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Abstract

Patients with prostate cancer (PCa) have a lower docetaxel exposure for both intravenous (1.8-fold) and oral administration (2.4-fold) than patients
with other solid cancers,which could influence efficacy and toxicity. An altered metabolism by cytochrome P450 3A (CYP3A) due to castration status
might explain the observed difference in docetaxel pharmacokinetics. In this in vivo phenotyping, pharmacokinetic study, CYP3A activity defined by
midazolam clearance (CL) was compared between patients with PCa and male patients with other solid tumors. All patients with solid tumors who
did not use CYP3A-modulating drugs were eligible for participation. Patients received 2 mg midazolam orally and 1 mg midazolam intravenously on
2 consecutive days. Plasma concentrations were measured with a validated liquid chromatography–tandem mass spectrometry method. Genotyping
was performed for CYP3A4 and CYP3A5. Nine patients were included in each group. Oral midazolam CL was 1.26-fold higher in patients with
PCa compared to patients with other solid tumors (geometric mean [coefficient of variation], 94.1 [33.5%] L/h vs 74.4 [39.1%] L/h, respectively;
P = .08). Intravenous midazolam CL did not significantly differ between the 2 groups (P = .93). Moreover, the metabolic ratio of midazolam to 1′-
hydroxy midazolam did not differ between the 2 groups for both oral administration (P = .67) and intravenous administration (P = .26). CYP3A4
and CYP3A5 genotypes did not influence midazolam pharmacokinetics. The observed difference in docetaxel pharmacokinetics between both patient
groups therefore appears to be explained neither by a difference in midazolam CL nor by a difference in metabolic conversion rate of midazolam.
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Docetaxel is a well-established anticancer drug for
the treatment of patients with multiple solid tumors
including metastatic breast cancer, non–small cell lung
cancer, prostate cancer, gastric cancer, and squamous
cell carcinoma of the head and neck.1 Docetaxel is com-
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monly administered as a 1-hour intravenous infusion at
a dose of 75 or 100 mg/m2 every 3 weeks.2,3 To decrease
patient burden and toxicity associated with intravenous
docetaxel, oral formulations have been designed and
investigated in clinical trials.4-8
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Recent studies have reported a difference in doc-
etaxel pharmacokinetics between patients with prostate
cancer and male patients with other solid tumors. A
meta-analysis reported a 1.8-fold lower area under
the plasma concentration–time curve (AUC) for intra-
venous docetaxel in patients with metastatic castration-
resistant prostate cancer (mCRPC) compared to male
patients with other solid tumors.9 Furthermore, these
mCRPC patients had a 2.2-fold lower odds of devel-
oping Grade 3/4 neutropenia,9 indicating the possible
clinical significance of a lower docetaxel AUC. More-
over, oral docetaxel administration resulted in an even
more pronounced 2.4-fold decrease in docetaxel AUC
in patients with mCRPC as compared to male patients
with other solid tumors.8 The lower docetaxel exposure
appears to be independent of disease status since pa-
tients with metastatic hormone-sensitive prostate can-
cer (mHSPC) had a similar pharmacokinetic profile for
docetaxel as patients with mCRPC.10

Since docetaxel is predominantly metabolized by
cytochrome P450 3A (CYP3A),11,12 altered CYP3A
activity in patients with prostate cancer might explain
the observed difference in docetaxel pharmacokinetics.
The hypothesis behind the altered CYP3A activity is an
induction of the CYP3A enzyme caused by the castra-
tion status of patients with prostate cancer.8 However,
in vivo phenotyping studies, using the erythromycin
breath test, found no significant difference in hepatic
CYP3A activity between the above-described patient
groups.13,14 On the other hand, erythromycin is not a
specific or validated substrate for CYP3A.15-17 There-
fore, there is a need for a more accurate investigation
of hepatic and intestinal CYP3A activity in patients
with prostate cancer and male patients with other solid
tumors.

