. 

The second study was a dose escalation study with oral docetaxel (as ModraDoc001 
capsules) in combination with ritonavir with a comparable design as the dose escalation 
cohort in the first study. In this second study both docetaxel and ritonavir were given 
once a week in a bi-daily schedule. This study included 17 patients treated at three 
dose levels. The once weekly doses were 40, 60 and 80 mg docetaxel as ModraDoc001 
capsules and 200 mg ritonavir. The demographic and baseline characteristics of the 
patients and treatment schedules of the different studies and cohorts are described in 
Table 1.
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The first study was a phase I study with weekly once daily (QD) oral docetaxel in combination with different 
CYP3A inhibitors, including a dose escalation cohort with ritonavir and proof of principle cohorts with 
ritonavir, ketoconazole, grapefruit juice and clarithromycin. The second study was a dose escalation study 
with weekly bi-daily (BID) oral docetaxel in combination with ritonavir. (*= treatment in subsequent weeks 
after the cross-over phase).

QD dose 
escalation8

Proof of concept 
cohorts11

BID dose 
escalation17 Total

Number of patients 48 25 17 90

Sex (male/female) 28/20 15/10 9/8 52/38

Median age (range) 59 (36-79) 61 (46-74) 66 (41-77) 60 (36-79)

Dosage form

Drinking solution 
(n=5) 

ModraDoc001 
(n=43)

Drinking solution 
(n=6) 

ModraDoc001 
(n=17)*

ModraDoc001 
(n=17)

Daily docetaxel dose 30, 40, 60, 80 mg 30, 40 mg 40, 60, 80 mg

Daily ritonavir dose 100, 200 mg 100 mg* 200 mg

Schedule QD QD BID

PK assessments Week 1 and 2 Week 1, 2 and 3 Week 1 and 3

N % N % N % N %

WHO status

0 21 44% 8 32% 8 47% 37 41%

1 22 46% 12 48% 8 47% 42 47%

2 5 10% 5 20% 1 6% 11 12%

Ethnic origin

Caucasian 44 92% 25 100% 16 94% 85 94%

Asian 2 4% 0 0% 0 0% 2 2%

African Descent 2 4% 0 0% 1 6% 3 3%

Tumor characteristics

NSCLC 22 46% 6 24% 11 65% 39 43%

UCC 4 8% 6 24% 3 18% 13 14%

Ovary 3 6% 3 12% 1 6% 7 8%

Primary unknown 3 6% 3 12% 0 0% 6 7%

Other 16 34% 7 28% 2 12% 25 28%

Stage of cancer

   Locally advanced 2 4% 0 0% 0 0% 2 2%

   Metastatic 46 96% 25 400% 17 100% 88 98%

Prior Treatment

   Chemotherapy 47 98% 25 100% 17 100% 89 99%

   Radiotherapy 33 69% 11 44% 9 53% 53 59%

   Surgery 26 54% 18 72% 7 41% 51 57%

Table 1. Patient demographics and study details of two clinical studies used for PK data in humans. 
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In all studies patients were fasted two hours before and one hour after oral drug 
administration to minimize variation in absorption. Optional pre-treatment consisted 
of 1 mg granisetron orally one hour prior to treatment. The adverse events were 
determined using the National Cancer Institute’s Common Terminology Criteria 
for AEs criteria (NCI-CTCAE v3.0). All clinical studies were approved by the Medical 
Ethics Committee of the Netherlands Cancer Institute and written informed consent 
was obtained from all patients prior to study entry.  The studies were registered under 
identifier NCT01173913 (NIH register) and under identifier ISRCTN32770468 (ISRCTN 
register).

The PK of docetaxel were monitored according to various schedules in the 
different cohorts and studies during the first 24 or 48 hours (Table 1). Blood samples 
were collected in heparinized tubes and centrifuged at 4oC at 1500 g	for 10 minutes. 
Subsequently, plasma was collected and stored at -20oC until the time of analysis. 

Patients

The clinical studies had similar inclusion and exclusion criteria. Patients were 
eligible if they had a histological or cytological proof of cancer, if there were no standard 
treatment options available and if docetaxel treatment was considered appropriate. 
Other inclusion criteria were age ≥ 18 years, performance status of 0, 1 or 2 according 
to the WHO Performance Status (PS) scale,  life expectancy longer than 3 months, and 
adequate  bone marrow, hematological and biological functions (neutrophil count of ≥ 
1.5 * 109/L and platelets of ≥ 100 * 109/L; alanine transaminase (ALT) and aspartate 
transaminase (AST) ≤ 2.5 times institutional upper limit of normal (ULN), bilirubin of ≤ 
1.5 times of the ULN; serum creatinine ≤ 1.5 of the upper limit of the ULN or creatinine 
clearance ≥ 50 mL/min by Cockcroft-Gault formula). 

Patients with known alcoholism, drug addiction and/or psychotic disorders were 
considered not suitable for adequate follow up, and thus excluded. Patients were not 
allowed to concomitantly use P-gp and CYP3A modulating drugs, H2-receptor antagonists 
or proton pump inhibitors. Other exclusion criteria were uncontrolled infectious 
disease, bowel obstructions that might influence drug absorption, neurologic disease, 
pre-existing neuropathy higher than grade 1, symptomatic cerebral or leptomeningeal 
metastases, pregnancy, breastfeeding, refusal to use adequate contraception and 
previous anticancer therapy within 4 weeks prior to the first dose of oral docetaxel.

Drug analysis

Previously developed LC-MS/MS assays were used to quantify docetaxel in plasma 
samples of mice and humans.18;19 D9-labelled docetaxel was used as internal standard 
for docetaxel. Mouse plasma samples of 20 µL were diluted with 180 µL of drug-free 
human plasma prior to sample pre-treatment. Human plasma was used for dilution 
of the samples as the concentrations in the undiluted mouse plasma were outside the 
calibration range and also to mimic the calibration standards that were prepared in 
human plasma. Sample pre-treatment of human plasma and diluted mouse plasma was 
started by adding a small volume of internal standard working solution to the samples. 
Subsequently, the samples were mixed briefly, tertiary-butyl methyl ether was added 
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and the samples were shaken for 10 minutes at 1250 rpm. The samples were centrifuged 
at 23,000 g, snap-frozen and the organic layer was collected. After evaporation of the 
organic layer, the samples were reconstituted with 100 µl reconstitution solvent and an 
aliquot was injected into the LC-MS/MS system. 

Pharmacokinetic calculations and statistical analysis

Pharmacokinetic parameters in mice, including the area under plasma concentration-
time curves (AUCs), were calculated using the software package PK Solutions 2.0.2 
(SUMMIT, Research Services, Ashland, OH, USA). The individual pharmacokinetic 
parameters of the patients were analyzed using descriptive non-compartmental 
pharmacokinetic methods and validated R scripts (R version 2.13.1). The AUCs were 
estimated by the linear trapezoidal (absorption phase) and logarithmic trapezoidal rule 
(elimination phase). The areas under the plasma concentration-time curves to infinite 
time (AUCinf) were calculated by extrapolation. All PK data of the animal and human 
studies are presented as mean ± SD.

For statistical testing in animal experiments, one-way ANOVA was used when 
multiple groups were compared and the Bonferroni post-hoc correction was used 
to accommodate  multiple testing. The two-sided unpaired Student’s t test was used 
when treatments or differences between two groups were compared. Data that did 
not show normal distribution were log-transformed to normalize the distribution 
of the datasets for statistical comparison. During all statistical analyses in animal 
experiments, differences in group sizes were considered in the calculations. The Mann-
Whitney-Wilcoxon test is used for statistical testing in clinical studies. Differences were 
considered statistically significant when P < 0.05. 

Results
Dose finding of docetaxel in mice

In our experiments, the plasma AUC in Cyp3a/Mdr1a/b-/- mice was 27-fold higher 
than in Cyp3a-/- mice after an oral dose of 10 mg/kg docetaxel (Figure 1). Previously, 
severe toxicity (including intestinal toxicity) was observed three days after single oral 
administration of 10 mg/kg docetaxel to Cyp3a/Mdr1a/b-/- mice, but no toxicity was 
observed after administration of the same dose to Cyp3a-/- mice.12 This difference in 
toxicity might be caused by differences in docetaxel exposure in enterocytes and plasma 
between the two strains. To differentiate between the amount of docetaxel present in 
the intestine and the amount of docetaxel that is absorbed and reaches the systemic 
circulation within the different strains, various doses of orally administered docetaxel 
were given, plasma concentrations were measured, and AUCs were calculated. It was 
observed that an oral dose higher than 60 mg/kg docetaxel in Cyp3a-/- mice did not 
result in a further increase in AUC compared to a dose of 60 mg/kg (data not shown). 
This is most likely due to the limited water solubility of docetaxel. Because of the limited 
volume in the intestinal tract, docetaxel could precipitate and therefore not be absorbed 
efficiently from the intestinal lumen. 
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A dose of 10 mg/kg orally administered docetaxel in Cyp3a/Mdr1a/b-/- mice 
resulted in the highest AUC and the highest maximal plasma concentration (Cmax) used 
in these experiments (Figure 1). In Cyp3a-/- mice, the highest observed AUC was after 
administration of 60 mg/kg docetaxel. This AUC was comparable to the AUC after 
administration of 1.67 mg/kg in Cyp3a/Mdr1a/b-/- mice,  although the Cmax was lower 
in the latter group. Administration of 10 mg/kg in Cyp3a-/- mice resulted in a similar 
Cmax as observed after a dose of 1.67 mg/kg in Cyp3a/Mdr1a/b-/- mice . Although the 
observed Cmax was similar, administration of 10 mg/kg docetaxel in Cyp3a-/- mice resulted 
in the lowest AUC used in these experiments. The difference in shape of the plasma 
concentration-time curve between Cyp3a-/- and Cyp3a/Mdr1a/b-/- mice is caused by the  
Mdr1a/b P-gp effect on the elimination of docetaxel.4 

Various doses of intraperitoneally administered docetaxel were also tested in both 
strains. For each strain, we aimed for an AUC that was similar to the highest AUC as 
obtained after oral administration. This resulted in an intraperitoneal dose of 12 mg/
kg docetaxel used for Cyp3a/Mdr1a/b-/- mice and an intraperitoneal dose of 5 mg/kg 
docetaxel used for Cyp3a-/- mice (Figure 2). The difference in oral over intraperitoneal 
dose ratio between the strains illustrates the impact of intestinal Mdr1a/b P-gp in 
reducing oral bioavailability of docetaxel.

Figure 1. Plasma concentration-time curves obtained after oral administration of docetaxel to Cyp3a-/- and 
Cyp3a/Mdr1a/b-/- mice. Values represent the mean ± SD. Inset shows the area under the plasma concentration-
time curves extrapolated from zero to infinity (AUCinf). All AUCsinf differ mutually significantly (P <0.001) 
as calculated with ANOVA of the Log-transformed data with Bonferroni’s post-hoc test, unless otherwise 
specified (NS).
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Toxicity after oral and intraperitoneal administration of docetaxel 
in mice

For toxicity experiments, docetaxel was administered orally once at doses of 1.67 
and 10 mg/kg in Cyp3a/Mdr1a/b-/- mice and at doses of 10 and 60 mg/kg in Cyp3a-/- 
mice. Plasma AUCs were similar after administration of 1.67 mg/kg docetaxel to Cyp3a/
Mdr1a/b-/- mice and 60 mg/kg docetaxel to Cyp3a-/- mice (Figure 1). Intraperitoneally 
administered doses were 12 mg/kg in Cyp3a/Mdr1a/b-/- mice and 5 mg/kg in Cyp3a-/- 
mice. This resulted in similar plasma AUCs as an oral dose of 10 mg/kg in Cyp3a/
Mdr1a/b-/- mice and 60 mg/kg in Cyp3a-/- mice, respectively (Figure 1 and 2). The different 
dosages and administration routes were used to allow comparison of docetaxel toxicity 
between the strains at similar plasma levels. Pathological examination performed 
72 hours after oral administration of 10 mg/kg docetaxel to Cyp3a/Mdr1a/b-/- mice 
revealed a significant reduction of hematopoietic cells in spleen and bone marrow (see 
Table 2 and Figure 3), which did not occur after a low dose of docetaxel (1.67 mg/kg). 
The intestinal toxicity observed at 10 mg/kg was severe degeneration of the large and 
small intestinal mucosa with depletion of the crypts and inflammatory infiltrations. 
This toxicity was found in all mice in this group and was similar to previously observed 
toxicity after administration of the same dose of oral docetaxel in this strain.12 After 
oral administration of the same dose (10 mg/kg docetaxel) to Cyp3a-/- mice no signs of 
severe toxicity were observed, but the mean AUC in these mice was almost 28-fold lower 
than in Cyp3a/Mdr1a/b-/- mice after the same dose. Even at the maximum achievable 
AUC in Cyp3a-/- mice after an oral dose of 60 mg/kg docetaxel, only mild toxicity in the 
intestinal cells and spermatogenic cells was observed (Table 2). However, the maximum 

Figure 2. Plasma concentration-time curves after oral or intraperitoneal administration of docetaxel to 
Cyp3a/Mdr1a/b-/- (panel A) and Cyp3a-/- (panel B)  mice. Values represent the mean ± SD. Insets show the 
area under the plasma concentration-time curves extrapolated from zero to infinity (AUCinf). AUCsinf between 
oral and intraperitoneal administration do not differ significantly per strain as calculated with a two-sided 
unpaired Student’s t-test (NS).
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AUC in Cyp3a-/- mice was still 10.7-fold lower than the AUC in Cyp3a/Mdr1a/b-/- mice 
after oral administration of 10 mg/kg. The observed toxicity in Cyp3a-/- mice after a 
dose of 60 mg/kg docetaxel was characterized as increased mitosis and apoptosis 
of cells in the mucosa of the small intestine in four out of nine mice and necrosis of 
spermatogenic cells in three out of nine mice. Administration of a low oral dose of 1.67 
mg/kg docetaxel in Cyp3a/Mdr1a/b-/- mice did not result in signs of toxicity. Lesions 
and testicular degeneration observed in one testis of one out of six mice were likely to 
be FVB-strain background pathology. The mean AUC in these mice was comparable to 
the mean AUC after a dose of 10 mg/kg docetaxel in Cyp3a-/- mice.

