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ABSTRACT

Midazolam is a widely used index substrate for assessing effects of
xenobiotics on CYP3A activity. A previous study involving human
hepatocytes showed the primary route of midazolam metabolism, 1'-
hydroxylation, shifted to N-glucuronidation in the presence of the
CYP3A inhibitor ketoconazole, which may lead to an overprediction
of the magnitude of a xenobiotic-midazolam interaction. Because
ketoconazole is no longer recommended as a clinical CYP3A inhibitor,
indinavir was selected as an alternate CYP3A inhibitor to evaluate the
contribution of the N-glucuronidation pathway to midazolam metab-
olism. The effects of indinavir on midazolam 1’-hydroxylation and
N-glucuronidation were first characterized in human-derived in vitro
systems. Compared with vehicle, indinavir (10 xM) inhibited midazo-
lam 1’-hydroxylation by recombinant CYP3A4, human liver micro-
somes, and high-CYP3A activity cryopreserved human hepatocytes
by >70%; the IC5, obtained with hepatocytes (2.7 uM) was within

reported human unbound indinavir C,,,x (<56 uM). Midazolam N-
glucuronidation in hepatocytes increased in the presence of indinavir
in both a concentration-dependent (1-33 uM) and time-dependent
(04 hours) manner (by up to 2.5-fold), prompting assessment in
human volunteers (n = 8). As predicted by these in vitro data, indinavir
was a strong inhibitor of the 1’-hydroxylation pathway, decreasing
the 1’-hydroxymidazolam/midazolam area under the plasma
concentration versus time curve (AUC)q_421, ratio by 80%. Although
not statistically significant, the midazolam N-glucuronide/midazolam
AUC,_q2n ratio increased by 40%, suggesting a shift to the N-
glucuronidation pathway. The amount of midazolam N-glucuronide
recovered in urine increased 4-fold but remained <10% of the oral
midazolam dose (2.5 mg). A powered clinical study would clarify
whether N-glucuronidation should be considered when assess-
ing the magnitude of a xenobiotic-midazolam interaction.

Introduction

The cytochromes P450 (CYPs) are responsible for the oxidative
metabolism of nearly 80% of clinically used drugs, with the CYP3A
subfamily alone accounting for 30% of these drugs (Zanger and
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Schwab, 2013). Broad substrate specificity and high expression of
CYP3A in both the liver and small intestine render CYP3A a major
locus for drug—drug interactions (DDIs). Midazolam, a short-acting
central nervous system depressant used therapeutically for sedation,
anxiolysis, and amnesia, is the most widely used probe substrate for
assessing CYP3A-mediated pharmacokinetic DDIs for new mole-
cular entities (Food and Drug Administration Center for Drug
Evaluation and Research, 2017a,b). Midazolam is cleared primarily
via 1'-hydroxylation (75%) and 4-hydroxylation (4%) by CYP3A
(Heizmann and Ziegler, 1981; Dundee et al., 1984) (Fig. 1). Because
formation of the major primary metabolite, 1’-hydroxymidazolam,
is mediated solely by CYP3A, and midazolam is not a substrate
for major transporters at therapeutic concentrations (Lentz et al.,
2000; Tolle-Sander et al., 2003), changes in systemic exposure to
midazolam almost exclusively reflect changes in CYP3A activity.
In addition to CYP3A-mediated primary metabolites, in vitro and
clinical studies identified a novel primary metabolite, midazolam N-
glucuronide, formed predominantly by UDP glucuronosyltransferase
(UGT) 1A4 (Klieber et al., 2008; Zhu et al., 2008; Hyland et al., 2009).

ABBREVIATIONS: AUC, area under the plasma concentration versus time curve; CTRC, Clinical and Translational Research Center; CYP,
cytochrome P450; DDI, drug—drug interaction; HLM, human liver microsome; LC-MS/MS, liquid chromatography tandem-mass spectrometry; QC,
quality control; rCYP3A4, recombinant CYP3A4; rUGT1A4, recombinant UGT1A4; SPE, solid-phase extraction; UDPGA, uridine 5'-
diphosphoglucuronic acid ammonium salt; UGT, UDP glucuronosyltransferase.

724

¥20z ‘g 1udy uo sfeuinor 13dSY e fio'sieuno(ipdse pup woij papeojumod


https://doi.org/10.1124/dmd.119.087007
http://orcid.org/0000-0002-3331-1839
https://doi.org/10.1124/dmd.119.087007
http://dmd.aspetjournals.org
http://dmd.aspetjournals.org/content/suppl/2019/04/26/dmd.119.087007.DC1
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/
http://dmd.aspetjournals.org/

Midazolam N-Glucuronidation Increases in the Presence of Indinavir 725
Midazolam
\(/N
N_{
P
4-Hydroxymidazolam Cl E 1’-Hydroxymidazolam
HO
N
~¢ ) O \\(/N/
N
OH -
-
Sy =i %
|
F ’ Cl F
: J
v Fig. 1. Midazolam metabolic pathways.
UGT2B4 Midazolam N-glucuronide UGT2B4
UGT2B7 UGT2B7