The aim of the current study was to quantify in
vivo CYP3A activity in patients with prostate cancer
and male patients with other solid tumors using the
clearance (CL) of the specific CYP3A substrate mida-
zolam as a more accurate metric for enzyme activity.
Midazolam is a short-acting benzodiazepine that is, like
docetaxel, almost exclusively metabolized by CYP3A
into its predominant metabolite 1′-hydroxy midazo-
lam and the lesser metabolite 4′-hydroxy midazolam.18

Both midazolam AUC and metabolic clearance to 1′-
hydroxy midazolam correlate well with hepatic CYP3A
content.19,20 In general, midazolam plasma CL is an
accepted accurate metric for CYP3A activity due to
its specificity and sensitivity to changes in CYP3A
activity.21 Usually, oral midazolam doses of 2-7.5 mg
and intravenous doses of 1-3 mg are used for in vivo
phenotyping.21 Secondary objectives were the compar-
ison of midazolamAUC, and the midazolammetabolic
ratio to 1′-hydroxy midazolam between the 2 patient
groups with a differentiation between intestinal and

hepatic CYP3A activity by administrating oral and
intravenous midazolam.

Methods
Study Design and Patients
A prospective, interventional pharmacokinetic study
was designed to compare midazolam pharmacokinetics
between patients with prostate cancer andmale patients
with other solid tumors. The study was conducted
in Antoni van Leeuwenhoek Hospital and the study
protocol was approved by the local accredited med-
ical ethics committee (Netherlands Cancer Institute,
Amsterdam). The study was performed in accordance
with the Declaration of Helsinki. Written consent was
obtained for all participating patients before the start
of the study procedures. The study was registered at
ClinicalTrials.gov (NCT05518799).

Male patients (aged 18 years or older) with histolog-
ical or cytological proof of a solid tumor were eligible
for study participation independent of disease status.
Patients with prostate cancer had to have a castration
level of testosterone (1.73 nmol/L or less).22 Adequate
hematologic, hepatic, and renal function were required
for participation. Patients using concomitant CYP3A-
modulating drugs, herbs, or food 14 days before the
start of the study or within 5 half-lives of the drug and
patients who smoked during or within 7 days before the
start of the study were excluded.

All patients received 2 mg of oral midazolam, and 1
mg IV of midazolam on 2 consecutive days. After ad-
ministration of midazolam, pharmacokinetic exposure
was determined. Blood samples (4 mL, dipotassium
ethylenediaminetetraacetic acid) were drawn at 7 time
points: before dosing and 0.25, 0.5, 1, 2, 4, and 8 hours
after administration. Immediately after collection, sam-
ples were centrifuged for 10 minutes at 1500 × g at
4°C. Plasma was collected and stored at −80°C until
analysis.

Bioanalysis
Plasma concentrations of midazolam, 1′-hydroxy
midazolam, and 4′-hydroxymidazolam were deter-
mined using a liquid chromatography–tandem mass
spectrometry method. Sample preparation consisted
of liquid–liquid extraction with tert-butylmethylether
using 200-μL plasma aliquots. Stable isotopically la-
beled midazolam and 1′-hydroxy midazolam were used
as internal standards. Plasma aliquots were prepared
by adding 1000 μL of tert-butylmethylether and 20 μL
of internal standard. Samples were mixed with an au-
tomatic shaker (1250 rpm, 10 minutes) and centrifuged
(18,626× g, 5 minutes). After snap freezing, the organic
layer was transferred to a clean tube and evaporated
until dryness under a gentile stream of nitrogen (40°C).
The residue was reconstituted with a mixture of 100 μL
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Table 1. Demographics of the Included Patients

Prostate
cancer group

Other solid-tumor
group

Demographics
Number of patients 9 9
Race
White 9 (100) 9 (100)

Age (years) 69 (58-79) 64 (38-71)
Body weight (kg) 81.8 (65-100) 91 (62.5-131)
Disease information
WHO score
0 9 (100) 8 (89)
1 0 (0) 1 (11)

Primary tumor
Colorectal 0 (0) 4 (44)
Melanoma 0 (0) 4 (44)
Prostate 9 (100) 0 (0)
SCLC 0 (0) 1 (12)

Disease stage
Local 0 (0) 2 (22)
Locally advanced 1 (11) 0 (0)
Metastatic 8 (89) 7 (78)

