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ABSTRACT
Purpose To examine the effect of the fluoroquinolone DX-619
on CYP3A4 and urinary excretion of 6β-hydroxycortisol, an
endogenous probe of hepatic CYP3A4 activity, in healthy
subjects.
Methods The effect of DX-619 on CYP3A4 was examined in
human liver microsomes. The apparent formation and renal
clearance of 6β-hydroxycortisol (CL6β−OHF and CLrenal,6β−OHF,
respectively) were determined in placebo- and DX-619-treated
subjects. 6β-hydroxycortisol uptake was determined in
HEK293 cells expressing OAT1, OAT3, OCT2, MATE1, and
MATE2-K.

Results DX-619 was a mechanism-based inhibitor of CYP3A4,
with KI and kinact of 67.9±7.3 μmol/l and 0.0730±
0.0033 min−1, respectively. Pharmacokinetic simulation sug-
gested in vivo relevance of CYP3A4 inhibition by DX-619.
CL6β−OHF and CLrenal,6β−OHF were decreased 72% and 70%,
respectively, on day 15 in DX-619-treated group compared with
placebo (P<0.05). 6β-hydroxycortisol was a substrate of OAT3
(Km0183±25 μmol/l), OCT2, MATE1, and MATE2-K. Maxi-
mum unbound concentration of DX-619 (9.1±0.4 μmol/l) was
above Ki of DX-619 for MATE1 (4.32±0.79 μmol/l).
Conclusions DX-619 caused a moderate inhibition of he-
patic CYP3A4-mediated formation and significant inhibition
of MATE-mediated efflux of 6β-hydroxycortisol into urine.
Caution is needed in applying CL6β−OHF as an index of
hepatic CYP3A4 activity without evaluating CLrenal,6β−OHF.

KEY WORDS CYP3A4 . drug-drug interaction . mechanism-
based inhibition (MBI) . renal drug transporter . tubular secretion

ABBREVIATIONS
6β-OHF 6β-hydroxycortisol
AUC area under the concentration-time curve
BBM brush border membrane
Cmax maximum plasma concentration
CYP cytochrome P450
ES estrone-3-sulfate
HEK human embryonic kidney
HLM human liver microsomes
kdeg degradation rate constant (turnover rate constant)

of liver CYP3A4
MRM multiple reaction monitoring
PAH para-aminohippuric acid
TEA tetraethylammonium
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INTRODUCTION

Pharmacokinetic drug-drug interactions (DDIs) that cause
accumulation of victim drugs in the body can potentiate the
pharmacological effect or cause adverse reactions (1). To
avoid severity, the magnitude of inhibition of drug metabo-
lizing enzymes, and transporters are evaluated during drug
discovery. In addition to the probe drugs, endogenous com-
pounds have been employed to evaluate the magnitude
interaction involving drug metabolizing enzymes and trans-
porters in vivo. The advantage of this approach is the capa-
bility to suggest in vivo relevance of DDIs without
administrating probe drugs in the subjects. However, its
rationale as probe substrate is generally based on the asso-
ciation studies where the effect of inducers or inhibitors of
metabolic enzymes and transporters on the pharmacokinet-
ics of the endogenous probes was examined. Unlike probe
drugs, the basic pharmacokinetics of the endogenous sub-
strate, such as total body clearance and contribution of
metabolic enzymes and transporters to the elimination from
the systemic circulation, is not available.

6β-Hydroxycortisol (6β-OHF) is produced from cortisol
by hepatic cytochrome P450 3A4 (CYP3A4) (2,3), one of the
major drug metabolizing enzymes in the liver and small
intestine (4). Since both cortisol and 6β-OHF are excreted
into the urine (5), the ratio of concentration of 6β-OHF to
cortisol in the urine (R6β−OHF/F) was initially used as a
conventional noninvasive measure of CYP3A activity (6).
The apparent endogenous cortisol 6β-hydroxylation clear-
ance (CL6β−OHF) (calculated from the amount of urinary 6β-
OHF excretion divided by the AUC of cortisol) has been
proposed as an improved index for phenotyping the in vivo
CYP3A activity since R6β−OHF/F is influenced by the inhi-
bition of the renal elimination of cortisol by the test drugs
(7,8). CL6β−OHF was significantly decreased by 51% in
healthy subjects given a single dose of itraconazole
(400 mg) (3) and by 51% on day 1, and 53–61% on day
2–6 in healthy subjects given a repeated administration of
clarithromycin (200 mg, b.i.d, for 6 days) (7,8).

DX-619 (Fig. 1) is a novel des-fluoro(6)-quinolone anti-
bacterial agent which exhibits a potent antibacterial effect in
vitro and in vivo against multidrug-resistant staphylococci (9).