In contrast to the diarrhea often observed in patients receiving oral docetaxel, in none 
of the mice of both strains diarrhea was observed after oral administration of docetaxel. 
In Cyp3a/Mdr1a/b-/- mice, a loss of body weight was observed after administration of 
10 mg/kg docetaxel. The average body weight of these mice was decreased to 88% of 
the initial body weight in three days. The body weight after three days of all other mouse 
groups was 99-105% of the initial body weight. 

After intraperitoneal administration of 5 mg/kg docetaxel in Cyp3a-/- mice, similar 
mild toxicity was observed as after oral administration of 60 mg/kg docetaxel to these 

Cyp3a/Mdr1a/b-/- mice Cyp3a -/- mice

IP dose Dose: 12 mg/kg 
AUCinf: 54.9 ± 7.1 µg/mL*h 
Cmax: 3880 ± 356 ng/mL
Toxicity: severe toxicity. 
Observations: Depletion of crypts in 
mucosa of intestine and colon, intestinal 
inflammation, edema in mucosa of colon, 
depletion of hematopoietic cells in bone 
marrow, reduced hematopoietic activity in 
spleen

Dose: 5 mg/kg
AUCinf: 5.5 ± 1.0 µg/mL*h
Cmax: 817 ± 137 ng/mL
Toxicity: little toxicity. 
Observations: Increase in mitosis 
and apoptosis in intestinal mucosa, 
incidental depletion of hematopoietic 
cells in bone marrow, incidentally reduced 
hematopoietic activity in spleen and 
incidental testicular degeneration.

High oral dose Dose: 10 mg/kg
AUCinf: 48.3 ± 13.8 µg/mL*h
Cmax: 3766 ± 572 ng/mL
Toxicity: severe toxicity. 
Observations: Depletion of crypts in 
mucosa of intestine and colon, intestinal 
inflammation, edema in mucosa of colon, 
depletion of hematopoietic cells in bone 
marrow, reduced hematopoietic activity in 
spleen

Dose: 60 mg/kg 
AUCinf: 4.5 ± 0.8 µg/mL*h
Cmax: 1234 ± 281 ng/mL
Toxicity: little toxicity. 
Observations: Increase in mitosis and 
apoptosis in intestinal mucosa and 
necrosis of spermatogenetic cells.

Low oral dose Dose: 1.67 mg/kg 
AUCinf: 3.6 ± 0.5 µg/mL*h
Cmax: 400 ± 80 ng/mL
Toxicity: no toxicity. 
Observations: Lesions in testis and 
testicular degeneration incidentally 
observed (likely to be FVB-strain 
background pathology)

Dose: 10 mg/kg
AUCinf: 1.7 ± 0.4 µg/mL*h
Cmax: 391 ± 196 ng/mL
Toxicity: no toxicity.
Observations: No abnormalities detected

Table 2. Overview of toxicity observed after various doses of docetaxel, administered orally or intraperitoneally 
to Cyp3a/Mdr1a/b-/- and Cyp3a-/- mice.
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mice (Table 2). Plasma AUCs and Cmax values were similar under these conditions 
(Figure 2B). Changes in the mucosa of the small intestine were observed in four 
out of six mice. Incidentally, depletion of hematopoietic cells in bone marrow and 
reduced hematopoietic activity in spleen or testicular degeneration were observed 
in one out of six mice. Strikingly, in Cyp3a/Mdr1a/b-/- mice, toxicity was also similar 
after intraperitoneal administration of 12 mg/kg docetaxel and oral administration 
of 10 mg/kg (Table 2). Again, plasma AUCs and Cmax values were similar under these 
conditions (Figure 2A). The toxicity included severe degeneration of intestinal mucosa 
and depletion of the crypts combined with inflammatory infiltrations. In all mice of both 
strains, no diarrhea was observed after intraperitoneal administration of docetaxel. 
The mean body weight after three days was 87% and 95% of the initial body weight in 
Cyp3a/Mdr1a/b-/- and Cyp3a-/- mice, respectively. 

Toxicity after oral administration of docetaxel in humans

To quantify the intestinal toxicity in humans, two phase I studies were selected. By 
combining these studies, we could compare the diarrhea at multiple daily dose-levels 
of docetaxel and increase the number of evaluable patients. The results of the studies 
could be combined, since the inclusion and exclusion criteria of these studies were 
identical. In the studies the range of the daily doses of docetaxel was 20-80 mg, and the 
PK parameters of docetaxel were determined in all patients. Therefore, the results in 
mice could also be compared to the results in patients. In humans the intestinal toxicity 
was measured by the severity of diarrhea and the number of patients with diarrhea, 
since no pathologic observations of the intestines were performed during the study. 

Out of 90 patients, 12 patients (13%) had suffered from diarrhea, considered 
unrelated to the study treatment, and 49 patients (54%) had suffered from 150 events 
of diarrhea considered related to study drug. Patients with an event of unrelated 
diarrhea were excluded from the analyses. Life-threatening or disabling diarrhea 
(grade 4) was not seen during the studies. Most of the related events of diarrhea (89%) 
lasted not more than one week and for most patients (63%) the worst event of diarrhea 
started within three weeks after the start of treatment. In total 40% of the patients 
(n=31) had diarrhea up to grade 1, and 13% of the patients (n=10)  reported  grade 2 
diarrhea. For most of this last group of patients (80%) grade 2 diarrhea started during 
the first two weeks of treatment. In case of grade 1- 2 diarrhea, patients were advised 
to use loperamide, except on the day of administration since loperamide is metabolized 
via CYP3A4.20;21 No dose interruption neither reduction was implemented. The mean 
duration of grade 2 diarrhea was eight days (range, 1-21 days) and in most cases (70%) 
patients recovered fully from diarrhea after loperamide treatment.

Eight patients (10%) suffered from diarrhea up to grade 3. Grade 3 diarrhea started 
in all patients during the first two weeks of treatment and one patient had a second 
event in the sixth week. Seven patients were directly hospitalized and therefore this 
grade 3 diarrhea was labeled as serious adverse event. During an event of grade 3 
diarrhea, loperamide was given and docetaxel was withheld by protocol until recovery 
to < grade 1 and restarted at a lower dose. The mean duration of grade 3 diarrhea was 
four days (range, 1-12 days) and in most cases (75%) patients recovered fully from 
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Figure 4. Relationship between the severity of diarrhea after oral administration of docetaxel and AUC0-inf 
of docetaxel, Cmax and the daily dose given as events and boxplot. Grade 4 diarrhea is not seen in the clinical 
studies. Numbers are the median values;  line is the linear regression. 
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diarrhea after this period. Three patients discontinued treatment, the others continued 
with a dose reduction. 

Most of the moderate and severe events of diarrhea (grade 2 and 3) occurred during 
the first three weeks of treatment and therefore the PK characteristics of docetaxel 
related to these events were known. The highest grade of the diarrhea observed per 
patient was coupled to the corresponding AUCinf, Cmax and daily dose. For the diarrhea 
events without corresponding PK characteristics, the maximum observed AUCinf and the 
corresponding Cmax of that patient were used. 

In figure 4 the severity of the diarrhea events is plotted against the AUCinf, the 
corresponding Cmax and the daily dose. The AUCinf of the patients who suffered from any 
grade of diarrhea was significantly higher than the AUCinf of patients without diarrhea 
(Mann-Whitney-Wilcoxon Test, p=0.04). This difference might be underestimated, since 
the follow up ended within a week after start of treatment in two out of six patients 
without diarrhea and with an AUCinf above 2 µg/mL*h. These patients died because of 
progression of disease and therefore events of diarrhea could have been missed in these 
patients. Another patient was hospitalized in the third week of treatment. This patient 
had no diarrhea, but other signs of intestinal toxicity, which were considered related 
to oral docetaxel (grade 3 gastritis and grade 3 duodenal ulcer). There was a tendency 
towards association of the severity of diarrhea with the AUCinf. 

In patients with diarrhea, Cmax was not statistically significantly higher than in 
patients without diarrhea. Also the daily administered dose was not higher in patients 
with diarrhea than in patients without diarrhea. Moreover, it was observed that the 
median administered daily dose was similar in all patients with diarrhea of any grade. 
There was no tendency towards association of the administered daily dose or the Cmax 
with the severity of diarrhea. 

Discussion
A limitation in the treatment with most oral anti-cancer drugs is the development 

of gastrointestinal disorders. For several orally administered anti-cancer drugs, 
development of diarrhea is the major cause for treatment discontinuation and its 
severity sometimes represents a dose-limiting toxic event.22 During development of a 
novel oral formulation of docetaxel significant diarrhea was encountered. This led to 
the execution of preclinical studies to unravel the mechanism of this toxicity.

We used mice lacking Cyp3a with and without intact Mdr1a/b P-gp expression 
to investigate the cause of the intestinal toxicity as observed in patients after oral 
administration of docetaxel. The Cyp3a deficient mice are used to reflect the co-
administration of docetaxel with the CYP3A inhibitor ritonavir in humans. Although 
human CYP3A has no clear direct murine orthologues23, there is a broad functional 
overlap between human CYP3A and murine Cyp3a for the metabolism of docetaxel.16;24 
Human MDR1 function is covered by murine Mdr1a and Mdr1b.25 Despite these 
limitations associated with extrapolation of preclinical data,  mice lacking Cyp3a with 
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and without functional Mdr1a/b expression might be used as a model for oral co-
administration of docetaxel and ritonavir in humans.26 

In our study, Cyp3a/Mdr1a/b-/- mice and Cyp3a -/- mice received high and low doses 
of oral docetaxel. Each strain also received an intraperitoneal dose which resulted in 
comparable plasma exposures as the high oral doses. This enabled us to discriminate 
between local versus systemic exposure in relation to toxicity. Severe intestinal and bone 
marrow toxicity was observed after the high oral dose in Cyp3a/Mdr1a/b-/- mice (10 mg/
kg docetaxel). However, also after intraperitoneal administration of a dose of 12 mg/kg, 
similarly severe intestinal and bone marrow toxicity was observed in this strain. By 
intraperitoneal administration of docetaxel, the intestinal uptake step is circumvented. 
Since both administration routes of docetaxel resulted in comparable plasma AUCs, 
it is likely that the observed intestinal toxicity is caused by docetaxel in the systemic 
circulation rather than by a direct effect on the intestinal mucosal cells of docetaxel 
during absorption from the gut lumen. After both routes of administration, depletion of 
cells in the deep crypts of the intestine was observed at histological investigation. These 
crypt cells are not directly involved in drug absorption.  The depletion of the deep crypt 

Dose Tumor N Overall gr 1 -2 gr 3 - 4 Ref

Intravenous docetaxel, every 3 weeks

80 mg/m2 Breast 56 30% 30% 0% 32

75 mg/m2 NSCLC 110 21% 18% 3% 28

75 mg/m2 Breast 54 37% 26% 11% 34

75 mg/m2 Prostate 176 46% 44% 2% 29

Intravenous docetaxel, every 2 weeks:

50 mg/m2 Prostate 170 37% 36% 1% 29

Intravenous docetaxel, every week:

33.3 mg/m2 NSCLC 110 26% 23% 3% 28

30 mg/m2 Breast 48 45% 27% 8% 34

40 mg/m2 Breast 20 >30%* >25%* 5% 31

36 mg/m2 NSCLC 30 >24%* >10%* 14% 30

35 mg/m2 NSCLC 36 9% 3% 6% 33

Oral docetaxel**

*** 46 62% 56% 6% 8,11,17

Abbreviation: NSCLC = non-small cell lung cancer, gr = grade refers to the severity of diarrhea, Ref = reference
* Grade 1 toxicity was not reported
** Daily doses of 60/100, 80/100, 40/200 and 60/200 mg docetaxel and ritonavir, respectively (every week)
*** Different tumor types, patients were eligible if they were diagnosed with a histological or cytological 
proof of cancer, if there were no standard curative or palliative treatment options available and if docetaxel 
treatment was appropriate for further treatment.