Clinical chemistrya

ALAT (<45 U/L) 22 (17-36) 22 (9-35)
ASAT (<35 U/L) 32 (22-69) 28 (19-42)
eGFR (>60 mL/min) 90 (71-108) 84 (66-96)
Serum creatinine (50-105 μmol/L) 72 (61-90) 84 (66-99)
Testosterone (3.0-33.0 nmol/L) 0.03 (0.02-0.5) 9 (6.3-29)
Total bilirubin (<24 μmol/L) 9 (6-23) 6 (6-18)

Medical history
Prior therapy
No 6 (67) 5 (56)
Chemotherapy 3 (33) 1 (11)
Hormone therapy 3 (33) 2 (22)
Immune therapy 0 (0) 4 (44)

Chronic concomitant medication
Abiraterone 6 (67) 0 (0)
Anti-acids including PPIs 2 (22) 4 (44)
Antibiotics 0 (0) 1 (11)
Antihistamines 1 (11) 0 (0)
Asthma medication 0 (0) 1 (11)
Cardiovascular mediation 8 (89) 4 (44)
Corticosteroids 3 (33) 2 (22)
Encorafenib 0 (0) 1 (11)
Hormone therapy 7 (78) 0 (0)
Immune therapy 0 (0) 6 (67)
Laxatives 1 (11) 4 (44)
Osteoporosis prophylaxis 4 (44) 0 (0)
Paracetamol 2 (22) 2 (22)
Thyreominetics 0 (0) 1 (11)

Data are presented as median (range) or frequency (percentage) unless
otherwise specified.
ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; eGFR,
estimated glomerular flitration rate; PPI, proton pump inhibitors; SCLC, small
cell lung cancer;WHO,World Health Organization.
a
Normal ranges for laboratory provided.

20 mM ammonium formate in water (pH 3.5) and
methanol (7:3 v/v). Samples were centrifuged (18,626
× g, 5 minutes) before transferring the supernatant
in vials for analysis. Liquid chromatography–tandem
mass spectrometry apparatus employed were Nexera

X2 Chromatograph LC (Shimadzu) and API4000
triple quadrupole tandem mass spectrometry (Sciex),
equipped with a turbo ion spray interface, operated in
the positive mode. Separation was accomplished using
an Acquity BEH C18 analytical column (50 × 2.1 mm
ID, 1.7 μm particles) using gradient elution with 20
mM of ammonium formate (pH 3.5)-methanol (7:3
v/v) and methanol. Detection and quantification were
performed using mass/charge transitions m/z 325.9 →
291.0 for midazolam, m/z 342.1 → 203.1 for 1′-hydroxy
midazolam, and m/z 342.1 → 234.0 for 4′-hydroxy
midazolam. The method was validated according to
international guidelines,23,24 over a concentration range
of 0.1-50 ng/mL for all 3 analyses. Accuracy was within
7.9%, and precision was better than 5.6%, at all tested
concentration levels during method validation.

Pharmacokinetics and Statistical Analysis
The primary aim of the current study was the compar-
ison of midazolam CL between patients with prostate
cancer and male patients with other solid tumors. For
sample size calculation, a midazolam CL of 81.7 L/h
with a standard deviation of 41.5 L/h was used for
male patients with other solid tumors.25 With 9 patients
per group, there was 80% power to detect a 2-fold
change in midazolam CL, assuming a coefficient of
variation on the original scale of 50.8% and alpha 0.05
(2-sided). Therefore, 9 evaluable patients in each patient
group were required. Midazolam CL was calculated
using noncompartmental analysis. The secondary aim
of the study was the determination of AUC from
time 0 to 8 hours and AUC extrapolated to infinity
(AUCinf ), which were calculated using the linear-log
trapezoidal method. The metabolic ratio was calcu-
lated by dividing AUCinf of 1′-hydroxy midazolam by
AUCinf of midazolam. Other pharmacokinetic met-
rics were derived from the noncompartmental analysis
such as the highest measured concentration over 8
hours (Cmax), time to Cmax, and volume of distribu-
tion were derived from the AUCinf . Oral bioavailabil-
ity was defined as the dose-corrected ratio between
oral midazolam AUCinf and intravenous midazolam
AUCinf . Samples below the lower limit of quantifica-
tion (LLOQ) were imputed with half of LLOQ (0.05
ng/mL) if they were necessary for a reliable estimation
of the elimination rate constant.26 Noncompartmen-
tal analysis, statistical analysis, and power calculation
were performed using R Version 4.1.2 (R-project). The
Wilcoxon signed-rank test was used to determine P-
values for the comparison of pharmacokinetics be-
tween the 2 patient groups. A P-value of .05 or less was
considered statistically significant. In case of significant
difference, post hoc analysis would be performed to
differentiate between intestinal and hepatic CYP3A
activity.
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Table 2. Pharmacokinetic Parameters of Midazolam and 1′-Hydroxy Midazolam