Preliminary in vitro screening uncovered that DX-619 is a
mechanism-based inhibitor of CYP3A4. Mechanism-based
inhibition (MBI) is an irreversible type of inhibition for a
metabolizing enzyme attributable to the covalent binding of
reactive metabolites produced by the enzyme, and thus, the
inhibition lasts even after the inhibitors are completely re-
moved from the body. The primary purpose of this study is
evaluation of the in vivo relevance of CYP3A4 inhibition by
DX-619. We determined the CL6β−OHF using phase I sam-
ples from healthy subjects (eight males and one female) who
had received a single dose of DX-619 (given by intravenous
infusion of 1200 mg for 2 h), and then 48 h after the initial
dose, received multiple dosings (1200 mg of DX-619 q.d. on
day 3–15). The second purpose of this study was to evaluate
the effect of DX-619 on the renal elimination of 6β-OHF.
Measurement of CL6β−OHF as index of hepatic CYP3A4
inhibition relies on the assumption that 6β-OHF is mainly
cleared renally, or that inhibitors do not inhibit urinary
excretion and metabolism of 6β-OHF. Nevertheless, this
has not been investigated in humans. Since OAT3 and P-
glycoprotein was reported to transport cortisol as substrate
in vitro (10,11), it is possible that 6β-OHF undergoes the
transporter-mediated tubular secretion which provides the
interaction site with drugs. We reported that DX-619 is an
inhibitor of renal organic cation transporters (OCT2,
MATE1 and MATE2-K), at the dosage. (12) This study
investigated the renal elimination mechanisms of 6β-OHF
in humans, and examined the effect of DX-619 on the renal
clearance of 6β-OHF.

MATERIALS AND METHODS

Chemicals and Reagents

Cortisol, 6β-OHF, probenecid, quinidine, pyrimethamine,
carbenoxolone and 6α-methylprednisolone were purchased
from Sigma-Aldrich (St. Louis, MO). GF120918 was pur-
chased from Toronto Research Chemicals Inc. (Ontario,
Canada). DX-619 and deuterium-labeled DX-619 (d3-
DX-619) were synthesized in Daiichi Sankyo Co., Ltd.
(Tokyo, Japan). Pooled HLM and human CYP3A4 super-
somes were purchased from BD Gentest (Woburn, MA). All
other reagents were of analytical grade and commercially
obtained.

MBI of Midazolam 1’-hydroxylation by DX-619 in HLM

MBI of midazolam 1’-hydroxylation in HLM and CYP3A4
supersome were examined as reported previously (13) to
determine the kinetic parameters. Kinetic parameters for
enzyme inactivation, KI and kinact, which represents the
apparent dissociation constant between CYP3A4 and DX-Fig. 1 Structure of DX-619.
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619 and the maximum inactivation rate constant, respec-
tively, were determined as described previously (13).
Briefly, the natural logarithm of percent activity remain-
ing was plotted against the preincubation times (0, 5,
10, 20 and 30 min) for each concentration (0, 12.5, 25,
50, 100 and 200 μmol/l) of DX-619. The slope from
the linear regression analysis gave the observed inacti-
vation rate constant (kobs) and the inhibitor concentra-
tion (I) were fitted into the following expression using
WinNonlin Professional ver 5.0 (Pharsight Corporation,
Mountain View, CA).

kobs ¼ kinact � I K I þ Ið Þ= ð1Þ
The unbound fraction of DX-619 (fu,HLM) in the incuba-

tion media containing HLM (1 mg/ml) was determined by
the ultrafiltration method using himac CS 150 GXII (Hita-
chi Koki Co., Ltd., Tokyo, Japan).

Simulation of the In Vivo CYP3A Activities
during DX-619 Administration

The following differential equations for active CYP3A in the
liver (Eact) have been cited from a previous report (14).

dEact dt= ¼ � kinact � Eact � f p;DX�619 � Cp; DX�619

� �
=

KI þ f p; DX�619 � Cp; DX�619

� �
:þkdeg E0 � Eactð Þ

ð2Þ
where E0, kdeg, fp,DX−619, and Cp, DX−619 represent the
initial value of hepatic CYP3A4 content, degradation rate
constant of liver CYP3A, unbound fraction of DX-619 in
plasma (29–34%, (12)), and DX-619 concentration in the
plasma, respectively. It was assumed that the synthesis rate
of liver CYP3A4 is assumed to be equal to the initial
degradation date (kdeg ∙ E0), and that DX-619 did not affect
the synthesis rate, and kdeg. Due to the low liver extraction
ratio (Eh) of DX-619 (0.10), the unbound concentration in
the blood can be approximated in the extracellular space in
the liver. Assuming rapid equilibrium between the blood
and hepatocytes, the unbound concentration in the blood
was used for further analysis. The mean pharmacokinetic
parameters of DX-619 were cited from Ref (12). The dif-
ferential equation was numerically solved to simulate active
CYP3A4 content in the liver (Eact) using software WinNon-
lin Professional ver 5.0 and the compiled model (2 compart-
ment IV-Infusion, micro-constants, no lag time, 1st order
elimination) when DX-619 (1200 mg02989 μmol, 2 h in-
fusion) was assumed to be intravenously administered for
15 days (Day 1, Day 3–15). kdeg has been cited from previ-
ous reports; 0.000481 min−1 (15), 0.000321 min−1 (16) and
0.000136 min.−1 (17)