Gluculronide
N-

Midazolam 4-O-glucuronide /

g
N
N
\(/ / Glucuronide O N

N cl

Glucuronide
—

The potent CYP3A inhibitor ketoconazole nearly abolished formation
of 1'-hydroxymidazolam, and in turn the corresponding 1’-O-glucuronide,
and increased midazolam N-glucuronide formation approximately
6- to 8-fold in primary human hepatocytes prepared from two
unrelated donors (Klieber et al., 2008). A subsequent clinical study
reported midazolam N-glucuronide was detected in urine from six
healthy male volunteers administered a single dose of 1 mg (i.v.) or
3 mg (oral) midazolam and that the N-glucuronidation pathway
accounted for 1%-2% of the midazolam dose; plasma concentra-
tions were not measured, precluding calculation of total and renal
midazolam clearance (Hyland et al., 2009). Simulations using the
population-based simulator Simcyp further suggested that, consistent
with in vitro observations, the contribution of the N-glucuronidation
pathway increased in the presence of ketoconazole (Hyland et al., 2009).
Consequently, the magnitude of a CYP3A-mediated xenobiotic—
midazolam interaction could be over- or underpredicted if the
N-glucuronidation pathway is not considered.

Due to safety concerns, oral ketoconazole is no longer recommended for
clinical CYP3A-mediated DDI studies (https://www.ema.europa.eu/en/news/
european-medicines-agency-recommends-suspension-marketing-
authorisations-oral-ketoconazole; https://www.fda.gov/drugs/drugsafety/
ucm362415.htm; https://www.fda.gov/Drugs/DrugSafety/ucm500597.htm).
A possible alternate CYP3A inhibitor is indinavir, which was reported
to be a more potent inhibitor of testosterone 63-hydroxylation than
trifluoperazine glucuronidation using recombinant CYP3A4 and
UGT1AA4, respectively (ICsq, 0.24 vs. >100 uM) (Zhang et al., 2005;
Granfors et al., 2006). Indinavir peak unbound plasma concentrations
reach approximately 5 uM after oral administration of 800 mg three times
daily (Boffito et al., 2003; Crixivan package insert). This value is well
above the ICs5y for CYP3A4 and below that for UGT1A4, suggesting
indinavir would inhibit CYP3A4, but not UGT1A4, in vivo. However,

Midazolam 1’-O-glucuronide

ICso values recovered using recombinant enzymes are not always
predictive of higher-order systems such as human liver microsomes
(HLMs) and human hepatocytes.

Based on these observations, the objective of the current work was to
characterize indinavir as an alternate CYP3A inhibitor using an in vitro
to in vivo approach. The aims were to evaluate the effects of indinavir
on midazolam 1'-hydroxylation and/or N-glucuronidation in 1) HLMs
supplemented with cofactors for both pathways, 2) human hepatocytes,
and 3) a pilot study involving human volunteers. Results provide
the foundation for a powered clinical study designed to determine the
contribution of N-glucuronidation to midazolam metabolism in vivo.

Materials and Methods
Chemicals and Reagents

Midazolam and indinavir were purchased from Toronto Research Chem-
icals (Toronto, Canada). 1’-Hydroxymidazolam, alamethicin, magnesium
chloride, saccharic acid-1,4-lactone, Tris-HCI, hecogenin acetate, NADPH,
potassium phosphate buffer, ketoconazole, and uridine 5’-diphosphoglucuronic
acid trisodium salt (UDPGA) were purchased from Sigma-Aldrich (St. Louis,
MO). Midazolam 1’-O-glucuronide was purchased from Bioquote (York, UK).
1’-Hydroxymidazolam-d, was purchased from Cerilliant (Round Rock, TX).
HLMs, pooled from 150 donors of mixed gender (UltraPool), and human
UGT1A4 supersomes were purchased from Corning (Tewksbury, MA). All other
chemicals and reagents were of analytical grade.

Midazolam N-Glucuronide Generation and Isolation

Generation of midazolam N-glucuronide was adapted from a previously
published method (Hyland et al., 2009). In brief, HLMs (0.5 mg/ml) were
incubated with alamethicin (25 wg/ml), magnesium chloride (10 mM), and
saccharic acid-1,4-lactone (5 mM) in Tris-HClI buffer (0.05 M, pH 7.4) on ice
for 15 minutes to allow pore formation in the microsomal membranes. After
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the mixture was equilibrated to 37°C, midazolam was added to produce a
final concentration of 50 uM. After an additional 5 minutes at 37°C, UDPGA
was added to produce a final concentration of 5 mM. The final incubation
volume and solvent concentration (methanol) were 100 ml and <1% (v/v),
respectively. Reactions were terminated after 6 hours by placing mixtures on
ice and centrifuging at 3000g at 4°C for 20 minutes.