Oral administration Intravenous administration

Prostate cancer
Other solid
tumors P-value Prostate cancer

Other solid
tumors P-value

Midazolam
Geometric mean (CV%)

Cmax (ng/mL) 11.33 (24.9) 8.94 (29.5) .10 – – –
tmax (hour) 0.5 0.6 .35 – – –
AUC0-8 (ng • h/mL) 19.9 (30.7) 24.0 (32.8) .09 21.9 (31.8) 21.4 (36.5) .93
AUCinf (ng • h/mL) 21.3 (33.5) 26.9 (39.1) .08 23.5 (35.1) 24.6 (40.0) .93
t1/2 (hour) 1.58 (46.6) 2.18 (37.8) .19 1.63 (52.3) 2.47 (37.9) .06
CL/F (L/h) 94.1 (33.5) 74.4 (39.1) .08 – – –
CL (L/h) – – – 42.6 (35.1) 40.6 (40.0) .93
Vd/F (L) 214 (35.7) 234 (20.2) .34 – – –
Vd (L) – – – 100 (44.3) 144 (37.1) .14
F (%) 45.3 (24.7) 54.5 (28.3) .22 – – –

1′-Hydroxy midazolam
Geometric mean (CV%)

AUC0-8 (ng • h/mL) 4.58 (57.0) 4.92 (68.9) 1.00 3.35 (30.7) 2.81 (120) .39
AUCinf (ng • h/mL) 4.98 (56.3) 5.33 (67.6) 1.00 3.73 (31.5) 3.41 (111) .67
Metabolic ratio 0.23 (40.8) 0.19 (78.5) .67 0.16 (18.4) 0.14 (99.2) .26

AUC0-8, area under the plasma concentration–time curve from time zero to 8 h after administration; AUCinf, area under the plasma concentration–time curve
extrapolated to infinity;CL,clearance;CL/F,oral clearance;Cmax,maximum concentration;CV,coefficient of variation;F,oral bioavailability;metabolic ratio,AUC0-8

of 1′-hydroxy midazolam divided by the AUC0-8 of midazolam; t1/2, half-life; tmax, time to maximum concentration; Vd, volume of distribution; Vd/F, oral volume
of distribution.

Genotyping
For genotyping of CYP3A, 4 mL of blood was
collected in dipotassium ethylenediaminetetraacetic
acid vials and stored at −20°C until analysis. The
following single nucleotide polymorphism (SNPs)
were determined: CYP3A4*2 (664T>C), CYP3A4*17
(566T>C), CYP3A4*22 (15389C>T), and CYP3A5*3
(6987A>G). DNA was extracted with QIAmp DNA
Mini Kit (Qiagen). DNA concentrations were mea-
sured at 260 nm using a nanodrop nd-1000 UV-VIS
spectrometer (Thermo Fisher Scientific, Ashville, NC,
USA). Genotyping was performed with TaqMan SNP
genotyping assays (Applied Biosystems) according to
the manufacturer’s protocol. Reactions were performed
with the Applied Biosystems StepOne. Two negative
and 2 positive quality control samples were included on
each plate in the TaqMan SNP genotyping assay.

Results
Patient Characteristics
Demographic characteristics of the included patients
are summarized in Table 1. All included patients were
of White ethnicity. Median age was similar between
the 2 patient groups. The patients with solid tumors
consisted of colorectal carcinoma (n = 4), melanoma
(n = 4), and small cell lung cancer (n = 1). Most
patients had metastatic disease; 1 patient with prostate
cancer had locally advanced disease, while 2 patients
with other solid tumors had localized disease. Patients
with prostate cancer used relatively more chronic con-

comitant medications, especially cardiovascular drugs,
abiraterone, and hormone therapy. Furthermore, 5 pa-
tients used corticosteroids, which consisted of either
prednisolone (max. 10 mg, n = 4) or locally applied
budesonide (n = 1) during the study.

