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Abstract
An endogenous probe for CYP3A activity would be useful for early identification of in vivo
CYP3A4 inhibitors. The aim of this study was to determine whether formation clearance (CLf) of
the sum of 6β-hydroxycortisol and 6β-hydroxycortisone is a useful probe of CYP3A4 inhibition in
vivo. In human liver microsomes, formation of 6β-hydroxycortisol and 6β-hydroxycortisone was
catalyzed by CYP3A4, and itraconazole inhibited these reactions with IC50,u of 3.1nM and 3.4nM,
respectively. The in vivo IC50,u of itraconazole towards the combined CLf of 6β-hydroxycortisone
and 6β-hydroxycortisol was 1.6nM. The greater inhibitory potency in vivo is likely due to
circulating inhibitory itraconazole metabolites. The maximum in vivo inhibition was 59%
suggesting that fm,CYP3A4 for cortisol and cortisone 6β-hydroxylation is approximately 60%.
Based on significantly decreased CLf of 6β-hydroxycortisone and 6β-hydroxycortisol after 200mg
and 400mg single doses of itraconazole, this endogenous probe can be used to detect moderate and
potent CYP3A4 inhibition in vivo.
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INTRODUCTION
Cytochrome P450 3A4 (CYP3A4) metabolizes more than 50% of clinically used drugs1, 2

and hence inhibitory drug-drug interactions with CYP3A4 have broad implications with
respect to labeling of a new drug entity. A biomarker for detection of in vivo CYP3A4
inhibition in early phase I and phase II studies would be useful in drug development and
provide data to assist in design of subsequent in vivo interaction studies. 4β-
hydroxycholesterol3 and 6β-hydroxycortisol4 have been suggested as endogenous
biomarkers for CYP3A4 induction and inhibition but their sensitivity and selectivity is
controversial. During treatment with a potent CYP3A4 inhibitor itraconazole, a weak effect
on 4β-hydroxycholesterol concentrations (21-29% decrease) was observed and total
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cholesterol decreased by 10%3 suggesting that 4β-hydroxycholesterol is not a sensitive
probe of CYP3A4 activity. The urinary 6β-hydroxycortisol to cortisol ratio has been used to
detect CYP3A4 induction in studies with rifampin4-7, but the use of this urinary ratio to
detect CYP3A4 inhibition is still controversial8. Some P450 inhibitors, such as
clarithromycin, danazol, and amiodarone9-11 have been shown to decrease the urinary 6β-
hydroxycortisol to cortisol-ratio by 15-65 % whereas no significant inhibitory effect was
observed following indinavir, ritonavir and amprenavir administration.12 The lack of
inhibitory effects by HIV protease inhibitors could be explained by induction of hepatic
CYP3A4 or increased synthesis of cortisol, but the weak effects observed with potent
CYP3A4 inhibitors do not support use of the urinary ratio as an in vivo probe.

The 6β-hydroxycortisol to cortisol urinary ratio depends on the renal clearance (CLr) of both
compounds as well as on the formation clearance of 6β-hydroxycortisol. Therefore, the
urinary 6β-hydroxycortisol to cortisol ratio is a valid index of CYP3A4 activity only in the
absence of significant intra- and inter-individual variation in cortisol CLr

13. Hence the
formation clearance (CLf) of 6β-hydroxycortisol has been proposed as a more accurate
probe of CYP3A4 activity13, but this measure has not been validated. Use of cortisol as a
CYP3A4 probe can also be confounded because cortisol and 6β-hydroxycortisol are
reversibly converted to cortisone and 6β-hydroxycortisone by 11-β-hydroxysteroid
dehydrogenase (11β-HSD)14, 15. Due to this interconversion, it is likely that the CLf’s of 6β-
hydroxycortisol and 6β-hydroxycortisone have to be combined to measure CYP3A4 activity
in vivo. The aim of this study was to determine whether measurement of both 6β-
hydroxycortisol and 6β-hydroxycortisone CLf could be used as a selective, sensitive and
reliable endogenous probe for hepatic CYP3A4 activity.