Table 3. Incidence and severity of diarrhea in various published trials in humans after intravenous 
administration of docetaxel compared to incidence and severity of diarrhea in humans after oral administration 
of docetaxel. 
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cells supports the hypothesis that intestinal toxicity is caused by systemic exposure to 
docetaxel, since similar findings (mitotic arrest and apoptosis in crypts of the mucosa) 
have been reported in the literature with other systemically applied anticancer drugs. 
For instance, after intraperitoneal administration of cisplatin, Allan et al observed 
decreased crypt cell production rates27, leading to reduced height of the villi and loss of 
mucosal function. 

The toxicity data in humans showed that patients with diarrhea had a higher 
AUCinf than patients without diarrhea. On the basis of indirect comparison, the overall 
incidence of treatment-related diarrhea of any grade after i.v. treatment was two-fold 
lower than at the highest tolerable dose-levels of oral docetaxel in two dose escalation 
studies28-34 (Table 3). However, the incidence of grade 3/4 diarrhea after oral docetaxel 
administration was in the same range as after i.v. treatment, indicating that severe 
diarrhea is most probably caused by docetaxel in the systemic circulation rather than 
by local exposure in the intestinal tract. This hypothesis is supported by the observation 
that plasma AUCs in patients after oral administration of these doses of docetaxel were 
comparable to those after i.v. administration of standard doses of docetaxel.8;35;36 The 
higher incidence of mild and moderate diarrhea (grade 1 and 2) after oral administration 
of docetaxel versus after i.v administration explains the observed two-fold higher 
overall incidence of diarrhea of any grade after oral administration of docetaxel.

The lack of intestinal toxicity after oral administration of 60 mg/kg docetaxel to 
Cyp3a-/- mice shows that the absolute amount of docetaxel present in the intestinal 
lumen is not directly related to the development of toxicity. In Cyp3a/Mdr1a/b-/- mice, 
an orally administered dose of only 10 mg/kg docetaxel already resulted in severe 
toxicity including intestinal toxicity. This indicates that docetaxel must be absorbed 
to cause intestinal toxicity. In Cyp3a-/- mice this absorption is blocked by Mdr1a/b 
P-gp. In patients, the severity of diarrhea does not appear to be related to the orally 
administered dose (i.e. amount of docetaxel present in the gastrointestinal tract). 
Therefore, incomplete absorption of an oral formulation of docetaxel most likely does 
not increase the risk of severe diarrhea, or of other types of intestinal toxicity.

Our mice data show that a high AUC of docetaxel in the systemic blood circulation 
is responsible for degeneration of the intestinal mucosa and depletion of the crypts 
combined with inflammatory infiltrations. Despite the severe changes in the intestinal 
mucosa, no diarrhea was observed. Based on the body weight loss in mice with severe 
toxicity, it is possible that the mice did not develop diarrhea, because the mice stopped 
eating and drinking early after the development of toxicities in the gastrointestinal tract. 
It is also possible that diarrhea would have developed after the three days used in our 
study as observed for 5-FU treatment by Wu et al.37 In humans, death of colonic crypt cells 
can result in a cascade of effects whereby immature crypt cells release more secretory 
compounds and thereby cause diarrhea.38 The damaged colonic crypts are also not able 
to absorb chloride, the driving force of water absorption in the colon. Degeneration 
of intestinal mucosa and inflammatory infiltrations can also lead to inflammatory 
diarrhea.39;40 This is also seen during colonoscopy and in colon biopsies of patients 
who had developed docetaxel-induced pseudo-membranous colitis.41;42 Therefore, it is 
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likely that the onset of severe diarrhea in humans after docetaxel treatment is caused 
by malfunction of the intestinal tract due to similar structural changes of the intestinal 
mucosa as observed in mice. 

Although these results indicate that severe toxicity in the intestine is caused by 
the amount of docetaxel in the systemic circulation and not by a direct local effect, the 
increase of mild and moderate diarrhea (grade 1 and 2) after oral administration of 
docetaxel is not explained. Unlike severe diarrhea, the incidence of mild and moderate 
diarrhea in patients after oral co-administration of docetaxel and ritonavir was two-fold 
higher compared to i.v. treatment with docetaxel. These events of mild and moderate 
diarrhea after oral administration often occur during the evening after treatment, 
but also some days later. Since oral administration of docetaxel is only explored in a 
few clinical studies, limited data is available regarding the pathophysiology of these 
mild and moderate toxicities. Short-term locally high docetaxel concentrations in 
the human enterocyte might cause apoptosis of intestinal epithelial cells, although 
apoptosis of epithelial cells is not observed in our mouse experiments. Cell death in 
the epithelial cells can cause synthesis of inflammatory cytokines, which eventually can 
cause mucositis.39;40 It is also reported that ritonavir can induce apoptosis in human 
intestinal epithelial cells and thereby decrease barrier function of the epithelial layer.43 
The loss of epithelial cells might cause the observed onset of diarrhea, which is also 
seen after ritonavir treatment of HIV patients at low doses of 100-400 mg a day.44 Since 
the patients in our study received the other CYP3A inhibitors for only one week in 
the proof of principle cohorts, we could not distinguish between the contribution of 
docetaxel and ritonavir in the onset of mild and moderate diarrhea. After single oral 
administration of docetaxel or ritonavir, the intestinal villi could be damaged. This 
damage could lead to a reduced surface area for absorption resulting in diarrhea via 
secretory mechanisms.38;44 The higher incidence of mild and moderate diarrhea after 
oral co-administration of docetaxel and ritonavir than after i.v. administration of 
docetaxel can therefore be caused by both ritonavir and docetaxel. These events can be 
treated by prompt management with loperamide, but should be carefully monitored by 
the treating physicians.38 

In conclusion, our data indicate that diarrhea upon oral docetaxel administration is 
not directly related to the amount of docetaxel present in the lumen of the gastrointestinal 
tract. Moreover, in contrast to mild diarrhea the onset of severe diarrhea after oral co-
administration of docetaxel and ritonavir in humans is probably caused by the level of 
docetaxel in the systemic blood circulation, is reversible and is not related to the route 
of administration of docetaxel. 
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Abstract 
Docetaxel is metabolised by Cytochrome P450 (CYP) 3A enzymes into four 

metabolites, identified as M2, M4 and the stereoisomers M1 and M3. Metabolite levels 
in plasma are usually low after intravenous administration of docetaxel. Currently, oral 
co-administration of docetaxel and the CYP3A inhibitor ritonavir is tested in clinical 
trials. Both the oral route of administration of docetaxel and co-administration with 
ritonavir might alter docetaxel metabolite concentrations in plasma, compared with 
standard intravenous administration.

In this study, microsome incubations were used to investigate metabolite formation 
of docetaxel with and without ritonavir. Metabolite concentrations in human plasma 
were measured after oral administration of docetaxel with and without ritonavir and 
compared to metabolite concentrations after intravenous administration of docetaxel 
with ritonavir.

Co-incubation of docetaxel and ritonavir with human liver microsomes resulted in 
decreased docetaxel metabolism but did not result in the formation of other metabolites 
than M1/M3, M2 or M4. Metabolite M2 was more abundant in plasma during the first 
hours after oral administration than after intravenous administration of docetaxel. 
Plasma levels of docetaxel metabolites decreased at a higher dose of ritonavir, but were 
not changed at a variable dose of docetaxel. 

We demonstrated that oral co-administration of ritonavir and docetaxel resulted in 
low plasma concentrations of docetaxel metabolites due to CYP3A inhibition by ritonavir. 
Therefore, it is concluded that the boosting effect of ritonavir on the bioavailability of 
docetaxel is caused by inhibition of the metabolism of docetaxel. We showed that the 
metabolite profile in plasma is different after oral and i.v. administration of docetaxel 
when co-administered with ritonavir. According to FDA recommendations, further 
testing of docetaxel metabolite safety is not required for oral co-administration of 
docetaxel and ritonavir due to a low plasma exposure to the metabolites.
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Introduction
Docetaxel (Taxotere®) is a semi-synthetic taxane, originating from the Taxus	baccata 

and is currently used as anticancer agent in several types of cancer, among which lung, 
breast, gastric, prostate and head and neck cancer.1 In humans, docetaxel is metabolised 
by Cytochrome P450 (CYP) 3A enzymes into four metabolites.2;3 The affinity of 
docetaxel for CYP3A4 is higher than for CYP3A5, but the maximal transformation 
rate is comparable.3 The first step in docetaxel metabolism is hydroxylation of the 
synthetic isobutoxy side chain into metabolite M2 (Figure 1). Oxidation of M2 leads to 
the formation of an unstable aldehyde intermediate metabolite, which is immediately 
cyclized into the stereo isomers M1 and M3.2;3 Further oxidation of M1 and M3 results 
in the formation of M4.2 Metabolite M2 exhibits some cytotoxicity, however its cytotoxic 
effects are much lower than the cytotoxic effects of docetaxel. The other metabolites 
show no relevant cytotoxic activity.4 

In human plasma, no metabolites were observed after injection of a low non-
therapeutic dose of radioactive-labelled docetaxel.5 After one hour infusion of 45 and 
100 mg docetaxel/m2, low levels of docetaxel metabolites were observed in plasma 
at the end of the infusion time.6;7 Liver dysfunction is shown to result in higher 
docetaxel metabolite levels in plasma.7 Overall, data on docetaxel metabolites in human 
plasma are limited, since metabolite concentrations are much lower than docetaxel 
concentrations after intravenous (i.v.) administration of docetaxel and U.S. Food and 
Drug Administration (FDA) guidelines on Safety Testing on Metabolites (MIST) only 
recommend further safety testing if metabolite exposure exceeds 10% of the parent 
drug exposure.8

Figure 1. Chemical structures of docetaxel and metabolites.
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The development of oral formulations of docetaxel is subject of preclinical 
and clinical research because oral administration has many advantages over i.v. 
administration.9;10 Oral administration would be more practical and convenient for 
patients, since oral medication can be easily taken by the patient at home while i.v. 
administration requires hospitalisation during infusion. Oral administration at home 
also results in reduced costs of the treatment. Moreover, allergic reactions caused by 
Chremophor EL® (polyoxyethylated castor oil) in paclitaxel formulations are reduced 
since this pharmaceutical additive is not used in oral formulations. Furthermore, oral 
administration enables other dosing schedules like metronomic therapy, which could 
increase efficacy of taxane treatment, and reduce adverse effects due to high plasma 
concentrations of docetaxel or paclitaxel.

A major limitation in the concept of oral administration of docetaxel is the low oral 
availability of the drug due to the poor water solubility of docetaxel and its handling 
by P-gp and CYP3A.9;10 Co-administration of the oral formulations of docetaxel and 
the CYP3A4 inhibitor ritonavir in mice and humans resulted in increased plasma 
concentrations of docetaxel.11;12 After oral administration of docetaxel with and without 
cyclosporin A, another CYP3A inhibitor, alterations in the docetaxel/metabolite ratios 
were observed in murine faeces.12 This raises the question if metabolite concentrations 
in humans are altered – or if even other metabolites are formed – after co-administration 
of docetaxel and ritonavir. Moreover, metabolite concentrations in plasma may also be 
altered upon a switch from intravenous (i.v.) to oral administration of docetaxel due 
to a first-pass effect after oral administration of docetaxel. In this study we aimed to 
show that ritonavir boosts bioavailability of docetaxel by inhibiting its metabolism 
in humans. We used microsomal incubations to investigate metabolite formation 
of docetaxel after co-incubation with and without ritonavir. We hypothesized that 
metabolite concentrations in plasma were low after oral co-administration of docetaxel 
and ritonavir and wanted to test if docetaxel metabolite profiles were changed after oral 
administration of docetaxel compared to intravenous administration.

Materials and Methods
Chemicals 

Docetaxel and ritonavir were purchased from Sequoia Research Products (Oxford, 
United Kingdom) and used for microsomal incubations. Pooled human liver microsomes 
(BD UltraPool™ HLM 150), pooled human intestinal microsomes (BD Gentest™) and 
reduced nicotinamide adenine dinucleotide phosphate (NADPH) regeneration system 
were obtained from BD Biosciences (Erembodegem, Belgium). Drug-free lithium-
heparinized human plasma was obtained from Bioreclamation LLC (New York, NY, USA). 
Docetaxel was intravenously administered to patients as Taxotere® (Rhone-Poulenc 
Rorer/Aventis) and orally as drinking solution (i.v. formulation, Taxotere®, Rhone-
Poulenc Rorer/Aventis) and capsules (ModraDoc001 10 mg capsules13, Department of 
Pharmacy & Pharmacology, Slotervaart Hospital/The Netherlands Cancer Institute). 
Ritonavir  was orally administered as Norvir® (Abbott, Illinois, USA). All other chemicals 
were of analytical grade and obtained from commercial sources.
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In vitro docetaxel metabolism

Microsome incubations were performed with human liver or intestinal microsomes. 
A 150-µL sample contained 10 µM docetaxel, microsomes (protein concentration 0.5 
mg/mL for liver microsomes or 1 mg/mL for intestinal microsomes), 100 mM phosphate 
buffer, pH 7.4, and water. The sample was spiked with 2 µL 250 µM ritonavir in methanol 
or 2 µL methanol and preincubated for 5 min at 37oC. After preincubation, 50 µL of an 
NADPH regeneration system was added and the samples were incubated for 15 min 
at 37oC (Thermomixer Comfort, Eppendorf Netheler Hinz GmbH, Hamburg, Germany), 
while automatically shaken at 1,000 rpm. After incubation, the samples were placed 
on ice and the enzymatic reaction was stopped by adding 100 µL ice-cold acetonitrile. 
An aliquot of 200 µL supernatant was collected and docetaxel and metabolites were 
quantified by liquid chromatography coupled with tandem mass spectrometry detection 
(LC-MS/MS).