Cell Culture and In Vitro Transport Studies

HEK293 cells stably expressing hOAT1, hOAT3, hOCT2,
hMATE1 and hMATE2-K were established as described pre-
viously (18,19). Uptake experiments were performed as de-
scribed previously (18,20). Mock and MDR1-LLC-PK1 were
kindly provided by Dr. Piet Borst (21). Transcellular transport
assays were performed as described previously (22). In brief,
Medium 199 (Invitrogen, Grand Island, NY) containing
25 mmol/l HEPES were adjusted at pH 7.4 with 0.1 NNaOH
and used for transport assay. After preincubation of both sides
of Transwell (polycarbonate membrane, 0.4 μm pore size,
24 mm diameter, Corning Inc., Corning, NY) with the trans-
port buffer for 10 min at 37°C, the transport assay was started
by adding cortisol (final concentration 1 μmol/l) or 6β-OHF
(10 μmol/l) to the apical or basal side of the monolayer. In the
acceptor side, the transport buffer contained 4% of BSA. After
the cells were incubated for 30, 60, 90 and 120 min, 100 μl of
aliquot were taken from the acceptor side, and replaced with
the cortisol and 6β-OHF free transport buffer containing 4% of
BSA. The inhibitory effect of DX-619 on P-gp mediated cor-
tisol transport was examined. DX-619 was added (1–
300 μmol/l) in both donor and acceptor sides of the transwell
during the experiments. Transport rates were calculated from
the slopes of the time profiles of the apical-to-basal and basal-
to-apical transports.

Blood and Urine Specimens from Healthy Subjects

The blood and urine specimens used in this study originated
from the phase I study of DX-619 in healthy subjects (eight
males and one female) who had received a single dose of DX-
619 (given by intravenous infusion of 1,200 mg for 2 h), and
then 48 h after the initial dose received multiple dosings
(1,200 mg of DX-619 q.d. on day 3–15). The reference
product (placebo) used was a saline solution. The blood and
urine specimens were sorted at −80°C until analysis. The
study protocol and the informed consent forms were approved
by MDS Pharma Services (Neptune, NJ) Institutional Review
Board. The study was conducted at MDS Pharma Services in
compliance with ethical principles that have originated from
the Declaration of Helsinki and in accordance with the US
FDA guidelines for Good Clinical Practice, and the Guideline
for the Monitoring of Clinical Investigations.

Determination of Binding of 6β-OHF in Human
Plasma

The unbound fraction of 6β-OHF in three individual human
plasma (Biopredic International, Rennes, France) was deter-
mined using a rapid equilibrium dialysis method. The assay
was performed as described previously (23). Briefly, three
separate aliquots of plasma spiked with 6β-OHF (final
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concentrations of 50 and 200 nmol/l) were placed into the
sample chamber, and PBSwas placed in the adjacent chamber.
After incubation at 37°C for 6 h on an orbital shaker, 6β-OHF
in the aliquot of each chamber was analyzed by LC-MS/MS.

Quantification of DX-619, Cortisol and 6β-OHF
in the Biological Samples by LC-MS/MS

Analytes of DX-619 in human plasma were added with inter-
nal standard solution (d3-DX-619), isolated thorough solid
phase extraction using Oasis HLB 96-well SPE cartridges
(Waters Corporation, Milford, MA) and reconstituted in for-
mic acid/acetonitrile (75:25, v/v) solution. Analytes of DX-
619 in human urine were diluted with an addition of formic
acid/acetonitrile solution and added with internal standard
solution (d3-DX-619). DX-619 was analyzed on a Shimadzu
LC-10 AD HPLC system coupled with API 3000 (Applied
Biosystems, Foster City, CA), using an ODS-AQ 5 μm 50×
3.0-mm column (YMC Co., Ltd., Kyoto. Japan). An isocratic
elution was carried out at 0.3 ml/min of formic acid/aceto-
nitrile (80:20, v/v). The analysis was carried out in the multi-
ple reaction monitoring (MRM) mode with monitoring of
precursor-product ion pairs of m/z 402→384 for DX-619,
m/z 405→387 for d3-DX-619.