Midazolam N-glucuronide was extracted using a Varian BondElut C18
solid-phase extraction (SPE) cartridge (Agilent, Santa Clara, CA) condi-
tioned with 120 ml methanol, 120 ml acetonitrile, and 120 ml 90/10
water/acetonitrile containing 2 mM ammonium acetate, pH 8.0. The super-
natant was transferred onto the SPE cartridge and then washed with 100 ml
90/10 water/acetonitrile. Midazolam N-glucuronide was eluted with 120 ml
70/30 water/acetonitrile containing 2 mM ammonium acetate, pH 8.0. The
eluent was frozen on dry ice and then lyophilized until a light brown powder
remained. The powder was reconstituted with 90/10 water/acetonitrile and
then loaded onto a newly conditioned SPE cartridge. The eluent was washed
with three volumes of water, eluted with 100% methanol, then lyophilized
and reconstituted again in methanol-d4 for IH-NMR analysis (Supplemen-
tal Fig. 1). The final eluent was collected, and the weight and purity were
recorded.

Effects of Indinavir on Midazolam 1’-Hydroxylation and N-Glucuronidation
in Human-Derived In Vitro Systems

Recombinant Enzymes. Recombinant CYP3A4 (rCYP3A4) or recombinant
UGT1A4 (rtUGT1A4) supersomes (0.025 and 0.05 mg/ml, respectively) were
incubated with midazolam (5 uM) and potassium phosphate buffer (100 mM, pH
7.4) containing magnesium chloride (2 mM). Control mixtures contained 1%
(v/v) DMSO in place of ketoconazole or indinavir (10 wM). Incubation mixtures
were equilibrated to 37°C, and reactions were initiated by adding UDPGA (2 mM)
and/or NADPH (1 mM). After 10 minutes, reactions were terminated with one
volume of ice-cold acetonitrile containing 1'-hydroxymidazolam-d, as internal
standard. Proteins were precipitated by centrifugation (3000g for 10 minutes), and
the supernatant was analyzed by liquid chromatography tandem-mass spectrom-
etry (LC-MS/MS) for 1'-hydroxymidazolam and midazolam N-glucuronide (see
below).

Human Liver Microsomes. HLMs (0.5 mg/ml) were mixed with or without
alamethicin (25 ug/ml) and placed on ice. After 15 minutes, incubations
proceeded as described for recombinant enzymes. Samples were processed and
analyzed for 1’-hydroxymidazolam and midazolam N-glucuronide as described
for recombinant enzymes.

Human Hepatocytes. Single female donor cryopreserved hepatocytes (lots
GGJ and XMM), characterized for CYP3A and UGT activity (63-hydrox-
ytestosterone and 7-hydroxycoumarin glucuronide formation, respectively),
were obtained from Charles River Laboratories (Wilmington, MA). Lots
were characterized as having high (lot GGJ) or low (lot XMM) CYP3A
activity (152 and 10.4 pmol 6B-hydroxytestosterone/10° cells per minute,
respectively). Hepatocytes were seeded onto 96-well plates at a density of
0.5 x 10° viable cells/ml. Midazolam (5 uM) was added, followed by vehicle
control (1% DMSO), ketoconazole (10 uM), or indinavir (10 uM). Cells
were incubated at 37°C, 95% relative humidity, and 5% CO,. After 0, 0.083,
0.25, 0.5, 1, 2, or 4 hours, reactions were terminated with one volume of
acetonitrile containing the internal standard, 1’'-hydroxymidazolam-d,
(0.01 uM). Samples were agitated and transferred to a filter plate and filtered
under positive pressure. The supernatant was analyzed for midazolam, 1'-
hydroxymidazolam, and midazolam N-glucuronide by LC-MS/MS (see
below). Area under the concentration versus time curve (AUC) from O to
4 hours in hepatocytes (AUChep04n) Was determined using the logarithmic
trapezoidal method.

Apparent ICsy Determination. Apparent ICs, was determined for indinavir
and the selective and potent UGT1A4 inhibitor hecogenin (Uchaipichat et al.,
2006) toward midazolam 1’-hydroxylation and/or midazolam N-glucuronidation
in HLMs (0.5 mg/ml) and the high CYP3A activity lot of cryopreserved human
hepatocytes. Conditions were similar as those described above using a range of
indinavir concentrations (HLMs, 0.05-300 uM; hepatocytes, 0.004-200 uM)
and hecogenin (HLMs, 0.01-60 uM; hepatocytes, 0.01-30 uM); midazolam
concentrations approximated the K, for 1’-hydroxylation (4 uM) and
N-glucuronidation (20 uM) (Klieber et al., 2008). ICs, estimates were
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recovered using untransformed data, as described previously (Gufford et al.,
2014) via nonlinear least-squares regression using Phoenix WinNonlin
(v. 7.0; Certara USA, Princeton, NJ).