For screening of docetaxel metabolite formation in the presence and absence of 
ritonavir, microsome incubations were performed with human liver microsomes. A 940-
µL sample contained 10 µM docetaxel, microsomes (protein concentration 0.5 mg/mL), 
100 mM phosphate buffer, pH 7.4, and water. The sample was spiked with 5 µL 1000 
µM ritonavir in methanol or 5 µL methanol and preincubated for 5 min at 37oC. After 
preincubation, 60 µL of an NADPH regeneration system was added and the samples 
were incubated for 4 hours at 37oC (Thermomixer Comfort, Eppendorf Netheler Hinz 
GmbH, Hamburg, Germany), while automatically shaken at 1,000 rpm. After incubation, 
the samples were placed on ice and the enzymatic reaction was stopped by adding 450 
µL ice-cold acetonitrile. The samples were vortex-mixed for 10 s and centrifuged for 3 
min at 23,000 g. The supernatant was collected and a volume of 25 µL was injected on 
a previously developed UV-system for quantification of docetaxel and its metabolites.14 
Molar absorption of docetaxel and metabolites was measured at a wavelength of 227 
nm.

In vivo docetaxel metabolism

Human plasma samples were obtained from a clinical phase I study with weekly 
oral or i.v. docetaxel.15 Docetaxel administration was combined with oral ritonavir. 
During this study docetaxel was administered intravenously at a low dose (n=7) and 
orally as a drinking solution (n=2) and as ModraDoc001 capsules (n=34). The daily 
doses were 20, 30, 60 and 80 mg docetaxel combined with 0, 100 and 200 mg ritonavir. 
Patients were fasted two hours before and one hour after oral drug administration to 
minimize variation in absorption. Blood samples were collected predose and during 48 
h after intravenous or oral administration of docetaxel with or without ritonavir. Blood 
samples were collected in lithium heparinized tubes, immediately placed on ice and 
centrifuged within 1 h at 1500 g for 10 min at 4oC. Plasma was stored at -20oC until the 
time of analysis. The phase I study was approved by the Medical Ethics Committee of 
the Netherlands Cancer Institute and written informed consent was obtained from all 
patients prior to study entry. The study was registered under identifier ISRCTN32770468 
(ISRCTN register).
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Patient Characteristics

Patients were eligible if they had histological or cytological proof of cancer, if there 
were no standard curative or palliative treatment options available and if docetaxel 
treatment was considered appropriate. Patients were aged at least 18 years and had 
a performance status of 0, 1 or 2 according to the WHO Performance Status (PS) scale.  
The life expectancy was longer than 3 months and the bone marrow, hematological and 
biological functions were adequate (neutrophil count of ≥ 1.5 * 109/L and platelets of ≥ 
100 * 109/L; alanine transaminase (ALT) and aspartate transaminase (AST) ≤ 2.5 times 
institutional upper limit of normal (ULN), bilirubin of ≤ 1.5 times of the ULN; serum 
creatinine ≤ 1.5 of the ULN or creatinine clearance ≥ 50 ml/min by Cockcroft-Gault 
formula). 

Patients with known alcoholism, drug addiction and/or psychotic disorders were 
considered not suitable for adequate follow up, and thus excluded. Patients were not 
allowed to concomitantly use P-glycoprotein (P-gp) and CYP3A modulating drugs, 
H2-receptor antagonists or proton pump inhibitors. Other exclusion criteria were 
uncontrolled infectious disease, bowel obstructions that may influence drug absorption, 
neurologic disease, pre-existing neuropathy higher than grade 1, symptomatic cerebral 
or leptomeningeal metastases, pregnancy, breastfeeding, refusal to use adequate 
contraception and previous anticancer therapy within 4 weeks prior to the first dose 
of oral docetaxel.

Quantification of docetaxel and metabolites

A previously developed LC-MS/MS assay was used to quantify docetaxel, M2, M1/
M3, and M4 in plasma and incubation samples.14  D9-labeled docetaxel was used as 
internal standard. In summary, to 200 µL samples, 25 µL of internal standard working 
solution was added. Subsequently, the samples were mixed briefly, tertiarybutyl methyl 
ether was added and the samples were shaken for 10 min at 1,250 rpm. The samples 
were centrifuged at 23,000g, snap-frozen and the organic layer was collected. After 
evaporation of the organic layer, the samples were reconstituted with 100 µL of 10 mM 
ammonium hydroxide pH 5:acetonitrile (1:1, v/v) and an aliquot was injected into the 
LC-MS/MS system. Calibration standards of docetaxel in human plasma in a range of 
0.25–500 ng/mL were used for quantification of docetaxel and its metabolites.

Data analysis

The individual pharmacokinetic parameters of the patients were analyzed using 
descriptive non-compartmental pharmacokinetic methods and validated R scripts 
(R version 2.10.0). The area under the plasma concentration-time curve (AUC) was 
estimated for docetaxel by the linear (absorption phase) and logarithmic (elimination 
phase) trapezoidal rule. The AUCs to infinite time (AUCinf) were calculated for docetaxel 
by extrapolation. The maximum observed plasma concentration (Cmax) was reported 
for docetaxel and its metabolites. Plasma concentration-time curves over the first 10 
hours after administration were plotted by non-linear regression of the individual 
data points using GraphPad (GraphPad Prism version 5.01). For regression after i.v. 
administration of docetaxel, curves were fitted using the two compartment model for 
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single intravenous bolus administration. For regression after oral administration of 
docetaxel and regression of metabolites, curves were fitted using the two compartment 
model for single oral administration.16

Results
Docetaxel metabolism in vitro

Incubation of docetaxel with human liver and intestinal microsomes resulted in 
formation of the known metabolites M1/M3, M2 and M4 (Figure 2). As expected, co-
incubation of docetaxel and ritonavir resulted in decreased formation of these docetaxel 
metabolites. However, the relative abundances of the metabolites were not changed by 
ritonavir co-incubation (Figure 2B). Screening for docetaxel metabolites using HPLC 
with UV-detection showed only peaks of docetaxel and its known metabolites in the UV 
chromatogram after docetaxel and ritonavir co-incubation. No additional peaks in the 
UV chromatogram were observed that could possibly be related to formation of other 
metabolites of docetaxel during incubation. 

Docetaxel metabolism in vivo

Plasma samples were obtained from a total of 43 individuals, distributed over 7 
dose regimes (Table 1). After oral administration, maximum plasma concentrations of 
metabolites of docetaxel were reached around the Cmax of docetaxel. After intravenous 

Figure 2. Microsome incubations with pooled human liver microsomes and pooled human intestinal 
microsomes. Docetaxel was incubated with and without ritonavir. Incubation without reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) was used as control for cytochrome P450 (CYP) mediated 
metabolism of docetaxel. Panels show metabolite formation (A) and metabolite formation relative to the total 
amount of metabolites formed (B).
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Figure 3. Plasma concentration-time curves of docetaxel and its metabolites after oral or intravenous 
administration of docetaxel in patients with and without ritonavir. Individual data points were plotted and 
curves were fitted using nonlinear regression of the individual data. For regression after oral administration 
of docetaxel and regression of metabolites, curves were fitted using the two compartment model for single 
oral administration. For regression after i.v. administration of docetaxel, curves were fitted using the two 
compartment model for single intravenous bolus administration. Docetaxel was administered orally in doses 
of 30 mg (panel A, B and C) and intravenously in a dose of 20 mg (panel D). Ritonavir was co-administered 
orally in doses of 100 mg (panel B and D), 200 mg (panel C) or not co-administered (panel A). Abbreviations: 
po: per os/orally; iv: intravenously.
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administration of docetaxel, maximum metabolite levels were reached at the end of the 
infusion time. In all patients at all dose regimes, metabolite concentrations showed a 
high variation, but individual metabolite profiles were similar within each regimen. 
At all dose levels and administration routes, metabolites M1/M3 and M2 were often 
observed in plasma, while metabolite M4 was hardly observed (Table 1 and Figure 3). 

AUCsinf of docetaxel were similar after 30 mg orally administered docetaxel and after 
20 mg i.v. administered docetaxel, both combined with 100 mg of ritonavir. However, 
metabolite concentrations were different. Plasma concentrations of M2 were higher 
after oral administration of docetaxel than after iv administration, while M1/M3 and 
M4 levels were lower after oral administration (Table 1, Figure 3B and 3D). When 
metabolite plasma concentrations are corrected for the difference in Cmax of docetaxel, 
plasma levels of M2 and M1/M3 are higher after oral than after i.v. administration. 

Metabolite concentrations in plasma after oral administration of 30 mg docetaxel 
with and without 100 mg ritonavir were in the same range, although plasma 
concentrations of docetaxel were much higher after co-administration with 100 mg 
ritonavir (Table 1, Figure 3A and 3B). Increasing the co-administered ritonavir dose to 
200 mg, oral administration of 30 mg docetaxel resulted in lower plasma concentrations 
of the metabolites while docetaxel plasma concentrations were comparable to co-
administration of 100 mg ritonavir (Figure 3B and 3C). A similar trend was observed 
when 60 mg of docetaxel was administered with 100 or 200 mg ritonavir (Table 1).

When 100 mg ritonavir was co-administered with 60 mg oral docetaxel, the docetaxel 
plasma concentration was 1.7-fold higher than after co-administration with 30 mg oral 
docetaxel. However, after doubling the docetaxel dose, the plasma concentrations of 
M1/M3 were hardly changed and plasma concentrations of M2 were even decreased 
(Table 1). A similar trend was observed when 200 mg ritonavir was co-administered 
with 30 or 60 mg oral docetaxel. Although metabolites could hardly be detected after 
oral co-administration of 200 mg ritonavir and 30 mg docetaxel, plasma concentrations 
of M1/M3 were comparable after co-administration of 200 mg ritonavir with 60 or 80 
mg oral docetaxel (Table 1). 

After i.v. administration of 20 mg docetaxel with 100 mg ritonavir, metabolites 
M1/M3 were the most abundant in plasma, while M4 was the least abundant (Figure 
3D). After oral administration of 30 mg docetaxel without ritonavir, M2 was the 
most abundant metabolite in plasma during the first two hours after administration, 
while M1/M3 was the most abundant during two to four hours after administration. 
Metabolite M4 could not be detected (Figure 3A). A similar pattern was observed after 
oral co-administration of 30 mg docetaxel with 100 mg ritonavir (Figure 3B). Similar to 
i.v. administration of docetaxel, M1/M3 was the most abundant metabolite in plasma 
after oral co-administration of 100 mg ritonavir and 60 mg docetaxel (Figure 3D) and 
after oral co-administration of 200 mg ritonavir and 30, 60 or 80 mg docetaxel (Table 
1). After oral administration of docetaxel, metabolite M4 could hardly be detected in 
plasma of patients.
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Discussion
Docetaxel metabolism and metabolite concentrations in human plasma after 

intravenous administration have been described before6;7, however oral administration 
or co-administration with ritonavir is not yet investigated and might result in an altered 
metabolite profile. 

Using human microsomes, we observed that docetaxel co-incubation with ritonavir 
did not result in the formation of previously unreported metabolites. This experiment 
could be considered as an amplification of the P450-mediated metabolism in	vivo and 
we cannot exclude that metabolites other than M1/M3, M2 and M4 are formed after 
co-incubation with ritonavir, albeit at very low and undetectable concentrations. We 
anticipate that in patients co-administration of ritonavir does not result in clinically 
relevant formation of metabolites other than M1/M3, M2 or M4. 

Even though ritonavir co-incubation decreased the concentration of metabolites 
formed, the relative concentrations of the metabolites remained constant. In patient 
samples, we observed that oral administration of 30 mg docetaxel with and without 100 
mg ritonavir resulted in a similar metabolite profile. Both in	vitro and in	vivo data show 
that the relative proportions of docetaxel metabolites did not change by combining 
docetaxel with ritonavir. This makes accumulation of docetaxel metabolites in plasma 
due to inhibited CYP3A metabolism by ritonavir unlikely.

After oral administration of docetaxel, we observed a different metabolite profile 
than after i.v. administration. In the first hours after oral administration of 30 mg 
docetaxel and 100 mg ritonavir metabolite M2 was more abundant than M1/M3 in 
plasma, whereas after i.v. administration of 20 mg docetaxel and 100 mg ritonavir 
metabolites M1/M3 were more abundant. This difference in metabolite profile is 
most likely related to the first-pass metabolism of docetaxel. After oral administration 
of docetaxel, the drug must be absorbed in the intestine and pass the liver to reach 
the systemic circulation, whereas after i.v. administration only hepatic metabolism 
is involved. Preclinical studies with mice expressing human CYP3A4 showed that 
docetaxel absorption after oral administration is limited by both intestinal and hepatic 
CYP3A4, whereby intestinal CYP3A4 is more dominant.17 

Metabolite concentrations were lower after oral co-administration of docetaxel and 
100 mg ritonavir than after single administration of the same dose of oral docetaxel. 
Metabolite concentrations were further decreased when the ritonavir dose was 
increased to 200 mg. Interestingly, after co-administration of oral docetaxel and 200 
mg ritonavir, metabolite M2 is not the most abundant metabolite in the first period 
after administration. Probably the higher dose of ritonavir results in further decreased 
intestinal metabolism of docetaxel and therefore the metabolite profile in plasma is 
more similar to the profile after i.v. administration of docetaxel and ritonavir.