Pharmacokinetic Analysis
A summary of the pharmacokinetic metrics is provided
in Table 2. The pharmacokinetic profiles of midazolam,
1′-hydroxy midazolam, and 4′-hydroxy midazolam are
depicted in Figure 1. Individual pharmacokinetics pro-
files of midazolam and its metabolites are depicted in
Figure S1.

Midazolam. Oral midazolam CL was 1.26-fold
higher in patients with prostate cancer compared
to male patients with other solid tumors (geometric
mean [coefficient of variation], 94.1 [33.5%] L/h vs
74.4 [39.1%] L/h, respectively; P = .08), which was
not statistically significant (Figure 2). On the other
hand, there was no significant difference in intravenous
midazolam CL (42.6 [35.1%] L/h vs 40.6 [40.0%] L/h,
respectively; P = .93). Consistently, oral AUCinf was
lower in the prostate cancer group compared to the
other solid tumor group (21.3 [33.5%] vs 26.9 [39.1%]
ng • h/mL, respectively;P= .08), which was statistically
insignificant, while intravenous AUCinf was similar
between the 2 groups (23.5 [35.1%] vs 24.6 [40.0%],
respectively; P = .93). Oral bioavailability was lower
for patients with prostate cancer compared to patients
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Figure 1. Pharmacokinetic profiles of midazolam, 1′-hydroxy midazolam, and 4′-hydroxy midazolam after oral administration (a, c, e) and intravenous
administration (b, d, f). The solid dots and solid line represents the pharmacokinetic profile of patients with other solid tumors and the solid triangles
and dashed lines represent the pharmacokinetic profile of patients with prostate cancer. The error bars represent the standard deviation in plasma
concentration.

with other solid tumors, but again not statistically
significant (45.3% [24.7%] vs 54.5% [28.3%]; P = .22).
In the current study, no correlation was observed
between testosterone levels and midazolam CL
(Figure S2).

1′-Hydroxy midazolam. Pharmacokinetics of 1′-
hydroxy midazolam demonstrated high interpatient
variability (Figure 1c and d) with higher variability
for patients with other solid tumors than prostate
cancer. There was no significant difference in
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Figure 2. Oral midazolam clearance (a) and intravenous midazolam clearance (b) for patients with other solid tumors and patients with prostate
cancer.

1′-hydroxy midazolam AUCinf for oral administration
(4.98 [56.3%] ng • h/mL vs 5.33 [67.6%] ng • h/mL,
respectively; P = 1.00) and for intravenous
administration (3.73 [31.5%] ng • h/mL vs 3.41 [111%]
ng • h/mL, respectively; P = .67). Correspondingly,
there was no significant difference in metabolic ratio
of 1-hydroxy midazolam to midazolam for both oral
administration (0.23 [40.8%] and 0.19 [78.5%]; P= .67)
and intravenous administration (0.16 [18.4%] vs 0.14
[99.2%]; P = .26).

4′-Hydroxy midazolam. The pharmacokinetic profile
of 4′-hydroxy midazolam also demonstrated high in-
terpatient variability (Figure 1e and f). The plasma
concentrations of 4′-hydroxy midazolam were lower
than anticipated. The frequency of less than LLOQ
samples did not differ between patients with prostate
cancer and patients with other solid tumors (46.3% [50
samples, 10 patients] vs 47.2% [51 samples, 8 patients],
respectively). Moreover, the interquartile range of the
measured plasma concentrations did not differ between
patients with prostate cancer (0.134-0.284 ng/mL) and
patients with other solid tumors (0.138-0.273 ng/mL).
However, 4′-hydroxy midazolam plasma concentra-
tions for male patients with other solid tumors exhib-
ited a prolonged time above the LLOQ (Figure S1),
suggesting a trend toward lower 4′-hydroxy midazolam
exposure in prostate cancer patients. The outlier at 4
hours after administration of midazolam depicted in
Figure 1f could not be explained by errors in sampling
time or a bioanalytical error.