Analysis of Incubations for Midazolam Metabolites. 1'-Hydroxymidazo-
lam and midazolam N-glucuronide were quantified using a Sciex API
4000 QTRAP triple-quadrupole mass spectrometer (Ontario, Canada) fitted
with a Turbo ionspray interface operated in positive ion mode. A Waters
Acquity ultra performance liquid chromatography (UPLC) system with
autosampler was programmed to inject 10 ul sample into a Varian Polaris
C18-A 5-um 100 x 3.0-mm column. Midazolam metabolites and 1'-
hydroxymidazolam-d, were eluted with a binary gradient mixture consisting
of 10 mM ammonium formate containing 1% (v/v) isopropyl alcohol and
0.1% (v/v) formic acid (A) and methanol (B) at a flow rate of 0.65 ml/min.
Analytes were monitored in multiple reaction monitoring mode for the
following m/z transitions: 342—203 (1'-hydroxymidazolam), 502—326
(midazolam N-glucuronide), and 346—203 (1'-hydroxymidazolam-dy).
Metabolite concentrations were determined by interpolation from a linear
standard curve with a dynamic range of 0.0005-5 uM. Quality controls
(QCs), prepared at three different concentrations and stored with study
samples, were analyzed with each batch of samples against separately
prepared calibration standards. Acceptance criteria were that no more than
one-third of the total QC results and no more than one-half of the results from
each concentration deviated from the nominal concentration by more than
15%. Inter- and intraday variability in the QCs were less than 10%.

Clinical Study

A prospective, randomized, open-label crossover study was conducted at
the University of North Carolina Clinical and Translational Research Center
(CTRC). The study protocol and consent form were reviewed and approved
by the Office of Human Research Ethics/Biomedical Institutional Review
Board and the CTRC Oversight Committee at the University of North
Carolina at Chapel Hill. Written informed consent and Health Insurance
Portability and Accountability Act authorization were obtained from each
volunteer prior to participation.

Participants. Healthy, human immunodeficiency virus—seronegative volun-
teers (four men, five women) were enrolled. Eight participants were deemed
sufficient for this pilot study. One woman withdrew from the study prior to drug
administration due to intolerance to study procedures. The men and women
ranged in age from 27 to 62 years and 31 to 51 years, respectively. Participants
were self-identified as Caucasian (two men, two women), African American (one
man, one woman), Hispanic (one man), and Asian (one woman).

Before enrollment, each participant underwent a medical history, physi-
cal examination, liver function tests, complete blood count, and human
immunodeficiency virus testing. Each woman of child-bearing age un-
derwent a serum pregnancy test. None of the participants were taking known
modulators of CYP3A or UGT activity. Participants were asked to abstain
from all fruit juices 1 week before and during the study and from alcohol and
caffeinated beverages the evening before each study day.

Procedures. Block randomization, stratified by sex, was used to assign
participants to each of two phases: midazolam alone (control) or midazolam +
indinavir (treatment). A minimum of 1 week separated the two phases (Fig. 2).
Vital signs (blood pressure, temperature, pulse, respirations) and oxygen saturation

PM AM PM
. MDZ
Sc(;ee”.'"%.& DV :lovl DV
ranaomization
T + * + Drug administration
i T
“1h0h 5h
® 000000006 6 6 ¢ Blood Collection

Fig. 2. Clinical study design. Drug administration schedule: day 1 (PM), indinavir
(IDV); day 2, IDV (AM), followed by a single dose of midazolam (MDZ), marking
the O-hour time point, and an additional IDV dose at 5 hours. Post-midazolam
administration, blood and urine were collected at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, and
12 hours or 0-6 and 6-12 intervals, respectively.
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Fig. 3. Inhibition of midazolam 1’-hydroxylation (A) and N-glucuronidation (B) by
ketoconazole (KTZ) and indinavir (IDV) using rCYP3A4 (A) and rtUGT1A4 (B).
Reactions were initiated with NADPH alone (+NADPH/—UDPGA), UDPGA alone
(—NADPH/+UDPGA), or both NADPH and UDPGA (+NADPH/+UDGPA). Bars
and error bars denote means and S.D., respectively, of three technical replicates.

were obtained at the initiation of each phase and monitored periodically thereafter;
the women underwent an additional urine pregnancy test before administration
of the first dose of indinavir. Participants were administered water (250 ml) or
800 mg indinavir (Crixivan; Merck & Co., Whitehouse Station, NJ) orally with
water (250 ml) on the evening of day 1; a snack was administered immediately
thereafter to minimize gastrointestinal upset, and participants were monitored
the following hour for side effects prior to discharge. After an overnight fast,
participants returned to the CTRC the morning of day 2 and were administered
water or indinavir (800 mg) with water and a snack; indinavir dosing was
repeated every 6 hours x two doses (three doses total). One hour after the first
administration of water alone or with indinavir on the morning of day 2,
participants were administered 2.5 mg midazolam syrup (Ranbaxy Pharma-
ceuticals, Jacksonville, FL) with water (250 ml). Blood (7 ml) was collected
from an arm vein via an indwelling intravenous catheter pre-midazolam
administration and at 0.5, 1, 1.5, 2, 3,4, 5, 6, 8, 10, and 12 hours post-midazolam
administration. Plasma was separated from blood cells via centrifugation within
1 hour of collection and was stored at —80°C pending analysis for midazolam and
metabolites by LC-MS/MS. Urine was collected from 0 to 6 and 6 to 12 hours.
Plasma and urine were processed, stored at —80°C, and analyzed within 6 months
of collection.