At a fixed dose of ritonavir and variable doses of docetaxel, metabolite plasma levels 
are hardly changed. Thus, plasma levels of docetaxel metabolites seem to be related to 
the ritonavir dose and not to the docetaxel dose. This indicates that the in	vivo inhibition 
of docetaxel metabolism via CYP3A by ritonavir is dependent on ritonavir binding and 
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not influenced by binding competition between docetaxel and ritonavir. This in	 vivo 
observation is in line with previously reported irreversible binding of ritonavir to 
CYP3A4 resulting in inactivation of CYP3A4.18

This study provides important information about metabolite plasma levels after oral 
administration of docetaxel with and without ritonavir. Although we used a sensitive 
assay for quantification of the metabolites, metabolite concentrations in some of the 
samples were too low to quantify. This hampers the interpretation of the results and 
observed differences between dose levels. However, the absence of high metabolite 
concentrations in plasma answers shows that after oral administration of docetaxel 
with and without ritonavir, metabolite levels are low and in a similar range as after 
i.v. administration of docetaxel and ritonavir. The levels of metabolites of docetaxel in 
plasma after oral co-administration of docetaxel and ritonavir did not exceed 5% of 
the  maximum observed levels of docetaxel. The FDA recommends further testing of 
metabolite safety when the exposure of the metabolite exceeds 10% of the exposure 
of the parent compound.8 Exposure is generally based on AUC, but the FDA states that 
it sometimes may be more appropriate to use Cmax. Since metabolite concentrations 
after oral co-administration of docetaxel and ritonavir are very low and metabolites 
are only detected in samples taken in the first hours after administration, we used Cmax 
to compare exposure of docetaxel and its metabolites. Our results indicate that further 
testing of docetaxel metabolite safety is not required.

Conclusion
We demonstrated that oral co-administration of ritonavir and docetaxel to humans 

resulted in low plasma concentrations of docetaxel metabolites due to CYP3A inhibition 
by ritonavir. Therefore, it is concluded that the boosting effect of ritonavir on the 
bioavailability of docetaxel is caused by inhibition of the metabolism of docetaxel. We 
showed that in the first hours after oral administration of 30 mg docetaxel and 100 
mg ritonavir metabolite M2 is more abundant than M1/M3 in plasma, whereas after 
i.v. administration of 20 mg docetaxel and 100 mg ritonavir metabolites M1/M3 are 
more abundant. Thus, the metabolite profile in plasma is different after oral and i.v. 
administration of docetaxel when co-administered with ritonavir. Plasma concentrations 
of the metabolites were decreased when the administered dose of ritonavir was 
increased, but plasma concentrations were not changed when the administered dose of 
docetaxel is changed. In-vitro experiments with human liver microsomes showed that 
CYP3A inhibition by ritonavir did not result in relevant formation of other metabolites 
than M1/M3, M2 or M4. Since metabolite proportions do not change after ritonavir co-
incubation or co-administration, metabolite accumulation after oral co-administration 
of docetaxel and ritonavir is not likely. Based on FDA recommendations, we conclude 
that further safety testing of metabolites of docetaxel is not required for oral co-
administration of docetaxel and ritonavir. 
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Conclusions and perspectives
The aim of this thesis was to obtain mechanistic insights in the boosting effect of 

ritonavir on orally administered taxanes and to support clinical development of oral 
formulations of paclitaxel and docetaxel. In this chapter, we discuss several aspects of 
the development of oral formulations of taxanes that are addressed in previous chapters 
of this thesis. Successively, main results on bioanalysis of taxanes, preclinical studies 
and clinical studies are depicted and put into a wider context.

Bioanalysis of taxanes

During clinical drug development reliable and sensitive bioanalytical assays for 
quantification of these drugs are prerequisites to support trials. High Performance Liquid 
Chromatography (HPLC) or Ultra Performance Liquid Chromatography (UPLC) coupled 
with tandem mass spectrometry (MS/MS) is most frequently used for quantification 
of taxanes and results in sensitive, selective and reliable assays (chapter 1.1). When 
bioanalytical assays are described in scientific literature, method development and 
optimization is often extensively discussed. Based on previously reported results, there 
seems to be an overlap in behaviour of taxanes during sample pre-treatment and the 
influence of mobile phase composition and interference on quantification in developed 
LC-MS/MS assays. In general, sample pre-treatment using liquid-liquid extraction 
with tertiary-butylmethylether or on-line solid-phase extraction is advised. These pre-
treatment methods can be fast and often result in high sensitivity at low costs. Usually, a 
mobile phase containing at least 50% of organic phase and volatile components is used 
to quantify taxanes in MS/MS assays. Ammonium-containing additives in the mobile 
phase and an alkaline pH can increase the response, thus unbuffered ammonium 
hydroxide is advised as additive to the mobile phase. 

Combined analysis of taxanes with other compounds can increase sample throughput, 
and thus accelerate clinical development, when multiple drugs are co-administered.  
However, this results in the need for further optimisation during method development, 
especially when compounds behave differently. During method development of 
combined assays for quantification of paclitaxel, docetaxel and ritonavir in human 
matrices, we observed that ionisation of ritonavir is more efficient than ionisation of 
the taxanes (chapters 1.2 and 1.3). Ritonavir was not only a better responder, but the 
desired concentration range of ritonavir was also 4-fold higher. Consequently obtaining 
sensitivity of docetaxel and paclitaxel at low drug concentrations resulted in saturation 
of the response of ritonavir at high drug concentrations. Suboptimal mass spectrometry 
settings for ritonavir resulted in the most accurate and precise quantification of 
ritonavir, despite the differences in ionisation and target concentration ranges between 
ritonavir and the taxanes.

Before bioanalytical assays are used to support preclinical and clinical studies, 
assay performance is usually tested during a validation program. Although guidelines 
for validation of assays are published by state institutions like the U.S. Food and 
Drug Administration (FDA)1, one is at liberty to deviate from these guidelines at 
justified motives. One of these motives can be the switch of matrix in which the 
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analytes are quantified. Although at first glance the change is minor, the impact can be 
underestimated.  We observed that the response of paclitaxel, docetaxel and ritonavir 
is different in processed samples originating from plasma, feces homogenate or urine 
(chapters 1.2 and 1.3). To avoid unexpected issues, a full validation program was 
executed when the sample matrix was changed from human plasma to human feces 
or urine. During validation of the assay (chapter 1.3), we observed that quantification 
of docetaxel, paclitaxel, ritonavir -and maybe also other drugs- in feces samples of 
patients might be biased when homogenized samples are stored in large portions and 
when aliquots for quantification are taken after storage. In urine samples, we observed 
that quantification of the analytes after spiking of these compounds in a small volume 
resulted in underestimation of the concentration, indicating that adsorption to the 
container wall takes place when analytes are spiked to urine. These observations after 
the switch from human plasma to human feces or urine underline that one should be 
reserved to execute a partial validation program for bioanalytical assays that are based 
on previously validated assays.

Another motive to deviate from governmental guidelines can be the lack of availability 
of reference compounds. The development and validation of bioanalytical assays 
according to FDA guidelines requires the use of chemically pure reference standards1, 
while during drug development, compounds like metabolites are usually commercially 
not -or hardly- available at chemically pure quality. We described an approach to 
quantify docetaxel metabolites by LC-MS/MS using docetaxel calibration samples and 
thus avoiding the need for chemical pure substances of docetaxel metabolites (chapter 
1.4). With head-to-head comparison of both UV and MS/MS detection we calculated 
correction factors and showed that our method was accurate and precise. The concept 
of this approach was proved using human plasma samples containing paclitaxel and 
this approach may be used in general to quantify metabolites of other agents by LC-MS/
MS using parent drug calibration standards.

Preclinical aspects of orally administered taxanes

Prior to the start of clinical studies, drug candidates are tested in the preclinical 
setting.2 During preclinical testing, in	 vitro and in	 vivo experiments are set up to 
test efficacy and safety prior to administration to humans. When clinical studies 
with promising drug candidates are ongoing, new research questions often arise 
and additional preclinical testing is started. For instance, insight into the intestinal 
transporters that facilitate intestinal drug absorption is still surprisingly limited 
(chapter 2.1). Ongoing and future studies with genetically modified mouse models 
may further improve these insights, thus supporting the development of optimal orally 
available drugs.

Using knock-out mouse models, we addressed the role of some intestinal drug 
transporting or metabolizing enzymes in absorption of orally administered taxanes. 
We showed that both P-glycoprotein (P-gp) and Cytochrome P450 (CYP) 3A are 
involved in limiting paclitaxel plasma concentrations after oral administration and 
that the boosting effect of ritonavir on oral paclitaxel plasma exposure is caused by 
CYP3A inhibition and not by P-gp inhibition (chapter 2.2). Our data indicate that for 
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intestinal absorption of paclitaxel, enzymes other than P-gp and CYP3A are not relevant. 
For intestinal absorption of docetaxel, we showed that the uptake transporter Organic 
Anion-transporting Polypeptide (OATP) 1a is not essential (chapter 2.4). These insights 
in the roles of drug transporting or metabolizing enzymes in limiting oral absorption of 
taxanes, provide new points of application for improvement of oral taxane formulations 
in patients. 

One of the possible ways to improve oral absorption of taxanes is simultaneous 
inhibition of P-gp and CYP3A by coadministered drugs. We tested the effect of 
coadministration of paclitaxel and docetaxel with the P-gp inhibitor elacridar and the 
CYP3A inhibitor ritonavir (chapter 2.3). We observed an increase in plasma exposure 
of orally applied taxanes when coadministered with either oral elacridar or ritonavir. 
Oral coadministration of the taxanes with both elacridar and ritonavir resulted in even 
further increased plasma exposure. Although oral absorption of taxanes is increased 
after boosting with both elacridar and ritonavir, there are potential risks involved in 
this combination.  For instance, coadministration of oral elacridar in mice resulted in 
increased brain penetration of intravenously administered paclitaxel by inhibition of 
P-gp at the blood-brain barrier.3 However, we also demonstrated that relative brain 
accumulation of the taxanes was not  affected after boosting with oral elacridar. Even at 
the highly increased plasma concentrations of taxanes after boosting with both elacridar 
and ritonavir, relative brain accumulation was still similar as seen after single taxane 
administration. We therefore believe that it will be worth testing whether simultaneous 
inhibition of P-gp and CYP3A may provide a relatively safe strategy to boost plasma 
exposure of orally applied taxanes in patients, as relative brain exposure is unlikely to 
be higher than that in the currently used i.v. schedules.

Ritonavir administration  may not only increase oral absorption of  taxanes4-6, but 
possible anticancer effects are also described.7-15 In this thesis, we showed that antitumor 
efficacy of intravenously administered docetaxel is increased by coadministration of 
orally administered ritonavir (chapter 2.5). Our data indicate that Cyp3a inhibition in 
tumor tissue by ritonavir results in decreased docetaxel metabolism in the tumor. This 
could result in prolonged tumor exposure to docetaxel and, therefore, this could have 
caused the observed increase in antitumor efficacy of docetaxel when coadministered 
with ritonavir. In our experiment, we administered ritonavir orally for five subsequent 
days per week with weekly administered i.v. docetaxel, while in current clinical studies, 
oral ritonavir is coadministered once a week with oral docetaxel formulations.16 
Therefore,  more preclinical testing is needed to assess if the increased antitumor efficacy 
of docetaxel is still observed when ritonavir is administered in a weekly schedule.

Clinical aspects of orally administered taxanes

During early clinical evaluation of cytotoxic agents, the focus is usually on drug 
safety and to determine the recommended dose for  efficacy studies. Therefore, 
toxicity is an essential endpoint when anticancer agents are evaluated for the first 
time in patients.17 In the first studies with oral docetaxel, the most common and dose-
limiting toxicity was diarrhea.16 We combined preclinical and clinical data to gain more 
insight in the onset of diarrhea (chapter 3.1). Chemotherapy-induced diarrhea is the 
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result of damage to the intestinal mucosa. This damage causes an imbalance between 
absorption and secretion of fluids in the intestinal tract.18 We showed that the amount 
of docetaxel present in the lumen of the gastrointestinal tract was not related to the 
onset of intestinal damage and that intestinal damage in mice was caused by systemic 
exposure to docetaxel. Evaluation of clinical data showed that patients with diarrhea 
had a higher docetaxel plasma exposure than patients without diarrhea. Moreover, 
the incidence of severe diarrhea after oral docetaxel administration was in the same 
range as after i.v. treatment, indicating that severe diarrhea is most probably caused 
by docetaxel in the systemic circulation rather than by local exposure in the intestinal 
tract. We conclude that the onset of severe diarrhea after oral coadministration of 
docetaxel and ritonavir in humans is probably caused by the level of docetaxel in the 
systemic blood circulation and that severe diarrhea is reversible and not related to the 
route of administration of docetaxel. Although severe diarrhea is very inconvenient 
and may even cause life threatening situations, our data indicate that dose reductions 
can be effective to minimize (severe) diarrhea during treatment with oral docetaxel. In 
contrast with commonly observed adverse effects after intravenous administration of 
docetaxel (e.g. anemia, leucocytopenia and neutropenia19), diarrhea is easily recognized 
by non-medically trained persons and has not to be confirmed in laboratory. This makes 
diarrhea an adverse effect of orally applied docetaxel that is manageable in daily clinical 
practice.