For cortisol and 6β-OHF analysis, plasma and urine samples
and free fraction of 6β-OHF were added to an internal stan-
dard solution (6α-methylprednisolone) and subjected to extrac-
tion with ethyl acetate. The organic fractions were evaporated,
and reconstituted in water/methanol (4:1, v/v). Cortisol and
6β-OHF were analyzed on an Agilent Technologies HP1100
system (Santa Clara, CA) coupled with API 3000, using a
Capcell Pack C18 UG120 3 μm 50×2.0-mm column (Shiseido
Co., Ltd., Tokyo, Japan) and the mobile phase consisted of
solvent A, 10 mM ammonium acetate (pH 6.0); and solvent B,
acetonitrile with an A/B gradient of 95:5 (0–2 min), 80:20
(4 min) and 40:60 (5–8 min) at a flow rate of 0.3 ml/min.
The analysis was carried out inMRMmode withmonitoring of
m/z 363→327 for cortisol, m/z 379→325 for 6β-OHF and
m/z 375→279 for 6α-methylprednisolone. The calibration
curves for cortisol, 6β-OHF and DX-619 were constructed at
1.0–200, 1.0–1000 and 10–5000 ng/ml, respectively. The
inter-day variability of each compound was <15%.

Calculation of CL6β-OHF and CLrenal, 6β-OHF

CL6β−OHF and CLrenal, 6β−OHF are calculated as follows:

CL6b�OHF ¼ X 6b�OHF AUCcortisol= ð3Þ

CLrenal; 6b�OHF ¼ X 6b�OHF AUC6b�OHF
� ð4Þ

where X6β−OHF is the amount of 6β-OHF excreted into the
urine, AUCcortisol and AUC6β−OHF is the area under the

time-concentration profiles (AUC) of plasma cortisol and
6β-OHF during the designated time intervals.

Effects of DX-619 on 11β-hydroxysteroid
Dehydrogenase (11β-HSD) 1 and 11β-HSD 2

HEK293 cells expressing 11β-hydroxysteroid dehydroge-
nase (11β-HSD) 1 or SF9 cells expressing 11β-HSD2 were
established as reported previously (24,25). The cells were
homogenated and extracted as microsomal pellets. The
pellets were resuspended in 20 mM Tris–HCl (pH 8.0)
containing 10% glycerol, 1 mM EDTA and 300 mM NaCl.
The 11β-HSD1 enzyme assay was conducted in an assay
buffer containing 3.2 mmol/l NADPH, 24 mmol/l D-
glucose 6-phosphate, 1.38 U/ml glucose-6-phosphate dehy-
drogenase, 12 mmol/l MgCl2 and enzyme suspension. The
11β-HSD2 enzyme assay was carried out in an assay buffer
containing 170 μmol/l NAD+ and enzyme suspension. En-
zyme reactions were initiated by the addition of substrate
(cortisone for 11β-HSD1 and cortisol for 11β-HSD2,
160 nmol/l), and after a 20-min incubation at room tem-
perature, terminated by the addition of 50 mmol/l carbe-
noxolone. Cortisol concentration was measured with a
HTRF cortisol assay (Cisbio Bioassays, Cedex, France).

Statistical Analysis

Statistically significant differences in this study were deter-
mined using two-tailed unpaired t-tests. Differences were
considered to be significant at P<0.05 and <0.01.

RESULTS

Mechanism-Based Inhibition of Midazolam
1-hydroxylation In Vitro by DX-619 and Simulation
of the In Vivo CYP3A Activities During DX-619
Administration

Midazolam 1’-hydroxylation in HLM was decreased in the
presence of DX-619 (100 μmol/l) to 82.0±6.1% of the
control group. Preincubation of HLM in the presence of
DX-619 potentiated the inhibition in a preincubation-time
and concentration-dependent manner (Fig. 2a) with KI and
kinact of 67.9±7.3 μmol/l and 0.0730±0.0033 min−1, re-
spectively (Fig. 2b). The true KI, corrected by binding to the
HLM, (fu,HLM 0.881±0.014) was 59.8±6.5 μmol/l. The
preincubation time dependent inhibition was reproduced
in a CYP3A4 supersome (data not shown).

The simulation of active CYP3A4 in the liver was con-
ducted using three different kdeg values (0.000481, 0.000321
and 0.000136 min−1) (15–17). DX-619 caused prompt reduc-
tion of Eact onDay 1 and the reduction reached the maximum
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of 53.3% of the control group at 128 h with kdeg of
0.000481 min−1 used, 43.8% at 152 h with kdeg of
0.000321 min−1, and 25.4% at 200 h with kdeg of

0.000136 min−1. The simulation predicts a reduction of
CYP3A4 activity during DX-619 treatment by 25–53% of
the control group (Fig. 2c). Since Eact is associated with Vmax,
the intrinsic activity of CYP3A4 is proportional to this value,
suggesting in vivo relevance of CYP3A4 inhibition by DX-619
during the treatment.