Analysis of Plasma and Urine for Midazolam and Metabolites. Plasma
and urine were analyzed for midazolam, 1'-hydroxymidazolam, midazolam 1'-O-
glucuronide, and midazolam N-glucuronide by LC-MS/MS using a similar
method as described for the in vitro studies. In brief, 150 ul acetonitrile containing
1’-hydroxymidazolam-d, was added to 50 ul plasma or urine and centrifuged

(+) Alamethicin
Control KTZ IDV
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(3000g), and the supernatant (10 ul) was injected into the LC-MS/MS system.
Additional m/z transitions included 326—291 (midazolam) and 518—324
(midazolam 1’-O-glucuronide). The dynamic range for midazolam and mid-
azolam 1'-O-glucuronide was 0.0005-5 and 0.001-5 uM, respectively. QCs were
prepared and interpreted as described above.

Pharmacokinetic Analysis. The pharmacokinetics of midazolam and metab-
olites were determined by noncompartmental methods using Phoenix WinNonlin
(v.7.0). Terminal elimination rate constant (A,) was estimated by linear regression
of the terminal portion of the log-transformed concentration versus time curve
using at least the last three data points. Terminal half-life was calculated as
In(2)/A,. The Cpax and time to reach Cy,,x were obtained directly from the
concentration—time profile. The AUC from 0 to 12 hours (AUCq_;5,) Was
determined using the trapezoidal method with linear up/log down in-
terpolation. The percentage of the total amount recovered in urine was
calculated by dividing the amount of analyte measured (A o_12n) by total
drug-related material measured over the 12-hour collection period. Renal
clearance was calculated as A, g_12n/AUCq_j2p.

Statistical Analysis

A Student’s ¢ test and one-way analysis of variance were used to compare
two groups and three groups, respectively, regarding the formation of 1'-
hydroxymidazolam or midazolam N-glucuronide in the various in vitro systems
using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). Pharmacokinetic
outcomes were compared between control and indinavir treatment using a paired
two-tailed Student’s ¢ test within SAS (v. 9.4; SAS Institute, Cary, NC); with the
exception of time to reach C,, outcomes were log-transformed prior to the
analysis. P values <0.05 were considered significant.

Results

Indinavir Inhibits Midazolam 1’'-Hydroxylation but Not N-
Glucuronidation in Human-Derived In Vitro Systems

Midazolam 1’-hydroxylation and N-glucuronidation were evaluated
in the absence and presence of indinavir, the positive control CYP3A
inhibitor ketoconazole, and the UGT1A4 inhibitor hecogenin.

Recombinant Enzymes. Compared with control incubations
containing NADPH (+/—UDPGA), both ketoconazole and indina-
vir inhibited midazolam 1’-hydroxylation by rCYP3A4, by >95%
(P < 0.001) (Fig. 3A); compared with control incubations contain-
ing UDPGA (+/—NADPH), ketoconazole had no effect, and indinavir
had minor effects (<25% inhibition) on midazolam N-glucuronide
formation by rtUGT1A4 (P > 0.17) (Fig. 3B).

Human Liver Microsomes. Compared with control incubations
containing NADPH (+UDPGA), in the absence and presence of
alamethicin, both indinavir and ketoconazole inhibited the formation

Midazolam N-glucuronide

Fig. 4. Effects of ketoconazole (KTZ) and indinavir (IDV) on
midazolam 1’-hydroxylation (A) and N-glucuronidation (B)
in HLMs. Incubation mixtures were pretreated without alamethicin
(—Alamethicin) or with alamethicin (+Alamethicin) before initiat-
ing the reactions with UDPGA alone (—NADPH/+UDPGA),
or with both NADPH and UDPGA (+NADPH/+UDGPA).
Bars and error bars denote means and S.D., respectively, of
three technical replicates.
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of 1’'-hydroxymidazolam, by 99% (P < 0.001) (Fig. 4A); compared
with control incubations containing UDPGA (+NADPH), ketoco-
nazole increased midazolam N-glucuronide formation (by ~40%)
(P < 0.05), and indinavir had no effect (Fig. 4B). The presence of
alamethicin inhibited 1’-hydroxymidazolam formation (by 25%)
(P < 0.001) (Fig. 4A) but did not affect the magnitude of change
in formation of both 1’'-hydroxymidazolam and midazolam N-
glucuronide (Fig. 4B).

Cryopreserved Human Hepatocytes. In the absence of CYP3A
inhibitors, 1'-hydroxymidazolam formation in the high CYP3A
activity lot increased up to 2 hours and then decreased slightly
to 4 hours, whereas in the low CYP3A activity lot, formation
increased throughout the 4-hour incubation period (Fig. 5, A and C).
Midazolam N-glucuronide formation increased throughout the
4-hour incubation period in both the high and low CYP3A activity
lots (Fig. 5, B and D). Ketoconazole and indinavir inhibited the time-
averaged formation of 1’-hydroxymidazolam, as assessed by the
AUC¢p 0-4n, in both the high CYP3A activity lot (by 93% and 68%,
respectively) (P < 0.001) and low CYP3A activity lot (by 85%
and 23 %, respectively) (P < 0.01 and P > 0.08, respectively) (Fig. 5,
A and C). Ketoconazole increased midazolam N-glucuronide AUC,¢p04n
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Midazolam N-glucuronide

Ketoconazole

Fig. 5. Time-dependent effects of ketoconazole (A and B) and
indinavir (C and D) on midazolam 1’-hydroxylation (A and C) or
N-glucuronidation (B and D) in cryopreserved human hepatocytes.
Symbols and error bars denote means and S.D., respectively, of
three technical replicates. [I], inhibitor.

in both the high and low CYP3A activity lots (by 8.5- and 1.9-fold,
respectively), and indinavir increased midazolam N-glucuronide
AUC},¢p,04n in the high-activity lot (by up to 2.5-fold) (Fig. 5, B and D).

