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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Midazolam is extensively metabolized and is

eliminated in urine predominantly as
conjugates of 1′-hydroxymidazolam.

• Midazolam is known to undergo
N-glucuronidation in vitro by UGT1A4.

• In vitro 1′-hydroxymidazolam is
O-glucuronidated by UGT2B4 and UGT2B7,
and N-glucuronidated by UGT1A4.

WHAT THIS STUDY ADDS
• N-glucuronide of midazolam has been

quantified in human urine, indicating for the
first time that this route of metabolism
occurs in vivo.

• Metabolism of 4-hydroxymidazolam has
been compared with that of
1′-hydroxymidazolam in vitro.

• This study provides further evidence, in vitro
and in vivo, of the importance of
N-glucuronidation in the metabolism of
midazolam and its metabolites.

AIMS
Midazolam (MDZ) is a benzodiazepine used as a CYP3A4 probe in
clinical and in vitro studies. A glucuronide metabolite of MDZ has been
identified in vitro in human liver microsome (HLM) incubations. The
primary aim of this study was to understand the in vivo relevance of
this pathway.

METHODS
An authentic standard of N-glucuronide was generated from
microsomal incubations and isolated using solid-phase extraction. The
structure was confirmed using proton nuclear magnetic resonance
(NMR) and 1H-13C long range correlation experiments. The metabolite
was quantified in vivo in human urine samples. Enzyme kinetic
behaviour of the pathway was investigated in HLM and recombinant
UGT (rUGT) enzymes. Additionally, preliminary experiments were
performed with 1′-OH midazolam (1′-OH MDZ) and 4-OH-midazolam
(4-OH MDZ) to investigate N-glucuronidation.

RESULTS
NMR data confirmed conjugation of midazolam N-glucuronide (MDZG)
standard to be on the a-nitrogen of the imidazole ring. In vivo, MDZG
in the urine accounted for 1–2% of the administered dose. In vitro
incubations confirmed UGT1A4 as the enzyme of interest. The pathway
exhibited atypical kinetics and a substrate inhibitory cooperative
binding model was applied to determine Km (46 mM, 64 mM), Vmax

(445 pmol min-1 mg-1, 427 pmol min-1 mg-1) and Ki (58 mM, 79 mM) in
HLM and rUGT1A4, respectively. From incubations with HLM and rUGT
enzymes, N-glucuronidation of 1′-OH MDZ and 4-OH MDZ is also
inferred.

CONCLUSIONS
A more complete picture of MDZ metabolism and the enzymes
involved has been elucidated. Direct N-glucuronidation of MDZ occurs
in vivo. Pharmacokinetic modelling using Simcyp™ illustrates an
increased role for UGT1A4 under CYP3A inhibited conditions.
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Introduction

Midazolam (MDZ) is a short-acting benzodiazepine used
clinically to relieve anxiety during induction of anaesthe-
sia [1, 2]. In human liver microsomes (HLM) the compound
is extensively metabolized by CYP3A4 and 3A5 to two
primary metabolites, 1′-hydroxymidazolam (1′-OH MDZ)
and 4-hydroxymidazolam (4-OH MDZ) [3, 4]. The com-
pound has been widely used in the clinic as a probe
substrate for CYP3A [5, 6]. MDZ is rapidly eliminated from
the body almost exclusively by metabolic processes [7].
Plasma concentrations of the main hydroxylated metabo-
lite, 1′-OH MDZ, are relatively high, representing 40–100%
of unchanged drug [8, 9]. However, the hydroxylated
metabolites can be further metabolized and are excreted
from the body as conjugates. Urinary analysis has revealed
that 60–80% of the administered dose is eliminated as
1′OH MDZ conjugate [9]. Elevated levels of 1′-OH MDZ
glucuronide have also been reported in renally impaired
patients receiving MDZ [10, 11]. Recently, a novel glucu-
ronidated metabolite of MDZ (MDZG) was identified in
vitro, in hepatocytes and liver microsomes [12, 13] and has
been confirmed as a quaternary direct N-glucuronide [13].
UGT1A4 has been identified as the specific UGT enzyme
involved in its formation [12, 13]. In vitro studies with
1′-OH MDZ have also identified a quaternary N-
glucuronide, again mediated through UGT1A4 [14]. To
date these quaternary N-glucuronides have not been
reported in vivo.