Pharmacokinetic Parameters of Cortisol and 6β-OHF
in Placebo and DX-619-Treated Groups

The plasma concentration of cortisol in the placebo group
showed a circadian rhythm (Fig. 3, upper). Cmax of cortisol
(2 h) was 2.4-fold higher in the DX-619 treated group
compared with the placebo group (P00.0868). The plasma
AUC of cortisol was slightly elevated by DX-619 adminis-
tration (115% (P00.0910) and 105% (P00.4049) on day 1
and 15, respectively), whereas that of 6β-OHF was unaffect-
ed by DX-619 (104% (P00.5167) and 105% (P00.5059) on
day 1 and 15, respectively) (Table 1).

Xe,6β−OHF was significantly lower in the DX-619-treated
group than that of the placebo group on both day 1 (P<0.05)
and day 15 (P<0.01) (Table 1). CL6β−OHF was decreased to
1.24±0.12 ml/min (0–24 h, P00.0546) and 0.684±
0.083 ml/min (336-360 h, P<0.01) during DX-619 treatment
compared to that of the placebo group as 3.74±1.63 ml/min
(0–24 h) and 2.49±0.73 ml/min (336–360 h), respectively
(Fig. 4a). CLrenal, 6β−OHF were also significantly decreased to
34.9±3.7 ml/min (0–24 h, P<0.05) and 23.0±3.5 ml/min
(336–360 h, P<0.05) during DX-619 treatment compared to
that of the placebo group, 84.8±27.3 ml/min (0–24 h) and
78.0±24.3 ml/min (336–360 h), respectively (Fig. 4b). The
mean unbound fractions of 6β-OHF were determined in vitro
in human plasma (fp, 6β−OHF) to be 0.192±0.012 spiked
200 nmol/l of 6β-OHF (as final concentration) and 0.208±
0.016 spiked 50 nmol/l of 6β-OHF.

Uptake of cortisol and 6β-OHF by hOAT1-,
hOAT3- and hOCT2-HEK

The uptake of the representative substrates, 3H-PAH
(50 nmol/l) for hOAT1, 3H-ES (25 nmol/l) for hOAT3 and
14C-TEA (5 μmol/l) for hOCT2 were 5.10±0.074, 6.02±
0.28 and 10.2±0.4 μl/min/mg protein, which were all 25-fold
higher than that in mock vector transfected cells. Uptake of 6β-
OHF was significantly higher in hOAT3- and hOCT2-HEK
than in mock cells (Fig. 5a). The uptake by hOAT3 was
inhibited by 1 mmol/l probenecid, however, the uptake by
hOCT2 was not inhibited by 1 mmol/l quinidine (Fig. 5a).
The uptake of 6β-OHF by OAT3 was linear until 5 min
(Fig. 5b). The uptake of 6β-OHF by OAT3 was saturable with
Km and Vmax of 183±25 μmol/l and 782±45 pmol/min/mg
protein, respectively (Fig. 5c), and inhibited by DX-619 and
probenecid with Ki values of 239±36 and 12.1±3.8 μmol/l
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(Fig. 5d). The relative contribution of hOAT3 and hOCT2
to uptake in proximal tubule were estimated using the relative
activity factor (RAF) method employing ES and TEA as
reference compounds.(12,19,26,27) The renal uptake clear-
ance of 6β-OHF mediated by hOAT3 and hOCT2 were
predicted to be 0.271 and 0.00890 ml/min/g in the kidney,
suggesting the predominant contribution of hOAT3.

Uptake of 6β-OHF by hMATE1- and hMATE2-K-HEK

The uptake of the representative substrate, 14C-TEA by
hMATE1- and hMATE2-K-HEK for 1 and 2 min (μl/mg

protein) were 22.8±0.6 and 11.2±0.5, which are 97 and 24
times higher than those in mock vector transfected cells (P<
0.01). The uptake of 6β-OHF by hMATE1- and hMATE2-
K HEK was significantly greater than that by mock cells and
stimulated by the outward H+ gradient (Fig. 6a), and pyri-
methamine abolished the uptake. The uptake of 6β-OHF by
hMATE1 was linear up to 1 min (Fig. 6b). The transport
velocity increased along with the substrate concentration by
200 μmol/l, and uptake of 14C-TEA by hMATE1 was
inhibited by 33.2±0.5% of control in the presence of 6β-
OHF (1 mmol/l). DX-619 and pyrimethamine inhibited the
uptake of 6β-OHF by hMATE1 with Ki of 4.32±0.79 and
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0.281±0.033 μmol/l, respectively (Fig. 6c). Transport ac-
tivities of 6β-OHF by renal transporters, and inhibition
potency of DX-619 were summarized in Table 2.