Early clinical evaluation of new drugs or drug formulations focuses not only on 
safety of the parent compounds, but also on formed metabolites. FDA guidelines on 
Safety Testing on Metabolites (MIST) recommend further safety testing if metabolite 
exposure exceeds 10% of the parent drug exposure.20 Metabolite plasma concentrations 
after intravenous administration of docetaxel are much lower than docetaxel plasma 
concentrations21-23, but metabolite concentrations can be altered – or even other 
metabolites can be formed- after coadministration of docetaxel and ritonavir. 
Moreover, due to a first-pass effect after oral administration of docetaxel, metabolite 
concentrations in plasma may also be altered due to a switch from intravenous (i.v.) to 
oral administration of docetaxel. We showed that docetaxel metabolite concentrations 
after oral coadministration of docetaxel and ritonavir are very low and only detected in 
samples taken in the first hours after administration (chapter 3.2). Our results indicate 
that further testing of docetaxel metabolite safety is not required.

Perspectives

The use of oral taxanes in daily practice is not yet feasible. We addressed multiple 
important questions in this thesis that arose during early clinical testing of oral 
formulations of taxanes. Safety and proof-of-concept of oral administration of taxanes 
to patients is shown, but clinical efficacy has still to be established. In future studies 
efficacy of orally administered taxanes must be determined in a large cohort of patients. 
Since efficacy of intravenously administered taxanes is already proven24-26, it is likely 
that an antitumor response will be observed after oral co-administration of taxanes 
and ritonavir. However, the tumor response after administration of orally boosted 
taxanes must be compared to the response after intravenous administration of taxanes. 
Moreover, oral formulations make other dosing schedules possible and prior to general 
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use of oral taxanes, the optimal schedule must be determined. 

This thesis addressed questions related to the development of orally administered 
taxanes. However, the impact of the results exceeds this topic. The publication of FDA 
guidelines on Safety Testing of Drug Metabolites20 in 2008 underlined the importance of 
early detection of drug metabolites. Drug metabolites may show pharmacologic activity 
and thus possibly cause toxic effects. Moreover, discovery of drug metabolites at an early 
stage during drug development may also result in modification of the chemical structure 
of a drug to reduce the risk of adverse drug reactions during clinical application.27 Our 
work attributed to the early quantification of drug metabolites by presenting a method 
to quantify drug metabolites without chemically pure drug reference compounds. 
We showed the feasibility of correction factors for the quantification of docetaxel 
metabolites using docetaxel calibration standards. This approach can be used for the 
quantification of any drug metabolite and may thus provide targeted information about 
metabolites at an early stage. 

As discussed in our review about genetically modified mouse models in chapter 
2.1, the role of the efflux transporter P-gp in the intestinal uptake of drugs is much 
more identified than the role of intestinal transporters that facilitate intestinal drug 
absorption. But not only the role of P-gp in intestinal uptake is extensively documented, 
also its role in brain uptake is frequently studied.28 We showed that intestinal P-gp 
was completely inhibited by elacridar  and increased the intestinal absorption of 
taxanes. However, P-gp in the blood-brain barrier was not completely inhibited and 
brain penetration of the oral taxanes was not increased. When oral taxanes are co-
administered with oral elacridar, it is not likely that co-administration will increase the 
brain penetration. These findings conflict with efforts to increase brain penetration of 
anticancer drugs by coadministration of elacridar for treatment of brain metastases.29 
But taxanes are considered as very good substrates of P-gp3;30 and other experiments 
showed improved brain penetration of other chemotherapeutic agents.31;32 Thus, co-
administration of elacridar will not improve brain penetration of all drugs. Most likely, 
multiple factors will determine if P-gp inhibition by elacridar is sufficient to increase 
brain penetration. Plasma concentrations of elacridar are most relevant, since at lower 
elacridar concentrations, P-gp transport is not completely inhibited.33 Thereby affinity 
of a substrate for P-gp transport is important. A substrate with a higher affinity will 
require almost complete inhibition of P-gp, while transport of a weaker substrate will 
already be affected at non-complete inhibition. At last, the plasma concentration of the 
substrate might be relevant. This can explain the observed difference between brain 
penetration of oral (chapter 2.1) and iv3 paclitaxel when coadministered with 25 mg/kg 
oral elacridar. Thus, multiple factors must be taken into account when trying to increase 
brain penetration with co-administration of elacridar and future clinical studies to 
improve penetration of chemotherapeutic agents should focus on coadministration of 
a high dose of elacridar with moderate substrates of P-gp. Our results also show that 
intestinal P-gp can already be inhibited by a low dose of oral elacridar and thus, oral 
absorption of P-gp substrates can be boosted with low doses of elacridar without the 
risk of increased brain penetration.

In	 vitro experiments can give mechanistic insights or even predict drug-drug 
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interactions based on inhibition of CYP-mediated metabolism.34 However, when the 
drug of interest is a substrate for both drug transporters and metabolizing enzymes, 
prediction of the in	vivo interplay based on in	vitro experiments is difficult.34;35 In such 
case, animal models can be used to predict pharmacokinetics and pharmacodynamics 
in patients. Previously, it is reported that there is a species difference in paclitaxel 
metabolism, resulting in the formation of different metabolites.36 Paclitaxel metabolites 
3’p-hydroxypaclitaxel and 6α-hydroxypaclitaxel are formed in both mice and human, 
but in mice, also other metabolites are formed.37 This implicates that wild-type mice 
are not the best model to assess in	 vivo interplay between drug transporters and 
metabolizing enzymes for paclitaxel. Our results in chapter 2.2 and 2.3 showed that 
mice expressing human CYP3A4 are a better model to assess paclitaxel metabolism 
than mice expressing murine Cyp3a enzymes. Moreover, administration of paclitaxel 
to wild-type mice with and without ritonavir did not  result in a difference in plasma 
exposure of paclitaxel, while coadministration of paclitaxel with ritonavir to humanized 
mice showed an increase in plasma exposure. This increase in plasma exposure of 
paclitaxel is also observed in patients when paclitaxel and ritonavir are coadministered.6 
This underlines the importance of selecting the right animal model to study the in	vivo 
interplay. Especially for prediction of drug-drug interactions, one should select a model 
that reflects the human situation and our data showed that humanized mouse models 
may be a better tool than wild-type mice.

Overall, in this thesis we described multiple aspects that are involved in the 
development of oral formulations of taxanes. We addressed the development of 
bionalaytical assays for quantification of taxanes and showed applicability of assays for 
the combined quantification of taxanes and ritonavir in human plasma, feces and urine. 
Moreover, we  described an approach to quantify docetaxel metabolites by LC-MS/MS 
using docetaxel calibration samples, which can be applied to other metabolites when 
chemically pure substances are not available. Using knock-out and humanized mouse 
models, we discussed the roles of drug metabolizing and transporting enzymes after 
oral administration of taxanes. Our data showed that boosting with both elacridar and 
ritonavir is a relatively safe strategy to boost plasma exposure of orally applied taxanes, 
as relative brain exposure is unlikely to be higher than that in the currently used i.v. 
schedules. We also observed that coadministration of docetaxel and ritonavir caused 
increased anti-tumor efficacy of docetaxel in a mouse model for hereditary breast 
cancer. Our data suggest that this could be caused by intratumoral Cyp3a inhibition. In 
this thesis, we looked not only at bioanalytical and preclinical aspects, but also at clinical 
aspects of orally applied taxanes. The onset of diarrhea in patients after administration 
of oral formulations of docetaxel was explained by combining preclinical and clinical 
data. Finally, our data indicate that docetaxel metabolites are hardly found in plasma 
after oral coadministration of docetaxel and ritonavir and, therefore, further testing of 
docetaxel metabolite safety is not required for the development of oral formulations of 
taxanes.
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Summary
Cancer is one of the leading causes of death worldwide. Therefore, the onset and 

behavior of cancer is studied by many research groups. The increase in knowledge 
of the onset and behavior of cancer is accompanied by new therapeutic options 
and treatment strategies. In our research group, the focus is on the development of 
new oral formulations of taxanes, a group of widely used anticancer agents that are 
currently administered intravenously (i.v.). A major limitation in the concept of oral 
administration of the taxanes paclitaxel (Taxol®) and docetaxel (Taxotere®), is the low 
oral availability. Paclitaxel and docetaxel have poor aqueous solubility and upon oral 
administration, intestinal uptake can be seriously hampered by drug efflux through 
P-glycoprotein (P-gp/MDR1/ABCB1) and by drug metabolism via Cytochrome P450 
(CYP) 3A. Several studies by our group have shown that the oral bioavailability of 
paclitaxel and docetaxel can be enhanced by combining the taxanes with the CYP3A4 
inhibitor ritonavir (Norvir®). 

The aim of this thesis was to obtain mechanistic insights into the boosting effect of 
ritonavir on orally administered taxanes and to support clinical development of oral 
pharmaceutical formulations of paclitaxel and docetaxel.

Bioanalysis of taxanes

During drug development reliable and sensitive bioanalytical assays for quantification 
of these drugs are prerequisites to support preclinical and clinical trials. Assays to support 
trials with oral formulations of docetaxel and paclitaxel are described in Chapter 1 of this 
thesis. In Chapter 1.1, an overview is presented of publications that describe method 
development and validation of assays used to quantify taxanes in biological matrices 
such as plasma, tissue, feces and urine. Currently, liquid chromatography (LC) coupled 
with ultraviolet detection (UV) or tandem mass spectrometry detection (MS/MS) are 
mostly used for quantification of the taxanes. LC-MS/MS provides more sensitivity and 
selectivity compared to LC-UV. The increased selectivity of LC-MS/MS requires less 
sample pre-treatment and can reduce run time since less chromatographic separation 
is required.  Therefore, when sensitivity or high sample throughput is required, LC-MS/
MS is the best choice for quantification of taxanes in biological samples. Since interfering 
signals are increased after protein precipitation, liquid-liquid extraction with tertiary-
butylmethylether or on-line solid-phase extraction is advised when high sensitivity and 
selectivity are needed. Selectivity is further increased with a mobile phase containing 
at least 50% of organic phase.  Moreover, addition of ammonium to the mobile phase 
increases sensitivity of MS/MS detection.

A combined assay for the quantification of paclitaxel, docetaxel and ritonavir in 
human plasma is described in Chapter 1.2. Method development including optimisation 
of the mass transitions and response, mobile phase optimisation and column selection 
are discussed. During method development , it was observed that ionisation of ritonavir 
is more efficient than ionisation of the taxanes. This, however, resulted in saturation of 
the response of ritonavir at high drug concentrations. Suboptimal mass spectrometry 
settings for ritonavir resulted in decreased saturation and the quantification of the 
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taxanes and ritonavir could thus be combined. The method was validated according 
to US Food and Drug Administration (FDA) guidelines and the principles of Good 
Laboratory Practice (GLP). The described method was successfully applied in clinical 
studies with oral administration of docetaxel or paclitaxel in combination with ritonavir.

In Chapter 1.3, method development and validation of an assay for the quantification 
of paclitaxel, docetaxel and ritonavir in human feces and urine are described. During 
development, it was observed that quantification of docetaxel, paclitaxel, ritonavir -and 
maybe also other drugs- in feces samples of patients might be biased when homogenized 
samples are stored in large portions and when aliquots for quantification are taken 
after storage. Apparently, thawing a homogenized sample after storage at -20o C results 
in non-uniform distribution of the analytes in the sample. This can be circumvented by 
taking  aliquots for quantification immediately after homogenization of samples, prior 
to storage. In urine samples, we observed that quantification of the analytes after spiking 
of these compounds in a small volume resulted in underestimation of the concentration, 
indicating that adsorption to the container wall takes place when analytes are spiked 
to urine. Therefore, samples should be diluted prior to storage. After storage of both 
feces and urine samples, sample pre-treatment should be performed in the same tubes 
as used for storage. The assay for combined quantification of the taxanes and ritonavir 
in feces and urine was validated according to FDA guidelines and the principles of GLP. 
This assay can be used to test absorption and excretion of orally administered taxane 
and ritonavir formulations.

During drug development, plasma concentrations of both the parent compound and 
its metabolites are studied. Accurate quantification of metabolites in biological samples 
using mass spectrometry is, however, often hampered by the lack of metabolites of 
chemically pure quality. An approach to quantify metabolites of docetaxel in human 
plasma by LC-MS/MS without using chemically pure substances of the metabolites 
is described in Chapter 1.4. Metabolites M2, M4 and the stereoisomers M1 and M3 
were quantified using docetaxel calibration standards. The concept of quantification of 
structural analogues, like metabolites, using a calibration curve of the parent drug and 
applying a correction factor was tested using paclitaxel as test compound. The assay was 
tested during a partial validation program based on the FDA guidelines on bioanalytical 
method validation. The same approach may be used for quantification of metabolites of 
other drugs by LC-MS/MS when chemically pure reference substances are unavailable.