The Apparent ICs, Values of Indinavir Indicate Selectivity toward
Midazolam 1’-Hydroxylation

Indinavir was a potent inhibitor of midazolam 1’-hydroxylation in
cryopreserved human hepatocytes, with an ICsy of 2.7 uM (Fig. 6A);
regarding midazolam N-glucuronidation, indinavir had no effect (up to
0.15 uM), increased (1-33 wM), or inhibited activity by 58% at 200 uM
(Fig. 6C). Hecogenin inhibited midazolam 1’-hydroxylation by ~30%
(0.004-30 uM) (Fig. 6B) and was a potent inhibitor of midazolam N-
glucuronidation, with an ICsq of 0.12 uM (Fig. 6D). Indinavir was a
much weaker inhibitor of midazolam N-glucuronidation in HLMs (ICs,
79 uM) than hecogenin (ICs, 2.3 uM) (Fig. 7).

Indinavir Is a Strong Inhibitor of Midazolam 1’-Hydroxylation in
Healthy Volunteers

Eight subjects were randomized to receive oral midazolam (2.5 mg)
alone or 1 hour after the morning dose of oral indinavir on day 2 (800 mg)

Fig. 6. Concentration-dependent effects of indinavir and hecogenin
on midazolam 1’-hydroxylation (A and B) and N-glucuronidation
(C and D) in cryopreserved human hepatocytes. Symbols represent
three technical replicates. Curves denote nonlinear least-squares
regression of the data using Phoenix WinNonlin (v. 7.0).

Midazolam N-glucuronide
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Fig. 7. Concentration-dependent inhibition of midazolam N-glucuronidation by
indinavir (A) and hecogenin (B) in HLMs. Symbols represent two technical
replicates. Curves denote nonlinear least-squares regression of the data using
Phoenix WinNonlin (v. 7.0).

(Fig. 2). Relative to midazolam alone, geometric mean plasma
concentrations of midazolam were higher upon coadministration
with indinavir (Fig. 8A); midazolam N-glucuronide concentrations
also were higher (Fig. 8B). Midazolam and midazolam N-glucuro-
nide systemic exposure (AUC_;,y,) increased by 9.7- and 14-fold,
respectively (Table 1). The AUC_;»;, for both 1'-hydroxymidazolam
and midazolam 1’-O-glucuronide decreased by ~55% in the presence
of indinavir (Fig. 8, C and D; Table 1). Metabolite ratios, calculated
as the AUCy_jo, ratio of a metabolite to midazolam, decreased by
~95% for 1'-hydroxymidazolam and midazolam 1'-O-glucuronide
and remained unchanged for midazolam N-glucuronide (Table 1).
Midazolam oral clearance decreased by 94%, and the half-life doubled,
in the presence of indinavir. The half-life for midazolam N-glucuronide,
1’-hydroxymidazolam, and midazolam 1’'-O-glucuronide in the pres-
ence of indinavir could not be determined accurately due to protracted
concentrations with additional doses of indinavir.

All analytes were quantifiable in urine except for 1’-hydroxymidazolam
in the presence of indinavir (Table 2). Midazolam 1’-O-glucuronide
was the most abundant analyte recovered in urine, accounting for
99% and 89% of total midazolam-related material (midazolam +
metabolites) recovered, respectively, in the absence and presence of
indinavir. Total urinary recovery of midazolam-related material
decreased by 47% in the presence of indinavir. Indinavir decreased
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renal clearance of midazolam and midazolam N-glucuronide by
70%-80% and had no effect on that of midazolam 1'-O-glucuronide
(Table 2).

Discussion

Midazolam remains the gold standard index CYP3A substrate for
assessing the modulatory effects of new molecular entities and other
xenobiotics, including botanical and other natural products, for both
in vitro and clinical studies (European Medicines Agency, 2012;
Food and Drug Administration Center for Drug Evaluation and
Research, 2017a). Primary clearance pathways of midazolam in-
clude CYP3A-mediated 1'- and 4-hydroxylation and UGT1A4-
mediated N-glucuronidation, the latter of which has not been
extensively characterized in vivo. Simulated pharmacokinetic
studies indicated that the contribution of the N-glucuronidation
pathway increased in the presence of ketoconazole, complicating
assessment of the CYP3A-mediated DDI (Hyland et al., 2009).
However, such simulations require verification to confirm or refute
these observations. Because ketoconazole is no longer a recom-
mended CYP3A inhibitor for clinical DDI studies, indinavir was
selected as an alternate CYP3A inhibitor. The inhibition of indinavir
toward midazolam metabolism was first characterized using human-
derived in vitro systems before evaluating in healthy human
volunteers.