Transcellular Transport of 6β-OHF Across
the Monolayers of Mock-Vector Transfected
and MDR1-Expressing LLC-PK1

The transcellular transport of 6β-OHF (10 μmol/l) across
the monolayers of mock-vector transfected and MDR1-
LLC-PK1 was determined in the basal-to-apical and
apical-to-basal directions for 120 min at 37°C. Cortisol
was used as the representative substrate of P-gp (11). The
trancellular transport of cortisol in the basal-to-apical and
apical-to-basal direction is identical in mock-vector trans-
fected LLC-PK1 (0.404±0.014 versus 0.376±0.003 pmol/
min), whereas overexpression of P-gp induced the direction-
al transport; the transport in the basal-to-apical transport
was 3.3-fold larger than that in the opposite direction (0.643
±0.010 versus 0.196±0.011 pmol/min). Transport rates of
6β-OHF in the basal-to-apical direction were identical to
that in the opposite direction in mock-vector transfected
LLC-PK1 (0.248±0.019 versus 0.261±0.075 pmol/min).
The apical-to-basal and basal-to-apical transport rates of

6β-OHF were 2.0- and 1.5-fold higher in MDR1-LLC-
PK1 than the corresponding transport in mock-vector trans-
fected LLC-PK1 (P<0.05). The apical-to-basal transport was
1.4-fold greater than that in the opposite direction in MDR1-
LLC-PK1. The addition of a potent MDR1 inhibitor,
GF120918 (10 μmol/l) to the transport buffer decreased the
apical-to-basal transport rate of 6β-OHF in MDR1-LLC-
PK1 to the basal-to-apical transport rate, but had no effect
on the transcellular transport of 6β-OHF in mock-vector
transfected LLC. P-gp mediated directional transport of cor-
tisol was not inhibited by 300 μmol/l of DX-619.

Inhibitory Effects of DX-619 on 11β-HSD1
and 11-β-HSD2 Activities

The effect of DX-619 on 11β-HSD1 and 11β-HSD2 was
examined in vitro using representative substrates (cortisone
for 11β-HSD1, and cortisol for 11β-HSD2). A potent inhib-
itor of 11β-HSD1 and 11β-HSD2, carbenoxolone, inhibited
both enzymes with Ki values of 0.128±0.030 and 0.0147±
0.0030 μmol/l, respectively, which are consistent with pre-
vious reports (24,25). DX-619, clarithromycin and itracona-
zole had no effect on 11β-HSD1 and 11β-HSD2 activities.
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Fig. 5 Uptake of 6β-OHF by OAT1-, OAT3- and OCT2-HEK. (a) Uptake of 6β-OHF (5 μmol/l) for 5 min was determined in mock-vector transfected (open
bar), and hOAT1-, hOAT3- or hOCT2-HEK (closed bar) at 37°C in the absence and presence of their representative inhibitors (hatched bar, 1 mmol/l;
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represents the fitted line obtained by nonlinear regression analysis. Each value represents the mean ± SE of three separate determinations.
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DISCUSSION

The present study evaluated the mechanism-based inhibi-
tion of CYP3A4 by DX-619 using cortisol and 6β-OHF as
endogenous biomarkers in healthy subjects, and also exam-
ined the effect of DX-619 on the renal clearance of 6β-OHF
which involves the tubular secretion by the transporters.

DX-619 shows mechanism-based inhibition of CYP3A4
in vitro (Fig. 2a, b), whereas it inhibits neither 11β-HSD1 nor
11β-HSD2, other enzymes involved in cortisol metabolism.
Using the kinetic parameters for MBI determine in vitro and
three different degradation rates of CYP3A4, a magnitude
of CYP3A4 inhibition was simulated in healthy subjects
during DX-619 treatment; intravenous infusion of
1200 mg DX-619 for 2 h, and then 48 h after the initial
dose, multiple dosings (1200 mg of DX-619 q.d. on day 3–
15). This suggests in vivo relevance of CYP3A4 inhibition by
DX-619 during the treatment (Fig. 2c). To support the
simulation, CL6β−OHF was determined using phase I sam-
ples in healthy subjects (Fig. 4a). CL6β−OHF in the placebo
was similar to the previous report in Japanese subjects
(3.71 ml/min) (7,8), but 2~3 fold higher than those in

another report by unknown reason (3). DX-619 hardly affects
the AUC of cortisol, whereas it significantly decreased the
amount of 6β-OHF excreted into the urine in healthy subjects
(Table I). Consequently, CL6β−OHF was decreased by 66 and
72% on day 1 and 15, respectively, during the DX-619-
treatment compared with the placebo group although the
difference reached statistical significance on day 15 (Fig. 4a).
This is in good agreement with our simulation.