RESULTS
Validation of cortisol and cortisone 6β-hydroxylation as CYP3A4 probes and inhibition by
itraconazole in vitro

Formation of 6β-hydroxycortisol and 6β-hydroxycortisone was detected in recombinantly-
expressed CYP3A4 microsomes and in human liver microsomes (HLMs). The conversion
between cortisol and cortisone, and between the 6β-hydroxy metabolites was observed only
in HLMs. To determine the contribution of individual P450 isoforms to cortisol and
cortisone hydroxylation, a panel of specific P450 inhibitors was incubated with cortisol and
cortisone (Figure 1). Troleandomycin and ketoconazole, two CYP3A4 inhibitors, decreased
the 6β-hydroxylation of cortisol by 88 and 79%, respectively, and the 6β-hydroxylation of
cortisone by 93%, suggesting that CYP3A4 is the major contributor to both reactions.
Orphenadrine, a CYP2B6 inhibitor, decreased cortisol and cortisone 6β-hydroxylation by
45% and 52% respectively whereas sulfaphenazole (CYP2C9) and quinidine (CYP2D6)
inhibited cortisone hydroxylation by about 50% but had no effect on cortisol hydroxylation.
Benzylnirvanol (CYP2C19), montelukast (CYP2C8) and furafylline (CYP1A2, cortisol
only) had no effect on either cortisol or cortisone 6β-hydroxylation. The role of CYP3A4 in
cortisol and cortisone hydroxylation in HLMs was also determined using a CYP3A4 specific
inhibitor itraconazole. Itraconazole inhibited the formation of 6β-hydroxycortisol and 6β-
hydroxycortisone in HLMs with IC50 values of 68 nM and 73 nM, respectively, and with
maximum inhibition of 78-85% (Figure 1). The IC50,u values of 3.1 and 3.4 nM towards 6β-
hydroxycortisol and 6β-hydroxycortisone formation, respectively, were calculated using an
unbound fraction of itraconazole in HLMs of 4.6 ± 1% (independent of itraconazole
concentration).

The 6β-hydroxylation of cortisol and cortisone by CYP3A4, CYP2B6, CYP2C19 and
CYP2C9 was further investigated using recombinantly-expressed enzymes. Cortisol 6β-
hydroxylation by CYP2B6 was observed whereas cortisone 6β-hydroxylation was detected
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with CYP2D6 but not with CYP2B6, CYP2C19 or CYP2C9. The 6β-hydroxylation kinetics
of cortisol and cortisone by CYP3A4 were similar (Figure 2) with Km values of 148±25 μM
and 89±9 μM and Vmax values of 27±2 pmol/min/pmol CYP3A4 and 15.2±0.7 pmol/min/
pmol CYP3A4, respectively. No difference was observed in the intrinsic clearances (CLint),
which were 0.18 mL/min/nmol CYP3A4 for cortisol and 0.17 mL/min/nmol CYP3A4 for
cortisone. The CYP3A4 mediated CLint for cortisol hydroxylation was 40-fold greater than
the apparent CYP2B6 mediated intrinsic clearance (0.0045 mL/min/nmol P450, Figure 2B;
v=0.11 pmol/min/pmol, [S, cortisone]=25 μM) and no saturation of CYP2B6 was observed.
Similarly, the CYP3A4 mediated CLint for 6β-hydroxycortisone formation was 106-fold
greater than the CYP2D6 mediated clearance (0.0016 mL/min/nmol, v=0.04 pmol/min/
pmol, [S, cortisone]=25 μM). When the specific content of CYP3A4, CYP2B6 and
CYP2D6 in the liver is taken into account, the contribution of CYP2B6 and CYP2D6 to the
6β-hydroxylation of cortisol and cortisone is predicted to be insignificant. These results
suggest that both cortisol and cortisone 6β-hydroxylations are primarily mediated by
CYP3A4 in the human liver.

Inhibition of 6β-hydroxycortisol and 6β-hydroxycortisone formation by itraconazole in vivo
Administration of single doses of itraconazole (50, 200 and 400 mg po) resulted in an
itraconazole dose dependent decrease in the CLf of 6β-hydroxycortisol and 6β-
hydroxycortisone (Table 1), and no effect on the plasma concentrations of cortisol or
cortisone (Figure 3). No significant decrease in the CLf processes was observed after 50 mg
dose of itraconazole (Table 1), however the 200 or 400 mg itraconazole doses caused
significant decreases in the combined CLf of 6β-hydroxycortisone and 6β-hydroxycortisol
(40-49%, p<0.017) and 6β-hydroxycortisone CLf (34-41%, p<0.017). The 6β-
hydroxycortisol CLf was decreased significantly (51%, p=0.017) only after the 400 mg
itraconazole dose (Table 1). No significant difference in the magnitude of inhibition between
200 and 400 mg itraconazole doses was observed for any of the CLf processes.