Preclinical studies on taxanes

In Chapter 2, mouse models are used to obtain further mechanistic insights into 
the limited intestinal absorption of paclitaxel and docetaxel. Intestinal absorption is 
an essential step in the therapeutic use of most orally administered drugs. In Chapter 
2.1, the role of intestinal drug transporting systems in drug absorption and disposition 
is discussed and the genetically modified mouse models that are used to study them. 
Ongoing and future studies with genetically modified mouse models may further 
improve these insights, thus supporting the development of optimal orally available 
drugs.
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In Chapter 2.2, the mechanism underlying the enhancement of the oral 
bioavailability of paclitaxel in humans by co-administration of ritonavir was studied. 
Our results showed that both P-gp and CYP3A are involved in limiting paclitaxel plasma 
concentrations after oral administration. Our data indicate that for intestinal absorption 
of paclitaxel, enzymes other than P-gp and CYP3A are not relevant. Co-administered 
ritonavir inhibited CYP3A-mediated metabolism, but not P-gp-mediated transport of 
paclitaxel. It was observed that mouse liver microsomes metabolized paclitaxel far 
less efficiently than human or CYP3A4-transgenic liver microsomes, revealing much 
lower efficiency of paclitaxel metabolism by mouse than by human CYP3As. Therefore, 
CYP3A4-humanized mice allow improved understanding of CYP3A4-mediated 
paclitaxel metabolism in humans.

In Chapter 2.3, it is examined whether it would be feasible and safe to substantially 
increase the oral availability of taxanes by simultaneous inhibition of P-gp and CYP3A 
by elacridar and ritonavir, respectively. An increase in plasma exposure of orally applied 
taxanes was observed when co-administered with either oral elacridar or ritonavir. 
Oral co-administration of the taxanes with both elacridar and ritonavir resulted in 
even further increased plasma exposure. The results were compared with previously 
reported data obtained from oral administration of taxanes to knock-out mice. This 
showed that orally administered elacridar and ritonavir at comparatively low doses can 
completely (for paclitaxel), or almost completely (for docetaxel) inhibit intestinal and 
hepatic P-gp and CYP3A4 activity. In contrast, relative brain accumulation of the taxanes 
was not affected after boosting with oral elacridar. Therefore it was concluded that the 
oral availability of taxanes can be enhanced by co-administration with oral elacridar 
and ritonavir, without evoking the risk of increased toxicity of the taxanes in the central 
nervous system (CNS).

In Chapter 2.4, the in vivo impact of mouse and human Organic Anion Transporting 
Polypeptide (OATP) 1A/1B transporters on docetaxel plasma clearance and liver and 
intestinal uptake is studied in genetically engineered mouse models. Absence of mouse 
Oatp1a/1b transporters resulted in impaired liver uptake of docetaxel, but did not affect 
the intestinal absorption after oral administration. Liver-specific expression of each of 
the human OATP1B1, OATP1B3 and OATP1A2 transporters provided a nearly complete 
rescue of the impaired liver uptake of docetaxel in Oatp1a/1b-null mice. 

The anti-tumor efficacy of docetaxel and ritonavir in a mouse model for hereditary 
breast cancer is described in Chapter 2.5. Growth of implanted mouse mammary 
tumors was decreased by single docetaxel treatment but not by single ritonavir 
treatment. Tumor growth was further reduced when docetaxel was co-administered 
with ritonavir, showing increased efficacy of docetaxel when co-administered with 
ritonavir. Our data indicate that Cyp3a inhibition in tumor tissue by ritonavir resulted 
in decreased docetaxel metabolism in the tumor. This most likely contributed to the 
observed increased antitumor efficacy of docetaxel when co-administered with 
ritonavir.
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Clinical studies on taxanes

In Chapter 3, safety of orally co-administered docetaxel and ritonavir in patients is 
discussed. The most common and dose-limiting toxicity of oral docetaxel was diarrhea. 
In chapter 3.1, preclinical and clinical data are combined and incidence, severity and 
cause of oral docetaxel induced diarrhea are studied. Our data indicate that the onset 
of severe diarrhea after oral co-administration of docetaxel and ritonavir in humans is 
probably caused by the level of docetaxel in the systemic blood circulation and is not 
related to the route of administration of docetaxel.

Early clinical evaluation of new drugs or drug formulations focuses not only on safety 
of the parent compounds, but also on formed metabolites. FDA guidelines on Safety 
Testing on Metabolites (MIST) recommend further safety testing if metabolite exposure 
exceeds 10% of the parent drug exposure. In Chapter 3.2, plasma concentrations of 
metabolites of docetaxel after oral co-administration of docetaxel and ritonavir are 
described. Both the oral route of administration of docetaxel and co-administration 
with ritonavir might alter docetaxel metabolite concentrations in plasma, compared 
with standard intravenous administration. It was observed that the metabolite 
profile in plasma was different after oral and i.v. administration of docetaxel when co-
administered with ritonavir. However, CYP3A inhibition by ritonavir resulted in low 
plasma concentrations of metabolites of docetaxel and thus further testing of the safety 
of the metabolites is not required.

Overall, in this thesis multiple aspects involved in the development of oral 
formulations of taxanes are described. The development of bioanalytical assays for 
quantification of taxanes are adressed; the roles of drug metabolizing and transporting 
enzymes after oral administration of taxanes using knock-out and humanized mouse 
models are discussed; and increased anti-tumor efficacy of docetaxel is shown when 
ritonavir is co-administered. Moreover, the onset of severe diarrhea and the abundance 
of metabolites of docetaxel in patients is studied after oral co-administration of 
docetaxel and ritonavir. Hopefully, this thesis will further contribute to the development 
of oral taxanes.
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Samenvatting
Kanker is wereldwijd gezien één van de belangrijkste doodsoorzaken. Er wordt 

dan ook veel onderzoek gedaan naar het ontstaan van kanker en het achterliggende 
ziekteproces. De toenemende kennis over het ziekteproces draagt bij aan de ontdekking 
van nieuwe aangrijpingspunten voor geneesmiddelen en aan de ontwikkeling van nieuwe 
strategieën in de behandeling. Onze onderzoeksgroep richt zich op de ontwikkeling 
van nieuwe orale toedieningsvormen van taxanen. De verzamelnaam taxanen verwijst 
naar een groep geneesmiddelen die veelvuldig gebruikt wordt bij de behandeling 
van kanker. Taxanen worden momenteel via een intraveneus infuus toegediend aan 
patiënten. Een belangrijke beperking in de orale toediening van de taxanen paclitaxel 
(Taxol®) en docetaxel (Taxotere®) is echter de lage biologische beschikbaarheid. Dit 
wordt veroorzaakt doordat paclitaxel en docetaxel slecht wateroplosbare stoffen 
zijn. Bovendien worden deze middelen na opname  in de darm  teruggepompt naar 
de darminhoud door  het eiwit P-glycoproteine (P-gp/MDR1/ABCB1) of afgebroken 
door Cytochroom P450 (CYP) 3A eiwitten in de darmwand. Verschillende studies uit 
onze onderzoeksgroep laten zien dat de biologische beschikbaarheid van paclitaxel en 
docetaxel na orale toediening wordt verhoogd als deze taxanen met ritonavir (Norvir®), 
een remmer van CYP3A, worden ingenomen

Het doel van dit proefschrift was inzicht te verkrijgen in het mechanisme dat 
ten grondslag ligt aan de verhoging van de biologische beschikbaarheid van oraal 
toegediende taxanen wanneer deze middelen worden toegediend in combinatie met 
ritonavir.

Bioanalyse van taxanen

Tijdens de ontwikkeling van geneesmiddelen zijn betrouwbare en gevoelige 
bioanalytische methoden nodig om geneesmiddelconcentraties te meten voor 
preklinische en klinische studies. In hoofdstuk 1 van dit proefschrift zijn methoden 
voor taxanen beschreven. Meerdere wetenschappelijke publicaties beschrijven 
de ontwikkeling en validatie van methoden die gebruikt worden om taxanen te 
kwantificeren in biologisch materiaal (zoals bloedplasma, orgaanweefsel, feces en 
urine). In hoofdstuk 1.1 wordt een overzicht gegeven van deze wetenschappelijke 
publicaties. De meeste methoden maken gebruik van vloeistofchromatografie (LC) 
gekoppeld aan ultraviolet detectie (UV) of gekoppeld aan tandem massaspectrometrie 
(MS/MS). Voor een gevoelige en snelle methode heeft MS/MS de voorkeur boven 
UV. Vloeistof-vloeistof extractie en vaste-fase extractie zijn het meest geschikt als 
monstervoorbewerking voor een gevoelige en selectieve methode. Voor de vloeistof 
chromatografie geeft het gebruik van een mobiele fase met tenminste 50% organisch 
oplosmiddel de beste selectiviteit. De toevoeging van ammoniumzouten aan de mobiele 
fase geeft bovendien een verbetering van de gevoeligheid bij MS/MS detectie.

In hoofdstuk 1.2 wordt een methode beschreven voor de gecombineerde bepaling 
van paclitaxel, docetaxel en ritonavir in humaan bloedplasma. De ontwikkeling van 
de methode, inclusief de optimalisatie van de massa transities, analiet respons en 
mobiele fase, en de keuze van de kolom worden besproken. Tijdens de ontwikkeling 
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van de methode bleek dat de ionisatie van ritonavir in de ionisatiebron van de 
massaspectrometer efficiënter verloopt dan de ionisatie van de taxanen. Dit resulteerde 
in verzadiging van de detector in het hoge concentratie bereik van ritonavir. De 
verschillende middelen konden in één bepaling gecombineerd worden door het 
kiezen van suboptimale parameters voor de ionisatie van ritonavir. De methode werd 
gevalideerd volgens de eisen van de Amerikaanse voedsel en geneesmiddel autoriteit 
(FDA) en de principes van Goede Laboratorium Praktijken (GLP). De beschreven 
methode werd succesvol toegepast bij de ondersteuning van klinische studies met orale 
toediening van docetaxel of paclitaxel in combinatie met ritonavir.

In hoofdstuk 1.3 wordt een methode beschreven voor de gecombineerde bepaling 
van paclitaxel, docetaxel en ritonavir in feces en urine. Tijdens de ontwikkeling van 
deze methode werd vastgesteld dat de middelen niet meer homogeen verdeeld 
waren over het monster als feces homogenaat ontdooid werd na invriezen. Hierdoor 
konden de geneesmiddelen niet meer precies en nauwkeurig gekwantificeerd worden 
in de monsters. De onjuiste bepaling kan worden voorkomen door het monster voor 
invriezen al te verdelen over verschillende porties voor de analyse. De urine monsters 
moesten ook al voor invriezen verdeeld worden in meerdere porties. Dit komt doordat 
de slecht-wateroplosbare stoffen adsorberen aan de wand van de plastic buis. Door de 
porties na het invriezen op te werken in dezelfde buis, kunnen de geneesmiddelen toch 
precies gekwantificeerd worden. De methode werd gevalideerd volgens de eisen van de 
FDA en de principes van GLP en is geschikt om de opname en uitscheiding van taxanen 
en ritonavir na orale toediening te onderzoeken.  

Tijdens de ontwikkeling van een geneesmiddel worden niet alleen de concentraties 
van het geneesmiddel in het bloed bestudeerd, maar ook concentraties van de 
metabolieten die ontstaan na afbraak van het geneesmiddel. Voor een nauwkeurige 
bepaling van deze metabolieten met massaspectrometrie zijn echter chemisch 
zuivere referentiestoffen nodig, echter deze verbinden zijn in de vroege fase van 
de geneesmiddelontwikkeling niet altijd beschikbaar. In hoofdstuk 1.4 wordt een 
procedure beschreven om metabolieten van docetaxel te bepalen met LC-MS/MS zonder 
gebruik te maken van chemisch zuivere referentiestoffen van de metabolieten. Voor de 
bepaling van de metabolieten M2, M4 en de stereoisomeren M1 en M3 werd chemisch 
zuiver docetaxel gebruikt als referentiestof voor de kalibratielijnen. Het concept om een 
chemisch zuivere stof en een correctiefactor toe te passen om structuuranalogen, zoals 
metabolieten, te bepalen werd getest met paclitaxel. De methode werd getest tijdens 
een partiële validatie die gebaseerd is op de eisen van de FDA. De procedure kan ook 
gebruikt worden om metabolieten van andere geneesmiddelen te meten met LC-MS/
MS als er geen chemisch zuivere referentiestoffen beschikbaar zijn.

Preklinische studies met taxanen

In hoofdstuk 2 wordt gebruik gemaakt van muismodellen om meer inzicht te krijgen 
in de beperkte opname van paclitaxel en docetaxel in de darm. De opname in de darm 
is een belangrijke stap om oraal toegediende geneesmiddelen te kunnen gebruiken bij 
therapeutische behandelingen. In hoofdstuk 2.1 wordt de rol besproken die transport 
eiwitten in de darm spelen bij de absorptie en verdeling van geneesmiddelen. Daarbij 
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worden ook genetisch gemodificeerde muismodellen besproken die gebruikt worden 
om deze transportsystemen te bestuderen. Deze muismodellen kunnen gebruikt 
worden om een beter inzicht te krijgen in de opname en verdeling van geneesmiddelen. 
Dit inzicht kan bijdragen aan de verdere ontwikkeling van orale toediening van nieuwe 
en bestaande geneesmiddelen.