The selective UGT1A4 inhibitor hecogenin (Uchaipichat et al., 2006)
inhibited midazolam N-glucuronide formation in a concentration-
dependent manner in both cryopreserved human hepatocytes (ICs,
0.12 uM) and HLMs (ICs, 2.3 uM) (Fig. 6D; Fig. 7B), confirming a
major role for UGT1A4 in the N-glucuronidation of midazolam
(Klieber et al., 2008). In the current work, indinavir at 10 uM nearly
ablated rCYP3A4 activity, but not tUGT1A4 activity (Fig. 3),
consistent with previous reports (Zhang et al., 2005; Granfors et al.,
2006). The high ICsq value (79 uM) for indinavir toward midazolam
N-glucuronidation in HLMs (Fig. 7A), combined with the lack of
inhibition by indinavir (up to 33 uM) in hepatocytes (Fig. 6C),
further supported indinavir as a selective CYP3A inhibitor and a
weak inhibitor of midazolam N-glucuronidation. Consistent with a
previous report involving primary human hepatocytes (Klieber
et al., 2008), ketoconazole increased midazolam N-glucuronidation

Fig. 8. Plasma concentration—time profiles for midazolam (A),
midazolam N-glucuronide (B), 1'-hydroxymidazolam (C), and
midazolam 1’-O-glucuronide (D) in the absence (midazolam
only, open symbols) or presence (midazolam + indinavir, closed
symbols) of indinavir. Symbols and error bars denote geometric
means and upper and lower limits of the 90% confidence
interval, respectively.
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TABLE 1

Plasma pharmacokinetics of midazolam and metabolites (n = 8 subjects)

Geometric Mean (90% Confidence Interval)

Control Treatment Treatment/Control
Midazolam
AUCq_1on (nM % h) 63.5 (51.3-78.5) 614 (499-756)* 9.7 (7.6-12.3)
Cinax (nM) 23.2 (18.9-28.5) 128 (108-153)* 5.5 (4.3-7.1)
ti2 (h) 2.96 (2.22-3.95) 5.72 (4.75-6.89)* NC
tmax ()" 1.0 (0.5-1.0) 1.0 (0.5-2.0) NC
CI/F (I/h) 113 (90.4-141) 6.69 (4.42-10.1)* 0.06 (0.04-0.09)

Midazolam N-glucuronide

AUCq_jon (nM X h)
Metabolic ratio

4.02 (1. 57-10.3)
0.063 (0.027-0.15)

Cnax (nM) 1.31 (0.89-1.92)
ti2 (h) 5.35 (3.09-9.26)
tmax ()* 4.0 (3.0-6.0)

1’-Hydroxymidazolam
AUCq_1o, (@M x h)
Metabolic ratio”

29.3 (22.0-39.0)
0.46 (0.38-0.55)

tiz (h) 2.05 (1.44-2.92)
tnax (0)* 1.0 (0.5-1.0)

Midazolam 1’-O-glucuronide

AUCq_1on (nM % h)
Metabolic ratio”

415 (362-475)
6.53 (5.69-7.53)

54.4 (42.2-70.3)* 13.5 (5.8-32)
0.088 (0.072-0.11) 1.40 (0.72-2.73)
6.81 (5.18-8.94)* 5.2 (4.0-6.8)
NA NC
6.0 (4.0-10.0)* NC

13.5 (11.2-16.1)*
0.022 (0.016-0.030)*
2.31 (1.90-2.81)*
NA

5.0 (2.0-6.0)*

180 (155-210)*
0.29 (0.21-0.41)*
26.5 (21.2-33.0)*

0.46 (0.31-0.69)
0.05 (0.03-0.07)
0.21 (0.14-0.30)
NC
NC

0.43 (0.33-0.57)
0.045 (0.032-0.064)
0.16 (0.12-0.21)

Cinax (M) 163 (146-181)
tizz (h) 3.58 (2.88-4.43)
tmax ()* 1.0 (0.5-1.0)

NA NC
5.0 (2.0-6.0)* NC

CU/F, apparent oral clearance; NA, not applicable; NC, not calculable; t;,, terminal half-life; t,x, time to reach Cpax.

“Median (range).

Calculated by dividing the AUC_;,,, of metabolite by the AUC,_;,,, of midazolam.

*P < 0.05 compared with control group.

in cryopreserved human hepatocytes (Fig. 5B). Indinavir also
increased midazolam N-glucuronidation, albeit the effects were less
pronounced (Fig. 5D; Fig. 6C), which may be due to indinavir being
a less potent inhibitor of CYP3A activity compared with ketocona-
zole (ICsq, 0.24 vs. 0.05 uM) (Patki et al., 2003; Granfors et al.,
2006). Collectively, these in vitro data suggested indinavir as a
suitable alternate selective CYP3A inhibitor to determine whether
midazolam metabolism shifts to the N-glucuronidation pathway in
the presence of CYP3A inhibition in healthy human volunteers.