The in vivo IC50 values for itraconazole towards CYP3A4-mediated cortisol and cortisone
6β-hydroxylation were calculated using previously measured circulating concentrations of
itraconazole and the observed %-decrease in Clf (Figure 4). Large inter-individual
variability in the in vivo IC50 values and the maximum % inhibition was evident. The mean
in vivo IC50 of itraconazole towards the combined 6β-hydroxycortisol and 6β-
hydroxycortisone CLf was 111±170 nM (n=6) resulting in an IC50,u of 3.9 nM (plasma
fu=3.6). One of the subjects (male S2, in vivo IC50=448nM) was determined to be an outlier
(p<0.05) and was excluded from the analysis. When the outlier was excluded, the average in
vivo IC50 was 44±50 nM resulting in IC50,u of 1.6 nM. There was no apparent difference in
itraconazole or its metabolite exposures in S2 compared to the other subjects but he had the
highest midazolam oral clearance in all four study sessions. The in vivo IC50 values of
itraconazole towards Clf of 6β-hydroxycortisol or 6β-hydroxycortisone alone were 44±54
nM and 91±65 nM, respectively (n=5), resulting in IC50,u values of 1.6 nM and 3.3 nM,
respectively. The maximum inhibition obtained from the in vivo IC50 fits was 59% for the
combined CLf, 61% for 6β-hydroxycortisol and 52% for 6β-hydroxycortisone CLf
suggesting that the in vivo fm for cortisol and cortisone 6β-hydroxylation by CYP3A4 is
50-60%.

An apparent CLf of 6β-hydroxycortisol, 6β-hydroxycortisone and their sum, measured by
substituting the AUCs of cortisol and cortisone with the product of the plasma concentration
at the end of the urine collection interval (24 hour endpoint) and the 24 hour urine collection
interval, was used to study the time-course and persistence of CYP3A4 inhibition by
itraconazole (Table 2). The 6β-hydroxycortisol/cortisol urinary ratio was also measured
(Table 3). The apparent Clf values were measured during the 24 hour control session, for 24
hours after 50, 200 and 400 mg doses of itraconazole and for 24 hour sessions 2, 4 and 7
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days after administration of 400 mg itraconazole. Similar to the more rigorous CLf
measures, a significant decrease (40-48%, p<0.017) in each apparent CLf was observed after
200 and 400 mg doses of itraconazole, but not after the 50 mg dose (Table 2). Significant
CYP3A4 inhibition (48-56%) was still observed 24-48 hours after administration of
itraconazole (400 mg) and the magnitude of inhibition was similar between 0-24 and 24-48
hour time intervals after itraconazole administration. This inhibition gradually disappeared
by 4 and 7 days after itraconazole administration. The renal clearance of cortisol (17 mL/hr)
was unchanged after escalating itraconazole doses (Table 3) and the 6β-hydroxycortisol/
cortisol urinary ratio decreased significantly (p<0.017) on the days of itraconazole
administration (200 and 400 mg). However, no significant effect on the urinary ratio was
detected after the 50 mg dose of itraconazole or 48 hours after the 400 mg itraconazole dose
(Table 3).

DISCUSSION
In vitro experiments using recombinantly expressed enzymes and HLMs showed that
CYP3A4 is responsible for majority of the 6β-hydroxylation of cortisol and cortisone in the
liver. Inhibition of CYP3A4 resulted in approximately 90% decrease in cortisol and
cortisone 6β-hydroxylation in HLMs. This is in agreement with previous studies of CYP
mediated metabolism of cortisol in HLMs, and inhibition of metabolism by ketoconazole16.
The observed inhibition by orphenadrine, benzylnirvanol, sulfaphenazole and quinidine in
HLMs is likely due to nonspecific inhibition of CYP3A417. Despite the extensive inhibition
of cortisol and cortisone 6β-hydroxylation in vitro by CYP3A4 inhibitors, the maximum
inhibition observed in vivo after itraconazole administration was only 60% suggesting that
fm,CYP3A4 for cortisol and cortisone 6β-hydroxylation is only 60%. This lower fm in vivo, in
comparison to in vitro, is most likely due to extra-hepatic 6β-hydroxylation of cortisol and
cortisone. Cortisol 6β-hydroxylation has been demonstrated in adrenal tissue as well as in
the liver, kidney and skeletal muscle18 but the identity of the enzymes contributing to
cortisol hydroxylation in the non-hepatic tissues is not known.