CL6βOHF is defined as the following equation using
CLCYP3A4, and CLtot,6β−OHF, which represent the true for-
mation clearance and total body clearance of 6β-OHF,
respectively;

CL6bOHF ¼ Xe;6b�OHF

AUCcortisol
¼ CLCYP3A4 � CLrenal;6b�OHF

CLtot;6b�OHF
ð5Þ

In regards to CL6βOHF as CLCYP3A4, we need the assump-
tion that all of 6β-OHF is cleared renally (i.e., CLtot,6β−OHF 0

CLrenal,6β−OHF). Otherwise, the absolute value of CL6βOHF is
influenced by the variation of urinary excretion andmetabolic
pathway by 11β-HSD2 for 6β-OHF. As far as the ratio of
CLrenal,6β−OHF to CLtot,6β−OHF not being altered, CL6βOHF

can be an index to evaluate the variation of hepatic CYP3A4.
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The contribution of the urinary excretion of 6β-OHF to the
elimination from the systemic circulation remains unknown.
We confirmed absence of interaction of DX-619 with 11β-
HSD1 and 11β-HSD2 in vitro. Then, we investigated the
urinary excretion mechanism of 6β-OHF in the subjects.
Considering the unbound fraction of 6β-OHF in human
plasma, its renal clearance exceeds the glomerular filtration
rate (fp,·GFR, 19–20 ml/min) when 98 ml/min (12) was used
as GFR, indicating a significant contribution of the tubular
secretion involving transporters (Table I). During DX-619
treatment, CLrenal, 6β−OHF was significantly decreased com-
pared with that in the placebo group (Fig. 4b). Since CLrenal,
6β−OHF was similar to its glomerular filtration rate in the DX-
619 treated group, the tubular secretion of 6β-OHF was
completely inhibited (Table I). Whether this interaction is
crucial for the evaluation of hepatic CYP3A4 inhibition using
CL6β−OHF as the index depends on the significance of renal
elimination to the elimination pathway of 6β-OHF from the
systemic circulation. When the renal elimination is a predom-
inant pathway, the interaction is not crucial since the amount
of 6β-OHF excreted into the urine does not change irrespec-
tive of the tubular secretion inhibition. In this case, the inter-
action should be accompanied with plasma 6β-OHF elevation
along with the reduction in CLrenal, 6β−OHF, and thus, absence

of such effect (Fig. 3) indicates an inhibition of 6β-OHF
production. Otherwise, the interaction reduces the amount
of 6β-OHF excreted into the urine along with the inhibition of
the tubular secretion, and consequently, lowering CL6β−OHF

and exaggerating hepatic CYP3A4 inhibition. Based on the
simulation of active CYP3A4 during the treatment (Fig. 2c),
we consider that the reduction in CL6β−OHF by DX-619 is
attributable to hepatic CYP3A4 inhibition. The present study
suggests caution in the evaluation of hepatic CYP3A4 activity
using cortisol and 6β-OHF as biomarkers; CL6β−OHF may be
influenced by the variation in CLrenal, 6β−OHF as well as an
additional metabolic pathway during the interaction study. It
is strongly recommended to determine CLrenal, 6β−OHF, to
evaluate the effect of test drugs and new chemical entities on
the renal elimination of 6β-OHF simultaneously. Unless
CLrenal, 6β−OHF is significantly decreased, reduction in
CL6β−OHF will supports the hepatic CYP3A4 inhibition.
When the significant reduction of CLrenal, 6β−OHF is observed,
it is now critical that there is no method applicable to correct
Xe6β−OHF without evaluating CLtot,6β−OHF. Pharmacokinetic
interaction studies with transporter inhibitors which do not
interact with CYP3A4 are necessary to elucidate the
impact of reduction of CLrenal, 6β−OHF on CL6β−OHF.
Recently, Peng et al. reported that apparent formation

Table I Summary of Kinetic Indices of Cortisol and 6β-OHF on Day 1 and Day 15 after the Administration of DX-619 in Healthy Subjects

AUCcortisol

(ng • h/ml)
AUC6β−OHF

(ng • h/ml)
Xe, 6β−OHF (μg) CL6β−OHF

(ml/min)
CLrenal, 6β−OHF

(ml/min)
fu·GFR

a

(ml/min)
CLsec, 6β−OHF

(ml/min)

Placebo Day 1 1211±206 48.2±4.8 233±59 3.74±1.63 84.8±27.3 20.4 64.4

Day 15 1472±83 47.9±6.1 212±49 2.49±0.73 78.0±24.3 57.6

DX-619 Day 1 1391±82 49.9±2.9 102±7* 1.24±0.12 34.9±3.7* 14.5

Day 15 1539±115 45.8±3.2 60.9±5.1** 0.684±0.083** 23.0±3.5* 2.60

Data are taken from Fig. 3. Each value represents the mean ± SE of six (DX-619) and three (placebo) separate determinations. **P value<0.01 and *P
value<0.05 compared to the placebo group in the same time interval. AUCcortisol, area under the time-concentration profiles (AUC) of plasma cortisol
from zero time to 24 h; AUC6β−OHF, AUC of plasma 6β-OHF from zero time to 24 h; Xe, 6β−OHF, amount of 6β-OHF excreted into the urine from zero
time to 24 h. a GFR was reported to be 98 (ml/min) (12)