In the present study, indinavir increased geometric mean midazolam
N-glucuronide AUC_;,;, by 13.5-fold, whereas 1’-hydroxymidazolam

AUC_o, decreased by 50%, in healthy volunteers. The metabolic
ratios 1'-hydroxymidazolam/midazolam and midazolam 1'-O-
glucuronide/midazolam both decreased by 95%, consistent with the
in vitro data showing indinavir as a strong inhibitor of CYP3A activity.
Although not statistically significant, the metabolic ratio of midazolam
N-glucuronide/midazolam increased by 40%. Consistent with plasma
data, midazolam N-glucuronide represented ~1% and 8% of the total
midazolam-related material recovered in urine in the absence and
presence of indinavir, respectively. These results suggested a shift to
the N-glucuronidation pathway by indinavir, as predicted by human
hepatocytes.

TABLE 2

Urinary excretion of midazolam and metabolites (n = 8 subjects)

Geometric Mean (90% Confidence Interval)

Control Treatment Treatment/Control

Midazolam

A 0-12n (nmol) 7.7 (5.9-10) 15 (11-21)* 2 (1.3-2.9)

% of total amount recovered 0.14 (0.11-0.18) 0.53 (0.34-0.81)* NA

Clg (I/h) 0.12 (0.10-0.15) 0.02 (0.02-0.04)* 0.2 (0.13-0.31)
Midazolam N-glucuronide

Aco_12n (nmol) 53 (43-66) 230 (130-400)* 4.3 (2.1-8.9)

% of total amount recovered 0.98 (0.78-1.2) 8.1 (4.6-14)* NA

Clg (I/h) 13 (6.2-28) 4.3 (2.1-8.7)* 0.32 (0.14-0.72)
1’-Hydroxymidazolam

Aco_12n (nmol) 5.7 (4.7-7.0) NQ NA

% of total amount recovered 0.11 (0.09-0.13) NQ NA

Clg (I/h) 0.2 (0.14-0.27) NQ NA
Midazolam 1’-O-glucuronide

Aco-12n (nmol) 5400 (5100-5700) 2600 (2100-3100)* 0.48 (0.39-0.59)

% of total amount recovered 99 (98-99) 89 (86-93)* NA

Clg (I/h) 13 (11-15) 14 (12-17) 1.1 (0.82-1.5)

Total amount recovered (nmol)

5400 (5200-5700)

2856 (2400-3400)

0.53 (0.43-0.64)

A¢ 0-12n, amount recovered over 12 hours postdose; Clg, renal clearance; NA, not applicable; NQ, not quantifiable.
*P < 0.05 compared with control group.
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Midazolam is recovered in urine predominately as the 1'-O-
glucuronide (Heizmann and Ziegler, 1981) and represented 99% and
89% of midazolam-related material in the absence and presence
of indinavir, respectively (Table 2). Compared with the absence
of indinavir, the renal clearance of the 1'-O-glucuronide was
unchanged in the presence of indinavir, whereas that for the N-
glucuronide decreased by ~70%. Assuming negligible plasma
protein binding and an average glomerular filtration rate of 6 1/h
(Grewal and Blake, 2005), both glucuronides undergo net renal
secretion, which represents approximately 50% of total renal
clearance. These observations indicate that indinavir inhibited net
secretory clearance of the N-glucuronide, but not the 1'-O-glucuro-
nide, suggesting different transport mechanisms between the two
glucuronides that are as yet not known. Despite the decrease in the
renal clearance of the N-glucuronide, the amount recovered in the
urine increased, further suggesting a shift to the N-glucuronidation
pathway in the presence of indinavir.

There are limitations to the current work. First, only two lots of
hepatocytes were used to determine the effects of indinavir on
midazolam N-glucuronidation. However, results with the more
potent CYP3A inhibitor ketoconazole were consistent with a pre-
vious report involving 18 lots of primary human hepatocytes
(Klieber et al., 2008). Second, the clinical study was not powered
to make definitive conclusions about the contribution of the N-
glucuronidation pathway to midazolam metabolism. The contribu-
tion of this alternate pathway could be clarified by conducting a
powered clinical study comparing the effects of a dual CYP3A/
UGT1A4 inhibitor, such as ritonavir (Zhang et al., 2005), with the
effects of a selective CYP3A inhibitor, such as indinavir, on the
disposition of midazolam and metabolites.

In summary, the suitability of indinavir as an alternate and selective
CYP3A inhibitor to ketoconazole to assess the contribution of the N-
glucuronidation pathway to midazolam metabolism was characterized
in established human-derived in vitro systems and in eight healthy
volunteers. Although the increase in the amount of midazolam N-
glucuronide recovered in urine remained low in the presence of indinavir
(<10%), the substantive decrease in N-glucuronide renal clearance may
have masked the true contribution of the N-glucuronidation pathway to
midazolam metabolism. A powered clinical study is needed to determine
definitively whether N-glucuronidation should be considered when
assessing the magnitude of a CYP3A-mediated xenobiotic—drug in-
teraction involving midazolam as the probe substrate.
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Fig. S1. *H magnetic resonance (NMR) spectra of synthesized midazolam N-glucuronide.