Measurement of 6β-hydroxycortisone CLf in vivo was the most sensitive measure of
CYP3A4 activity based on baseline variability of the measures and %-decrease in CLf after
CYP3A4 inhibition. A power calculation using the t distribution and the baseline variance
observed in this study showed that with 90% power, 13 subjects are needed to detect a 50%
decrease in the formation clearance with cortisol hydroxylation alone, eight subjects are
needed using the combined measure and only 5 are needed using 6β-hydroxycortisone CLf.
The use of combined 6β-hydroxycortisone and 6β-hydroxycortisol CLf appears, however, a
better justified in vivo measure of CYP3A4 activity than either CLf alone, because of the
extensive inter-conversion between species that may be affected by disease states or CYP
inhibitors and inducers. At present inter and intra-individual variability in the inter-
conversion processes is not known. In vivo, other tissues besides the liver appear to
contribute significantly to the interconversion19 making in vitro to in vivo extrapolation of
CLf from HLMs difficult, and measurement of specific CLf for 6β-hydroxycortisol or 6β-
hydroxycortisone in vivo potentially confounded. For example, the CLf of 6β-
hydroxycortisol or 6β-hydroxycortisone are equal in HLMs and CYP3A4 supersomes, but in
vivo the CLf of 6β-hydroxycortisol is twice as high as that of 6β-hydroxycortisone. This in
vitro to in vivo discrepancy is likely due to net conversion of 6β-hydroxycortisone to 6β-
hydroxycortisol in vivo.

The single time point plasma concentration measurement (made at the end of urine
collection period) provided a useful surrogate for cortisol and cortisone AUC, enabling a
study of the inhibition time-course using the individual apparent CLf or the combination
measure. The urinary 6β-hydroxycortisol to cortisol ratio had lower sensitivity when
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compared to the CLf measures to detect CYP3A4 inhibition and failed to detect the
persistent inhibition of CYP3A4. However, in agreement with previous studies with potent
CYP3A4 inhibitors9-11 the urinary ratio did detect potent CYP3A4 inhibition.

In a previous study in these same subjects the concentrations of itraconazole and its
metabolites was measured for 72 hours after the 400 mg dose of itraconazole and the I/Ki
ratios for itraconazole and its metabolites were calculated. Using this data, CYP3A4
inhibition was expected to persist for 48 hours after the 400 mg dose of itraconazole and
return to baseline at 72 hours after that itraconzole dose20. Similarly, a 70-90% decrease in
CYP3A4 mediated clearance was predicted during the first 24 hours after 400 mg
itraconazole dosing and a 50-70% decrease at 24-48 hours after itraconazole dosing20. The
observed time course of inhibition of apparent Clf for cortisol and cortisone 6β-
hydroxylation is in good agreement with the previously reported predicted time-course of
CYP3A4 inhibition.

In the previous study in these same subjects an RKi (IC50,in vitro/IC50,in vivo) of 14.5 for
itraconazole-oral MDZ interaction was measured20 and it was suggested that itraconazole is
a more potent inhibitor of CYP3A4 in vivo than in vitro due to circulating metabolites20.
The RKi for CLf of cortisone and cortisol 6β-hydroxylation calculated from the IC50,in vitro/
IC50,in vivo-ratio was 2.0, demonstrating a much better in vitro to in vivo prediction accuracy
than for the itraconazole-MDZ interaction. The observed 2-fold difference between in vitro
and in vivo inhibition agrees well with the predicted 50% contribution of itraconazole
metabolites to the in vivo interaction. This improved prediction accuracy is likely obtained
because cortisol and cortisone hydroxylation measure only hepatic interactions, whereas the
interaction with oral MDZ involves inhibition of both intestinal and hepatic CYP3A4. Based
on circulating concentrations of ITZ and its metabolites and in vitro IC50 values, 21% and
67% decrease in hepatic midazolam clearance was predicted after 50 mg and 200 mg doses
of ITZ, and 30% and 77% in oral midazolam clearance, respectively. Indeed, the MDZ CL/F
was decreased 50% after the 50 mg dose of itraconazole and 80% after 200 and 400 mg
itraconazole20 whereas the 24% decrease in CLf of cortisol and cortisone hydroxylation after
50 mg itraconazole was not significant and up to 60% decrease in CLf was detected after
200 mg and 400 mg itraconazole. The smaller in vivo fm attributed to CYP3A4 for cortisol
hydroxylation in comparison to midazolam metabolism (60% vs 84%) also makes cortisol
and cortisone less sensitive probes for CYP3A4 inhibition than oral midazolam. A weak
inhibition of CYP3A4 (up to 50% decrease in CYP3A4 mediated formation clearance)
would result in only 30% decrease in the formation clearance of 6β-hydroxycortisol and 6β-
hydroxycortisone. Due to this fm, which has not been previously reported, any interaction
data should be interpreted only after correction for the fm.