Genotyping
Pharmacogenetic analysis revealed 3 SNPs in the
CYP3A gene. One patient with prostate cancer was
heterozygous for CYP3A4*2 and homozygous for
CYP3A5*3 (nonexpressor phenotype). CYP3A4*2 is

in vitro associated with decreased activity (−83% de-
crease in the predictor of in vivo intrinsic midazo-
lam CL; the ratio of maximum reaction rate and
the Michaelis–Menten rate constant) of CYP3A4.27

The influence of CYP3A4*2 on the in vivo pharma-
cokinetics of midazolam is unclear due to the low
prevalence of the SNP.28 Two patients (one in each
patient group) were homozygous for CYP3A4*1 and
heterozygous for CYP3A5*3 (expressor phenotype).
This genotype is associated with the phenotype of an
extensivemetabolizer.29 The influence of CYP3A5*3 on
the pharmacokinetics of midazolam seems to be incon-
sistent. Previous studies reported either no significant
difference28,30 or a significant difference25,31 in midazo-
lam pharmacokinetics. The presence of SNPs did not
significantly affect the results from the pharmacokinetic
analysis. Furthermore, both patients who were het-
erozygous for CYP3A5*3 (expressor phenotype) had
midazolam CL values within the established range of
CL for both oral and intravenous administration. The
patient who was heterozygous for CYP3A*2 had the
highest oral midazolam CL. This is inconsistent with
the expected decreased CYP3A4 activity. Therefore,
it was concluded that there was limited effect of the
detected SNPs on the pharmacokinetics of midazolam
in our study.

Discussion
The primary aim of the current study was to quan-
tify CYP3A activity, defined as midazolam CL, in
patients with prostate cancer compared to patients with
other solid tumors. Oral midazolam CL was 1.26-fold
higher in patients with prostate cancer compared to
patients with other solid tumors. This nonsignificant
increase in oral clearance only partially explains the ob-
served 2.4-fold difference in oral docetaxel exposure.8
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Moreover, the secondary objectives, midazolam AUC
andmetabolic ratio, were also not significantly different
between patients with prostate cancer and patients with
other solid tumors. Because no significant differences
between the groups were established, no post hoc anal-
ysis was performed to differentiate between intestinal
and hepatic CYP3Aactivity.However, therewas a trend
toward a higher CL for oral administration, suggesting
a possible higher intestinal CYP3A activity for patients
with prostate cancer.

The current studywas able to reject the hypothesis of
an increased CYP3A activity as the sole physiological
mechanism behind the 1.8-2.4-fold lower docetaxel
exposure observed in patients with prostate cancer.8,9

Two other studies have also investigated CYP3A ac-
tivity in patients with prostate cancer. One study in
male castrated and noncastrated patients reported no
significant difference in hepatic CYP3A activity deter-
mined with the erythromycin breath test.13 Another
study observed no significant change in hepatic CYP3A
activity, determined with the erythromycin breath test,
in 11 men with prostate cancer before the start of
luteinizing hormone–releasing hormone agonists and 2
months after the start of therapy.14 These studies have
2 important limitations. First, erythromycin is not fully
specific for CYP3A activity since it is also a substrate
of several drug transporters including P-glycoprotein
and it is not a validated CYP3A probe.15 Second,
the erythromycin breath test quantifies only hepatic
CYP3A activity and not intestinal CYP3A activity.
The current study used midazolam CL as a measure
for CYP3A activity, which is a generally accepted and
validatedmetric for CYP3A activity.21 Moreover, mida-
zolam was administered both orally and intravenously
to enable the quantification of both intestinal and
hepatic CYP3A activity. While the current study found
a 1.26-fold higher oral midazolam CL for patients with
prostate cancer, it cannot fully explain the observed
difference in docetaxel pharmacokinetics.8

An alternative explanation for the observed dif-
ference in docetaxel pharmacokinetics could be in-
creased hepatic uptake due to increased expression
of hepatic drug transporters. Preclinical studies in
rats reported a significantly higher docetaxel expo-
sure in the liver of castrated rats compared to non-
castrated rats (37.0 vs 18.0 μg • h/mL; P = .01).13