Hoofdstuk 2.2 is gericht op het verklaren van het mechanisme waardoor 
ritonavir de orale biologische beschikbaarheid van paclitaxel verhoogt in patiënten. 
Onze resultaten laten zien dat zowel P-gp als CYP3A een rol spelen in het beperken 
van de paclitaxel concentraties in bloed na orale toediening van paclitaxel. Andere 
transportsystemen leveren echter geen relevante bijdrage aan het beperken van de 
biologische beschikbaarheid van oraal toegediend paclitaxel. Als de orale toediening 
van paclitaxel wordt gecombineerd met de toediening van ritonavir, neemt de 
biologische beschikbaarheid van paclitaxel toe doordat CYP3A wordt geremd door 
ritonavir. Ritonavir heeft echter geen invloed op het transport van paclitaxel door P-gp. 
Het metabolisme van paclitaxel in muizen is verder bestudeerd door gebruik te maken 
van microsomen. Er werd gezien dat microsomen uit de lever van muizen minder goed 
zijn in het afbreken van paclitaxel dan microsomen uit de lever van muizen met humaan 
CYP3A of uit de lever van mensen. Dit betekent dat Cyp3a eiwitten van muizen minder 
efficiënt zijn in het afbreken van paclitaxel dan CYP3A eiwitten van mensen. Door in 
preklinische studies gebruik te maken van genetisch gemodificeerde muizen met 
humaan CYP3A, kan er een beter beeld gevormd worden van de afbraak van paclitaxel 
door CYP3A in de mens.

In hoofdstuk 2.3 is onderzocht of het mogelijk -en veilig- was om de biologische 
beschikbaarheid van taxanen te verhogen door gelijktijdig de werking van P-gp en 
CYP3A eiwitten te blokkeren. Elacridar is gebruikt om P-gp te blokkeren en ritonavir om 
CYP3A te blokkeren. Zowel de toediening van elacridar als de toediening van ritonavir 
verhoogde de biologische beschikbaarheid van de taxanen paclitaxel en docetaxel. 
Gelijktijdige toediening van elacridar en ritonavir zorgde voor een verdere verhoging 
van de biologische beschikbaarheid. De resultaten uit deze studie zijn vergeleken met 
eerdere resultaten uit studies waarin knock-out muizen zijn gebruikt. Deze knock-out 
muizen zijn genetisch gemodificeerd, waardoor ze geen P-gp of CYP3A eiwitten tot 
expressie brengen. Deze vergelijking liet zien dat elacridar en ritonavir de werking van 
respectievelijk P-gp en CYP3A eiwitten (bijna) volledig blokkeerden in de lever en de 
darm. De penetratie van de taxanen in de hersenen werd echter niet beïnvloed door 
de gelijktijdige toediening van de taxanen met de lage dosering elacridar. Hieruit kan 
geconcludeerd worden dat de biologische beschikbaarheid van de taxanen na orale 
toediening kan worden verhoogd door gelijktijdige orale toediening van elacridar en 
ritonavir. Hierbij is er bij de orale toediening van taxanen met elacridar en ritonavir geen 
verhoogd risico op toxiciteit in het centrale zenuwstelsel ten opzichte van intraveneuze 
toediening van de taxanen.

In hoofdstuk 2.4 zijn transporteiwitten die organische anionen in de muis en 
de mens transporteren (OATPs) bestudeerd. De rol van de subtypen 1A en 1B  in de 
opname van docetaxel in de darm en de klaring van docetaxel uit bloedplasma en 
leverweefsel is onderzocht in genetisch gemodificeerde muizen. De afwezigheid van 
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Oatp1a/1b eiwitten resulteerde in een verminderde opname van docetaxel in de lever, 
maar had geen invloed op de absorptie van docetaxel in de darm. Het aanbrengen van 
humaan OATP1B1, OATP1B3 en OAPT1A2 door genetische modificatie in de lever van 
muizen zonder Oatp1a/1b eiwitten zorgde ervoor dat de opname van docetaxel in de 
lever weer normaal was.

In hoofdstuk 2.5 is het effect van docetaxel en ritonavir op de tumorgroei bestudeerd 
in een muismodel voor erfelijke borstkanker. De groei van geïmplanteerde tumoren 
werd niet geremd door behandeling met ritonavir, maar wel door behandeling met 
docetaxel. De tumorgroei werd bovendien sterker geremd door gelijktijdige behandeling 
met docetaxel en ritonavir. Onze resultaten duiden erop dat remming van Cyp3a door 
ritonavir in de tumor zorgt voor een lokaal verminderde afbraak van docetaxel. Dit 
heeft waarschijnlijk bijgedragen aan de sterkere remming van de tumorgroei als de 
behandeling met docetaxel werd aangevuld met ritonavir.

Klinische studies met taxanen

In Hoofdstuk 3 wordt de veiligheid van de gelijktijdige orale toediening van docetaxel 
en ritonavir beschreven. Diarree is de meest voorkomende bijwerking die ervoor zorgt 
dat de dosering van oraal toegediend docetaxel niet verhoogd kan worden. In hoofdstuk 
3.1 zijn gegevens uit preklinische en klinische studies gekoppeld om te bestuderen wat 
de oorzaak is van diarree na orale toediening van docetaxel, hoe ernstig de diarree is en 
hoe vaak diarree voorkomt. Onze resultaten duiden erop dat het ontstaan van ernstige 
diarree na gelijktijdige orale toediening van docetaxel en ritonavir waarschijnlijk wordt 
veroorzaakt door de hoeveelheid docetaxel in het bloed. Het ontstaan van ernstige 
diarree is niet gerelateerd aan de toedieningsroute van docetaxel.

Tijdens de ontwikkeling van geneesmiddelen wordt niet alleen gekeken  naar de 
veiligheid van het geneesmiddel, maar ook naar de veiligheid van de metabolieten 
die ontstaan na afbraak van het geneesmiddel. De richtlijnen van de FDA stellen 
dat er onderzoek naar de veiligheid van de metabolieten moet plaatsvinden als de 
blootstelling aan de metabolieten hoger wordt dan 10% van de blootstelling aan 
het geneesmiddel. In hoofdstuk 3.2 zijn de concentraties van de metabolieten van 
docetaxel in het bloed bestudeerd na gelijktijdige orale toediening van docetaxel en 
ritonavir. Zowel de orale toedieningsroute van docetaxel als de gelijktijdige toediening 
van docetaxel met ritonavir kunnen mogelijk de concentraties van de metabolieten in 
het bloed veranderen ten opzichte van de intraveneuze toediening van docetaxel. De 
metabolietprofielen die gezien worden in bloedplasma zijn verschillend na orale en 
intraveneuze toediening van docetaxel. Echter de concentraties van de metabolieten 
in bloedplasma zijn laag na gelijktijdige orale toediening van docetaxel en ritonavir als 
gevolg van de remming van CYP3A door ritonavir. Daarom zijn verdere studies naar de 
veiligheid van de metabolieten niet nodig.

In dit proefschrift zijn verschillende aspecten beschreven van de ontwikkeling van 
orale toedieningsvormen van taxanen. Allereerst is de ontwikkeling van bioanalytische 
methoden voor de bepaling van taxanen behandeld. Vervolgens zijn knock-out en 
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gehumaniseerde muizen gebruikt om te onderzoeken wat de rol is van eiwitten die 
geneesmiddelen transporteren of afbreken als taxanen oraal toegediend worden. 
Bovendien is in een muismodel voor erfelijke borstkanker aangetoond dat de tumorgroei 
sterker wordt geremd als ritonavir wordt toegevoegd aan de behandeling met docetaxel. 
Tot slot is het ontstaan van ernstige diarree en de aanwezigheid van metabolieten van 
docetaxel in bloedplasma bestudeerd na orale toediening van docetaxel in combinatie 
met ritonavir. Hopelijk levert dit proefschrift een verdere bijdrage aan de ontwikkeling 
van orale taxanen.
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Dankwoord

Na bijna vier jaar onderzoek is mijn proefschrift gereed. Ik heb genoten van deze 
periode en ben trots op het eindresultaat. Dit proefschrift is niet alleen het resultaat 
van mijn werk, maar is mede geworden zoals het is door de steun en toewijding van 
anderen.

Allereerst wil ik de patiënten bedanken die hebben meegewerkt aan de klinische 
studies die beschreven worden in dit proefschrift. Zonder hun deelname aan de studies 
had ik niet de beschikking over de vele samples en data die geanalyseerd zijn.

Ik wil ook mijn dank uitspreken aan mijn co-promotoren en promotoren. Hilde, ik 
heb erg veel gehad aan  je steun op het gebied van de bioanalyse van  taxanen. Je hebt 
me veel bijgebracht over bioanalyse en GLP en we hebben mooie assays ontwikkeld! 
Ik heb genoten van onze samenwerking en ben er van overtuigd dat dit de komende 
jaren niet veranderd. Alfred, bedankt voor je kritische blik en je uitleg bij de diverse 
muizenstudies. Ik vond het erg prettig om met je samen te werken en heb veel geleerd 
over de wereld van de drugtransporters. Gedurende mijn promotie heb je me altijd 
geweldig ondersteund bij de opzet van de experimenten, ook als ze buiten je reguliere 
onderzoeksgebieden vielen. Jos, ik wil je bedanken dat je me de mogelijkheid hebt 
geboden om promotieonderzoek te doen. Je gaf me altijd veel vrijheid in de projecten en 
ik heb veel geleerd van je kritische blik op onderzoek. Jan, bedankt voor de mogelijkheid 
om naast mijn onderzoek de opleiding tot klinisch farmacoloog te volgen. Hierdoor heb 
ik veel meegekregen over het uitvoeren van klinische studies en de dagelijkse praktijk 
in de kliniek.

De leden van mijn leescommisie wil ik bedanken voor het doornemen van mijn 
leesmap: prof. Gert Folkerts, prof. Berend Olivier, prof. Emile Voest, dr. Sven Rottenberg 
en prof. Ron Matthijssen. 

Cynthia en Perry, fijn dat jullie mijn paranimfen willen zijn! Perry, we hebben lief 
en leed gedeeld in Huize Oskar en al tijdens de studie een gedeelde interesse gevonden 
in de wetenschap. Op naar een vruchtbare samenwerking als arts en apotheker in de 
toekomst! Cynthia, ik heb genoten van onze periode als kamergenoten en de discussies 
over bioanalyse, massabalans en minder wetenschappelijke onderwerpen. Je droge 
constateringen en ergernissen over de alledaagse beslommeringen zal ik missen. 
Beiden succes met het afronden van jullie eigen promotie.

Ik wil ook alle mede-onderzoekers bedanken voor de geweldige tijd! Rik, ik heb 
genoten van de gezamenlijke projecten en de goede samenwerking. Coen, bedankt voor 
de discussies over statistiek en nespresso. Stijn, bedankt voor het inwerken binnen 
de Modrastudies. Nynke, bedankt voor het nalezen van diverse manuscripten. Tine, 
bedankt voor de gezellige tijd als kamergenote. Ook alle andere (oud-)OIO’s bedankt 
voor de discussies, goede werksfeer en gezellige OIO weekenden.

Dear people of the Schinkelgroup and H5 (formerly known as P2), thanks for the 
warm welcome as “guest” at the NKI! Anita, bedankt voor alle hulp bij de diverse 
PCR assays. Els, bedankt voor de fok voor al mijn experimenten. Sven, thanks for our 
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collaboration during the tumor response experiment. I would also like to thank all the 
other people, especially Dilek, Selvi en Seng Chuan.

Mijn dank gaat ook uit naar alle mensen in de apotheek waar ik de afgelopen jaren met 
plezier heb gewerkt. Jurjen, bedankt voor je hulp bij de opzet van de muisexperimenten. 
Bas, bedankt voor je hulp als studieleider. Abadi, Niels en Lianda, bedankt voor de hulp 
bij de taxaananalyses. Ook de rest van het lab, QA en de apotheek, bedankt voor de 
goede werksfeer in de afgelopen periode en dat het maar zo mag blijven in de komende 
periode.

Ik wil ook de proefdierverzorgers van G3, Olaf en Ji-Ying Song bedanken voor de 
hulp bij de diverse muisexperimenten.. 

Mijn dank gaat ook uit naar allen met wie ik samengewerkt heb in de afgelopen 
jaren, maar die ik niet bij naam genoemd heb.

Pap, mam, Martijn en Sander, bedankt voor de steun de afgelopen jaren en de 
geweldige familiesfeer. Jullie hebben mij mede gemaakt zoals ik ben. It’s all in the family.

Nina, last but not least! Bedankt voor je interesse en steun de afgelopen jaren. Je 
hebt vele verhalen aangehoord en vele stukken gelezen. Fijn dat ik dit promotietraject 
zo met je kon delen. Det	weej	nog	lang	van	ein	meuge	genete	en	des	dich	nog	lang	mien	
stuur	meugs	blieve.	Ik	halt	van	dich!
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