In conclusion, these results show that the CLf of 6β-hydroxycortisol and 6β-
hydroxycortisone combined or the apparent CLf using endpoint plasma measures can be
used as a minimally invasive probe to detect hepatic CYP3A4 inhibition in vivo. The use of
6β-hydroxycortisone provided the most sensitive measure of CYP3A4 inhibition but due to
the interconversion with cortisone, this measure may be confounded in clinical studies. The
magnitude of interactions and the potency of the inhibitor should be rationalized using an fm
of 60% for these probes. These results also suggest that underprediction of an intestinal
interaction between itraconazole and oral midazolam, is the main reason for underpredicting
AUC changes with the inhibitor and should be further studied.
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METHODS
Chemicals and Reagents

Itraconazole was purchased from Janssen Biotech, Research Diagnostics (Flanders, NJ), 6β-
hydroxycortisol, cortisol, 6β-hydroxycortisone, cortisone, troleandomycin, furafylline, (+)-
N-3-benzylnirvanol, orphenadrine hydrochloride, sulfaphenazole, quinidine and
ketoconazole from Sigma-Aldrich (St. Louis, MO), and montelukast sodium from Santa
Cruz Biotechnology (Santa Cruz, CA). Ammonium chloride was obtained from
Mallinckrodt Baker (Phillipsburg, NJ), and HPLC-grade methanol, acetonitrile (ACN) and
ethyl acetate from Fisher Scientific (Fairlawn, NJ). Supersomes™ containing CYP enzymes
coexpressed with cytochrome P450 reductase and cytochrome b5 were purchased from BD
Biosciences (Woburn, MO). Pooled HLMs were prepared from three CYP3A5*3/*3 donors,
using equal microsomal protein amounts from each liver to make the pooled stock HLM.

Microsomal incubations
All samples were done in duplicate, and the activity was linear with incubation time and
protein concentrations used. Unless otherwise stated, 1.38 μM of cortisol or cortisone was
incubated with 0.5 mg/mL HLM or 20 pmol CYP3A4 supersomes in 100 mM KPi buffer
(pH 7.4) with 1 mM EDTA in total volume of 1 mL or 0.5 mL, respectively. The incubation
mixtures were preincubated for 5 minutes at 37 °C and the reactions initiated by addition of
NADPH (final concentration of 1 mM). After 15 minutes, reactions were quenched by the
addition of 3 mL ethyl acetate.

A panel of selective inhibitors was used with pooled HLMs to determine the contribution of
individual CYP enzymes to cortisol and cortisone hydroxylation. The inhibitors used were:
troleandomycin (CYP3A4, 50 μM), furafylline (CYP1A2, 10 μM), orphenadrine (CYP2B6,
250 μM), (+)-N-3-benzylnirvanol (CYP2C19, 2 μM), montelukast (CYP2C8, 1.5 μM),
sulfaphenazole (CYP2C9, 30 μM), quinidine (CYP2D6, 4 μM) and ketoconazole (CYP3A4,
1 μM). The mechanism-based inhibitors of CYP3A4 (troleandomycin), CYP1A2
(furafylline), and CYP2B6 (orphenadrine) were preincubated with HLMs in the presence of
NADPH for 15 minutes prior to the addition of cortisol or cortisone. For reversible
inhibitors, the reactions were initiated with the addition of NADPH. The kinetic parameters
(Km and Vmax) for 6β-hydroxycortisol and 6β-hydroxycortisone in Supersomes were
determined using cortisol and cortisone concentrations of 2.76, 5.53, 11.1, 22.1, 55.3, 111,
221 μM.

The IC50 value for itraconazole in pooled HLMs was measured using 6β-hydroxycortisol or
6β-hydroxycortisone formation from cortisol and cortisone (1.38 μM ≪Km for CYP3A4)
respectively as probe reactions. Itraconazole concentrations in the incubations were 0 (ACN
vehicle control), 5, 25, 50, 250, 500, 1000 nM.