The UGT enzyme family is made up of 15 isoforms
mediating the phase II metabolism of a large range of
therapeutic compounds [15]. The reactions catalysed by
these enzymes involve the conjugation of glucuronic
acid to a nucleophilic function such as an amino, acid or
hydroxyl group.UGT1A4 is capable of metabolizing a struc-
turally diverse set of substrates, including formation of
quaternary nitrogen-linked glucuronides. UGT1A4 prefer-
entially conjugates nucleophilic nitrogens over oxygens
[15].Due to the enzymes preference for N-glucuronidation,
it is not surprising that it is responsible for the
N-glucuronidation of MDZ and 1′-OH MDZ. Similarly, the
nitrogen that is more likely to be glucuronidated is within
the imidazo ring as there is little steric hindrance. As part of
this study MDZG has been generated from in vitro incuba-
tions and isolated as a standard for quantitative purposes.
The position of the N-glucuronide has been definitively
assigned.

MDZ is used as a CYP3A4 probe for catalytic rates and
hepatic clearance; however, up to 20% of MDZ metabolites
are unidentified [7]. In vivo, the direct glucuronidation of
MDZ by UGT1A4 may occur and, to date, this pathway has
not been reported as part of the quantitative determina-
tion of MDZ metabolites. In this study urines from individu-
als receiving i.v. and oral MDZ have been analysed for
MDZG to determine the contribution this route makes
to the overall clearance of the drug. Further experiments

in vitro have investigated the N-glucuronidation of 1′-OH
and 4-OH MDZ to give a more complete understanding of
the overall fate of MDZ in vivo.

Confirmation of MDZ as a specific substrate for UGT1A4
with quantified enzyme kinetic data and in vivo urinary
elimination may support it for candidacy as a probe sub-
strate for this enzyme both in vitro and in vivo.

Materials and methods

Chemicals
All chemicals and compounds were obtained from Sigma
Aldrich (St Louis, MO, USA). HLM and recombinant UGT
(rUGT) Supersomes™ were obtained from BD Biosciences
(San Jose, CA, USA). All commercially available reagents
and solvents were of analytic or high-performance liquid
chromatography (HPLC) grade.

Glucuronide standard production
Microsomal Incubations Incubations (3000 ¥ 1 ml) were
performed at 100 mM MDZ in HLM at 0.5 mg protein ml-1.
Each incubation comprised 50 mM Tris–HCl at pH 7.4 with
5 mM saccharolactone, alamethacin (50 mg mg-1 protein)
and 10 mM MgCl2. The incubation mixture was kept on ice
for 15 min to allow alamethacin to form pores in microso-
mal membrane prior to addition of MDZ. Incubations were
then warmed to 37°C and initiated by addition of 5 mM
UDP glucuronic acid (UDPGA). Reactions were terminated
at 6 h with 3¥ volume ice-cold acetonitrile (MeCN).
Samples were pooled and dried down under nitrogen at
30°C until a thick precipitate had formed.

Sample isolation Samples were extracted using a Baker-
bond C18 solid-phase extraction cartridge conditioned
with 10 ml of 100% MeCN, 10 ml 100% H2O and 10 ml
90 : 10 water : MeCN containing 2 mM NH4OAc, pH 8. The
sample was resuspended in water : MeCN (90 : 10) contain-
ing 2 mM NH4OAc, pH 8 and loaded onto the cartridge.The
cartridge was washed with 30 ml water : MeCN (90 : 10)
containing 2 mM NH4OAc, pH 8, followed by increasing 5%
increments MeCN. Each wash sample was collected sepa-
rately and analysed to identify where MDZG elutes. The
solvent ratio to elute MDZG was then used to wash the
MDZG off the cartridge. The sample was dried down at
room temperature to minimize thermal degradation of
the compound.