The expression of solute carrier genes encoding for
organic cation transporters rOct1 (Slc22a1), organic
anion transporter rOat2 (Slc22a7), and organic an-
ion transporter polypeptide rOatp1a1 (Slco1a1) were
increased in rat hepatic biopsies.13 We suspect rOat2
to mainly contribute to the altered docetaxel phar-
macokinetics because docetaxel is both a substrate
for rOat2 and rOatp1a1, and erythromycin is only a

substrate for rOatp1a1.13 Furthermore, midazolam is
neither a substrate for OATP1a1 and a2, while it is
still unknown whether it is a substrate for OAT2.32,33

Cells ex vivo overexpressing rOat2 demonstrated a 3.7-
fold increase in docetaxel-mediated cytotoxicity com-
pared to control cells and an approximately 2-fold
increase in docetaxel uptake.13 rOat2 expression seems
to be regulated by liver receptor homolog 1 (Lrh-
1).34 Overexpression of Lrh-1 resulted in a 2.2-fold
increase in rOat2 mRNA, while Lrh-1 knockout mice
demonstrated a decrease in rOat2 mRNA.34 Accord-
ingly, Lrh-1 knockout mice demonstrated increased
docetaxel Cmax and AUC in plasma with lowered hep-
atic docetaxel concentrations.34 Finally, several studies
have investigated the relationship between androgens,
such as testosterone, and Lrh-1; however, the exact
relationship remains to be elucidated.35-39 In the current
study, no correlation was observed between testos-
terone levels and midazolam CL. Moreover, a com-
parison in oral docetaxel pharmacokinetics between
patients with mCRPC and newly diagnosed hormone-
sensitive prostate cancer found no differences between
the 2 groups.10

The current study has several limitations. First,
the majority of the patients had metastatic disease.
Disease state could be associated with CYP3A en-
zyme activity.40 Prostate cancer tumors are reported
to express CYP3A proteins.41 Furthermore, SNPs in
CYP3A are associated with prostate cancer risk and
aggressiveness.41 With such a small sample size, 1
patient with local disease and 2 patients with locally
advanced disease could influence the current results.
However, a comparison of intravenous docetaxel phar-
macokinetics between patients with mCRPC and newly
diagnosed hormone-sensitive prostate cancer found no
differences between the 2 groups.10 Finally, all included
patients were White. This could limit the extrapolation
of the current study to different patient populations.
However, the effect of the CYP3A genotype, which can
differentiate between different ethnicities, appears to
be limited to CYP3A4*22,42,43 which was not present
in patients enrolled in the current study. Additionally,
the effect of CYP3A5*3 on midazolam pharmacoki-
netics is inconsistent.25,28,30,31 Our study also has sev-
eral strengths. We used midazolam, which, as a more
specific and sensitive probe for CYP3A activity,21 is
recommended by both the EuropeanMedicines Agency
and the US Food and Drug Administration.44,45 Sec-
ond, hepatic and intestinal CYP3A activity could be
investigated by administration of midazolam both in-
travenously and orally, while previous studies mea-
sured only hepatic CYP3A enzyme activity.13,14 Finally,
short-time-interval pharmacokinetic sampling in the
absorption phase ensured the capture of both the
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absorption phase of midazolam and the early forma-
tion of both 1′-hydroxy midazolam and 4′-hydroxy
midazolam.

Conclusions
Oral midazolam CL was 1.26-fold higher in patients
with prostate cancer compared to patients with solid
tumors, while intravenous midazolam CL was similar
between the 2 patient groups. Although not statistically
significant, these results suggests a trend toward an
increased intestinal CYP3A activity in patients with
prostate cancer. However, the observed difference in
oral midazolam CL could not explain the observed 1.8-
to 2.4-fold difference in docetaxel exposure between pa-
tients with prostate cancer and patients with other solid
tumors as observed in other studies. An alternative (but
currently hypothetical) explanation for the difference in
docetaxel pharmacokinetics could be the upregulation
of hepatic OAT2, increasing hepatic uptake and CL of
docetaxel.
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