LC-MS assay for cortisol, cortisone and their metabolites
Cortisol, cortisone, 6β-hydroxycortisol and 6β-hydroxycortisone were assayed using a
previously described method21. Briefly, 250 μL plasma samples were diluted with 750 μL
deionized water. Internal standard (50 μL of 1 μg/mL 6α-methylprednisolone) was added to
the diluted samples, incubation samples or to 1 mL urine and each sample was extracted
once with 3 mL of ethyl acetate. The organic fractions were evaporated and reconstituted in
100 μL of 1:1 methanol/water (v/v). The samples were analyzed by Shimadzu LC-10AD
HPLC system coupled with a Micromass Quattro Micro API tandem quadrupole mass
spectrometer (Waters, Milford, MA), using an Inertsil ODS-3 5 μm 50 × 2.1-mm column
(MetaChem technologies, Torrance). A gradient elution at 0.25 mL/min from 15% methanol
in 85% aqueous 1 mM NH4Cl (pH 9.0) to 80% methanol over 5 minutes and a further
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isocratic elution for two minutes was used. The following MRM transitions in the negative
ion mode were monitored [M+35Cl-]: m/z 397>35 for cortisol, m/z 395>35 for cortisone; m/
z 413>35 for 6β-hydroxycortisol, m/z 411>35 for 6β-hydroxycortisone and m/z 409>35 for
6α-methylprednisolone. The calibration curve for cortisol/cortisone and 6β-hydroxycortisol/
6β-hydroxycortisone was constructed between 1.95-500 ng/mL. The inter-day variability
were: cortisol < 3.1%, 6β-hydroxycortisol < 5.7%, cortisone < 4.3% and 6β-
hydroxycortisone < 4.8%. The limit of quantification was 2 ng/mL for all analytes.

Measurement of fraction unbound (fu) in HLM
The unbound fraction of itraconazole in pooled HLMs was determined using a previously
described ultracentrifugation method22. In brief, pooled HLMs at 0.5 mg/mL were spiked to
5, 50, or 1000 nM itraconazole in duplicate and the samples were split into two 100 μL
aliquots. One aliquot was subject to ultracentrifugation and the other was incubated for the
duration of the centrifugation at 37°C. A Thermo Scientific Sorvall ultracentrifuge (Thermo
Fisher Scientific, Waltham, MA) operating at 445,760 g for 140 minutes at 37 °C was
employed. A 50 μL volume of both centrifuged (upper, clear layer) and uncentrifuged
samples were taken into 50 μL ACN and 10 μL 710 nM itraconazole-d5 was added as an
internal standard. The mixtures were centrifuged at 16,100 g for 10 minutes and the
supernatant was analyzed as previously described23 using a Waters Micromass Platform
LCZ: Quadrupole Mass Spectrometer QMS (Waters, Milford, MA) operated on the positive
ion electrospray mode. Ions monitored were m/z 705 for itraconazole and m/z 712 for D5 –
labeled itraconazole. The compounds were separated by a Waters Alliance 2690 Analytical
HPLC using an Agilent Zorbax XDB-C8 5 μm column (2.1 mm i.d. × 50 mm; Agilent
Technologies, Palo Alto, CA) and gradient elution (0.25 mL/min) from 60% aqueous 5 mM
ammonium acetate and 40% ACN to 70% ACN over 3 minutes followed by increases to
85% over 1 minute and to 95% ACN over 1 minute.

Inhibition of 6β-hydroxycortisol and 6β-hydroxycortisone formation by itraconazole in vivo
Six healthy adult subjects (one female and five males; age range of 22-42 years (mean 34
years), and within 20% of optimal body mass index participated in the study. The clinical
protocol has been described in detail previously20. Individuals with a CYP3A5*1 allele were
excluded from the study. CYP3A4 activity was analyzed in four sessions: a control session
and three sessions with escalating itraconazole doses (50, 200, 400 mg) separated by a two
week washout between sessions. Itraconazole was administered approximately at 7:30 am.
As an independent CYP3A4 activity measure, subjects received a single 2 mg oral dose of
midazolam at 11:30 am, 4 hours after itraconazole doses. Blood samples (5 mL) were
collected into heparinized tubes at 0, 4.5, 5, 6, 7, 8, 10, 12, 16 and 24 h in each session with
the 16 hour point lacking in the control session, and additionally at 48, 96 and 168 hours
after 400 mg dosing of itraconazole. Plasma was isolated from blood by centrifugation.
Urine samples were obtained at 24 h (approximately 7:30 am to 7:30 am) before and 12
(7:30 am – 7:30 pm) and 12-24 h (7:30 pm – 7:30 am) after itraconazole dosing and the
volume of the urine was recorded. In addition, urine was collected for three additional 24
hour intervals, 24-48, 72-96 and 120-144 hours after 400 mg itraconazole dose together with
plasma samples obtained at the end of the urine collection interval. The plasma and urine
samples were stored at -20 °C until analysis. The effect of itraconazole on MDZ clearance
has been previously reported20.