Sample desalting A new column was conditioned with
100% MeOH, 100% H2O and 90 : 10 H2O : MeOH. The iso-
lated sample was re-suspended in 90 : 10 H2O : MeOH and
loaded onto the column. The sample was washed with
30 ml 90 : 10 H2O : MeOH, to remove salts and eluted with
100% MeOH.The desalted sample was dried down at room
temperature.
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Purity determination Five milligrams of MDZ and 5 mg of
the MDZG standard were analysed by nuclear magnetic
resonance (NMR) using a Varian Inova 500 MHz with a
3-mm inverse detection probe. A total of five proton
experiments were run to determine purity. The quantita-
tive parameters were optimized for MDZ and applied to
MDZG.The key parameters are outlined in the table below:

PW30 1.2625
Number of scans 64
Dummy Scans 4
D1 60 s
Gain 48
Scan range 14 ppm to -2 ppm

Integrated peaks of parent were compared with those
of the standard. The integrals of interest used in the purity
calculation were the CH at 8.06 ppm on the methyl imida-
zole ring for the MDZG and one of the protons at 5.2 ppm
from the CH2 and used to give a purity figure of the sample
using Equation 1 [16]:

purity

intergral MW
No. H weight pur

drug drug
std std

=

×
× × ×

( ) ( )
( ) ( ) iity

intergral MW
No. H weight

std

drug std
drug drug

( )

( ) ( )
( ) ( )

×
× ×

(1)

Molecular weight
MDZ = 325.767 3232 Da

Purity = 100%

Molecular weight
MDZG = 502.898 8346 Da

Purity = unknown

Quantification of MDZG in urine
Urine samples were obtained from subjects who had
received MDZ as part of a clinical study. The clinical study
protocol was reviewed and approved by IntegReview, an
independent ethics review board, and all volunteers gave
written informed consent. Subjects (healthy men aged
22–54 years with body weight between 71 and 94 kg)
received a single dose of 3 mg oral MDZ or 1 mg i.v. MDZ.
Urine was collected pre-MDZ dose and 0–6, 6–12 and
12–24 h post-MDZ dose on day 1. Samples (50 ml) were
treated with 300 ml acetonitrile containing internal stan-
dard (flunitrazepam at 50 ng ml-1) and filtered (3 M
Empore filtration plate). The filtrate was evaporated to
dryness under nitrogen and then reconstituted in 150 ml
MeCN : water (50 : 50) prior to analysis by LC-MS/MS.
Samples were chromatographed on a Phenomenex
Synergi 2.5-mm fusion-RP column (30 ¥ 2.0 mm) with a
mobile phase of (A) water : MeCN (95 : 5) +0.1% formic
acid, and (B) MeCN +0.1% formic acid delivered at
1 ml min-1 over the following gradient elution. 0 min,
97% A; 3 min, 70% A; 3.7 min, 10% A; 4.2 min, 10% A; 5 min,
97% A. Under these conditions MDZG eluted at 1.9 min.
The calibration range was 2–1000 ng ml-1. Calibration and

quality control (QC) samples were constructed in control
urine and were processed in the same way as clinical
samples. The overall method imprecision values for QC
samples were 7.9, 15.9 and 0.8% at concentrations of 5, 50
and 500 ng ml-1, respectively. The mean inaccuracy of the
assay ranged from -16.6% to +18.9% over the calibration
range.