Table II Transport Activities of 6β-OHF by Renal Drug Transporters, and Inhibition Potency of DX-619

Renal transporters 6β-OHF transport activities Ki (μmol/l) of DX-619 Iu,max/Ki

Basolateral side OAT1 n.t. 930±184b 0.009–0.014

OAT3 +++ 239±36 0.0346–0.0548

(Km 183±25 μmol/l)

OCT2 + a 0.94b 8.79–13.9

Apical side P-gp n.t. > 300 μmol/l −

MATE1 +++ 4.32±0.79 1.9–3.0

(Km >200 μmol/l) 0.82±0.14b 10.1–16.0

MATE2-K + 0.10±0.01b 82.6–131

n.t. not transported,

Data are taken from Figs. 5 and 6. Iu,max represents the maximum unbound concentration when DX-619 was given intravenously (1,200 mg)
a the uptake was not inhibited by quinidine (1 mM), b cited from (12)
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clearance of 6β-hydroxycortisone from cortisone can be an
alternative hepatic CYP3A4 index, although the sensitivity
is lower compared with CL6β−OHF in the interaction study,
where itraconazole was administered to inhibit CYP3A4
by unknown reason. It is possible that the urinary excre-
tion of 6β-hydroxycortisone is not influenced by the phar-
macokinetic interaction in the renal transporters. This
must also be examined in future studies.

To provide an insight into the transporters involved in
the tubular secretion of 6β-OHF, an in vitro transport study
was conducted. Relative contribution calculated using the
RAF method suggests that hOAT3 makes a far larger con-
tribution than OCT2 in the basolateral uptake of 6β-OHF.
Furthermore, 6β-OHF turned out as a substrate of H+/
organic cation exchangers, MATE1 and MATE2-K
(Fig. 6), which can secrete cationic drugs across the BBM
into the urine with an exchange of H+, the gradient formed
by the Na/H+ exchanger (28). Since the uptake of 6β-OHF
by hMATE1 was linear up to 200 μmol/l, and the uptake of
14C-TEA by hMATE1 was inhibited by at most 50% in the
presence of 1 mM 6β-OHF, 6β-OHF is a low affinity sub-
strate of MATE1 (Table II). P-glycoprotein, another apical
efflux transporter in the kidney, mediates the efflux of cor-
tisol across the plasma membrane (11), however, 6β-OHF
was not transported by P-gp (Table II). It is most likely that
the tubular secretion of 6β-OHF in the kidney is mediated
by OAT3 and MATEs. We reported that DX-619 is able to
inhibit OCT2 and MATEs, but not OAT3, at the doses
employed in the phase I study (12). The Ki value of DX-619
for MATE1-mediated 6β-OHF transport was 5-fold greater
than the previously reported value (0.8 μmol/l obtained
using TEA as test substrate (12)). However, this is still below
the circulated maximum free concentration (8.26–
13.1 μmol/l), suggesting that DX-619 can inhibit
MATE1-mediated transport of 6β-OHF under assumption
that the unbound concentration of DX-619 in the kidney to
be that in the plasma. Together with clinical data, inhibition
of MATEs is likely the mechanism underlying the inhibition
of renal elimination of 6β-OHF by DX-619 (Table II).
Inhibitors for OAT3 and MATEs, which do not interact
with CYP3A4, will elucidate the impact of inhibition of the
renal elimination of 6β-OHF on CL6β−OHF.

In the pharmaceutical industries, many drug candi-
dates sometimes have MBI-based DDI potential in un-
avoidable circumstances considering their DDI risks and
clinical benefits. We need clinical data on the magni-
tude of DDI with victim drugs as early as possible to
help decide on candidates for further development. En-
dogenous compounds have advantage in their capability
to suggest in vivo relevance of DDIs without administra-
tion of probe drugs. However, we need careful consid-
eration on the disadvantage in endogenous compounds
such as circadian rhythm, homeostasis, inter- and intra-

individual variations, lack of data on the metabolism
and elimination pathways, and unforeseen pharmacoki-
netic interaction. In the present study, we clarified that
the urinary excretion of 6β-OHF in human kidney
involves tubular secretion where OAT3 and MATEs
are candidate transporters. Particularly, DX-619 inhibits
MATEs, which may also reduce CL6β−OHF.

In conclusion, DX-619 is a mechanism-based inhibitor of
CYP3A4 in vitro. DX-619 treatment caused a moderate
inhibition of hepatic CYP3A4-mediated formation, and a
significant inhibition of MATE-mediated efflux, of 6β-
hydroxycortisol into the urine. This study suggests caution
in applying CL6β−OHF as index for hepatic CYP3A4 activity
without evaluating the CLrenal, 6β−OHF.
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