Pharmacokinetic analysis
Several different in vivo CYP3A4 activity metrics were evaluated. For cortisol and
cortisone, plasma AUC over a 24 hour interval was obtained using the linear trapezoidal
method. 6β-hydroxycortisol and 6β-hydroxycortisone formation clearance were then
calculated from equation 1.
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(1)

where which A is the total amount of 6β-hydroxy metabolite in urine during the 24 hour
urine collection and AUC(X) is the area under the plasma concentration time curve of
cortisol or cortisone during the urine collection interval. The combined CLf of 6β-
hydroxycortisol and 6β-hydroxycortisol was calculated from the sum of cortisol and
cortisone and the sum of 6β-hydroxycortisol and 6β-hydroxycortisone according to equation
2:

(2)

The plasma concentration measured at the end of the urine collection interval was evaluated
as a surrogate for cortisol and cortisone AUC according to equation 3:

(3)

in which A is the amount of the 6β-hydroxy metabolite or their sum excreted in urine during
the 24 hour urine collection; [X] is the plasma concentration of cortisol, cortisone or their
combination at the end of the 24-hour urine collection; and time is equal to 24-hours.
Mathematically, this method assumes that the endpoint concentrations reflect the average
concentration during the 24-hour interval. The urinary ratio between cortisol and 6β-
hydroxycortisol was also calculated using the amounts of both compounds excreted.

Determination of in vivo IC50 and 6β-hydroxylation fm
The in vivo IC50 for itraconazole was calculated using GraphPad Prism (La Jolla, CA) as
described previously20. The ratio of CLf under inhibited (CLin) and control (CL) conditions
was calculated for all subjects in four sessions. IC50 and Emax were then obtained by fitting
the dose-response (inhibition) model to the data according to equation 4

(4)

where CLin/CL is a function of the total log itraconazole Cave and Emax represented by
(CLin/CL)min. The maximum inhibition is taken to be the fm, assuming that all CYP3A4 is
inhibited.

Data and Statistical analysis
The Km, Vmax, and CLint for 6β-hydroxycortisol and 6β-hydroxycortisone formation in
CYP3A4 and CYP2B6 supersomes were obtained by fitting the Michaelis–Menten equation
to the data using GraphPad Prism (La Jolla, CA). The IC50 values were obtained using
sigmoid dose-response (inhibition) model. Data are expressed as mean±SD. Statistical
analysis was performed with Excel (Microsoft Office 2007, Redmond, Washington). A
paired t-test was used to evaluate the significance of the average change in cortisol and
cortisone kinetics between control, 50 mg, 200 mg and 400 mg study sessions. A two-tailed
p-value ≤ 0.017 was considered significant based on a Bonferroni correction (0.05/3) for
multiple comparisons.
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Figure 1. Inhibition of cortisol and cortisone 6β-hydroxylation by CYP isoform specific
inhibitors and itraconazole in human liver microsomes
The percent activity remaining in comparison to control in human liver microsomes (HLMs)
is shown when HLMs were incubated with 1.4μM cortisol (panel A) or cortisone (panel B)
in the presence of the indicated specific CYP inhibitors. The error bars indicate the range of
individual measurements. Control 1 refers to the control used for preincubation with
mechanism-based inhibitors and Control 2 refers to the control for reversible inhibitors. The
abbreviation are as follows: troleandomycin (TAO), furafylline (FURA), orphenadrine
(ORPH), (+)-N-3-benzylnirvanol (BENZ), montelukast (MONT), sulfaphenazole (SULF),
quinidine (QUIN) and ketoconazole (KETO). The IC50–values for itraconazole (ITZ)
towards cortisol (panel C) and cortisone (panel D) hydroxylation (1.4 μM) were determined
in human liver microsomes and the obtained IC50 value and the maximum % inhibition
(Emax value) are shown in the insets of each panel.
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Figure 2. Kinetic characterization of cortisol 6β-hydroxylation by CYP3A4 (A) and CYP2B6 (B),
and cortisone 6β-hydroxylation by CYP3A4 (C)
Cortisol (A and B) or cortisone (C) was incubated with CYP3A4 (panel A and C) or
CYP2B6 (panel B) supersomes and the formation of 6β-hydroxylation products was
measured. No interconversion between cortisol and cortisone or the 6β -hydroxy-metabolites
was observed. The Michaelis-Menten equation was fitted to the data to obtain the indicated
kinetic parameters (inset in A and C). For CYP2B6 no saturation was observed and hence
only the intrinsic clearance was calculated from the slope of the plot (panel B).
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Figure 3. Plasma concentration-time curves of cortisol (A) and cortisone (B) in the presence and
absence of itraconazole (ITZ)
The average plasma concentration (6 subjects) of cortisol (panel A) and cortisone (panel B)
during the 24-hours after itraconazole administration are shown after control session and
after 50, 200 and 400 mg administration of itraconazole. The error bars show the standard
deviation of the concentration in the six subjects.
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Figure 4. Determination of in vivo IC50 of itraconazole towards the formation clearance of 6β-
hydroxycortisone and 6β-hydroxycortisol and estimation of the maximum extent of inhibition
The CLin/CL was calculated for each subject following escalating itraconazole (ITZ) doses
using the formation clearance (CLf) values for combined cortisol and cortisone
hydroxylation according to equation 1. The plasma concentrations of ITZ were measured in
each individual and the CLin/CL –values were plotted as a function of ITZ concentration.
The IC50 and Emax values were determined by fitting equation 4 to the data.
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Table 1

The effect of escalating itraconazole (ITZ) doses on the formation CL (CLf) of 6β-hydroxycortisol
(CLf, 6β-OHF), 6β-hydroxycortisone (CLf, 6β-OHE) and their combination (CLf, 6β-OHF+6β-OHE). The values in
brackets show the calculated p-value using two-tailed paired t-test.

Study session CLf, 6β-OHF, (24hr) (mL/hr) CLf, 6β-OHE, (24hr) (mL/hr) CLf, 6β-OHF+6β-OHE, (24hr) (mL/hr)

control 125 ± 65 56 ± 14 107 ± 41

ITZ, 50 mg 91 ± 40 (0.139) 50 ± 16 (0.113) 81 ± 31 (0.111)

ITZ, 200 mg 72 ± 37 (0.020) 36 ± 9 (0.006)* 64 ± 29 (0.008)*

ITZ, 400 mg 61 ± 30 (0.017)* 31 ± 6 (0.006)* 55 ± 25 (0.005)*

*
indicates a p-value ≤0.017
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Table 2

The effect of escalating single doses of itraconazole (ITZ) on apparent formation CL of 6β-hydroxycortisol
(CLf, 6β-OHF), 6β-hydroxycortisone (CLf, 6β-OHE) and their sum (CLf, 6β-OHF+6β-OHE), measured as the ratio of
the urinary excretion of the metabolite divided by the plasma concentration of the parent at the end of the
urine collection interval. The persistence of CYP3A4 inhibition was measured on day 2, day 4 and day 7 after
400 mg dose of itraconazole. The values in brackets show the calculated p-values using two-tailed paired t-
test.

Study session CLf, 6β-OHF, (24hr) (mL/hr) CLf, 6β-OHE, (24hr) (mL/hr) CLf, 6β-OHF+6β-OHE, (24hr) (mL/hr)

Control 74 ± 36 46 ± 9 68 ± 28

ITZ, 50 mg 53 ± 21 (0.1) 38 ± 10 (0.022) 49 ± 18 (0.070)

ITZ, 200 mg 44 ± 20 (0.011)* 28 ± 8 (0.001)* 40 ± 17 (0.004)*

ITZ, 400 mg 42 ± 26 (0.002)* 24 ± 5 (0.002)* 38 ± 21 (0.001)*

Day 2 31 ± 10 (0.016)* 24 ± 7 (0.000)* 30 ± 9 (0.007)*

Day 4 57 ± 48 (0.08) 41 ± 22 (0.4) 53 ± 40 (0.104)

Day 7 67 ± 42 (0.3) 38 ± 15 (0.057) 60 ± 33 (0.187)

*
indicates a p-value ≤0.017
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Table 3

The effect of escalating doses of itraconazole (ITZ) on the urinary ratio of 6β-hydroxy-cortisol to cortisol and
the renal clearance of cortisol (CLr (cortisol)). The values in brackets show the calculated p-values using two-
tailed paired t-test.

Study session Cortisol urinary ratio CLr (cortisol) (mL/hr)

Control 7.88 ± 2.0 17.0 ± 9.15

ITZ, 50 mg 6.67 ± 1.8 (0.037) 16.2 ± 5.14

ITZ, 200 mg 4.43 ± 1.2 (0.006)* 18.0 ± 6.17

ITZ, 400 mg 3.96 ± 0.6 (0.001)* 18.4 ± 8.12

Day 2 4.84 ± 2.2 (0.024)

Day 4 6.07 ± 2.4 (0.101)

Day 7 8.34 ± 2.7 (0.708)

*
indicates a p-value ≤0.017
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