Microsomal incubations
Initial screening MDZ (100 mM), 1-’OH MDZ (100 mM) and
4-OH MDZ (100 mM) were incubated in triplicate in control
HLM at 0.5 mg protein ml-1 and individual rUGT Super-
somes™: Control, UGT1A1, UGT1A3, UGT1A4, UGT1A6,
UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7,
UGT2B15 and UGT2B17. Incubations (200 ml) comprised
50 mM Tris–HCl at pH 7.4 with 5 mM saccharolactone,
alamethacin (50 mg mg-1 protein) and 10 mM MgCl2. The
incubation mixture was kept on ice for 15 min prior to
addition of substrate. Mix was warmed to 37°C and 5 mM
UDPGA added to initiate the incubation. Reactions were
terminated after 30 min by addition of 3¥ volume MeCN.
Samples were processed and analysed as described above.

MDZG kinetics Microsomal incubations (200 ml) were per-
formed as above with MDZ (0–800 mM, n = 3), using HLM
and rUGT1A4 at 0.5 mg ml-1 for 20 min. Incubations were
terminated in 3¥ volume MeCN and then diluted with
600 ml water. Samples were analysed by HPLC-MS/MS
using a Sciex API 3000 mass spectrometer with a Phenon-
emex Onyx monolith C18 3.5-mm, 50 ¥ 4.6 mm column and
the following mobile phase: (A) H2O : MeOH 10 : 90 and (B)
H2O : MeOH 90 : 10 delivered as 0–30.5% A in 2.3 min,30.5–
100% A in 0.1 min; 100% A for 2.7 min (total gradient
5 min). Samples were quantified using a calibration curve
prepared from authentic MDZG standard, the preparation
of which is described above.

Inhibition of MDZG MDZ was incubated at a concentra-
tion approximating to the Km under conditions described
above. The effect of increasing concentrations of trifluop-
erazine (TFP), ketoconazole (KTZ) and itraconazole (ITZ)
(0 mM to 2 mM) was investigated. The percentage inhibi-
tion of MDZG formation was plotted against the log of the
inhibitor concentration and the IC50 determined.

1�-OH MDZ and 4-OH MDZ glucuronidation Additional
incubations with 1′-OH MDZ and 4-OH MDZ were per-
formed with UGT1A4, 2B4 and 2B7 for analysis under con-
ditions that were able to separate O-glucuronide and
N-glucuronide based upon the method of Zhu et al. [14].
Samples were chromatographed using a Phenomenex
Synergi 4-mm Fusion-RP 80A (250 ¥ 4.6 mm) with a mobile
phase of (A) 5 mM ammonium acetate in water, (B) MeCN :
MeOH (70 : 30) delivered at 1 ml min-1 using the following
gradient elution: 0–30 min 80% A to 65% A, 30–31 min 86%
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A to 50% A, 31–40 min 50% A to 40%A, 40–45 min 40% A to
5% A, 45–48 min 5% A and 48.1 min 80% A.

Data analysis
Peak integration of MDZ and metabolites and quantifica-
tion from standard curves were performed using Analyst
v1.4 (Applied Biosystems, Foster City, CA, USA). All enzyme
kinetic parameters and IC50 values were determined using
Grafit v 5 (Erithacus Software Ltd, East Grinstead, UK). Two
previously published multisite kinetic models were used to
fit the enzyme kinetic data (equation 7 from Houston and
Kenworthy [17] and a modification of equation 11 from
Shou et al. [18]. See Results for equation details). Model
comparisons were made using the F-Test within Grafit.

Results

MDZG standard production
Incubations of MDZ with HLM in the presence of UDPGA
produced a metabolite of MH+ 502 Da, which eluted off
the column at 6.13 min. Metabolite isolation from multiple
HLM incubations yielded 34 mg of light brown MDZG.
Table 1 summarizes the purity determination data from
which a purity of 90.3% was calculated for the isolated
standard.

Structural analysis
NMR analysis of MDZG was conducted to assign the posi-
tion of glucuronidation. A combination of proton NMR and
long-range 1H-13C correlation (gHMBC) experiments dem-
onstrated that the spectrum of MDZG (Figure 1) was con-
sistent with the known MDZ backbone of the molecule.
The 1H-13C long-range correlation (gHMBC) experiment
allows the unambiguous assignment of the position of
attachment of the glucuronic acid moiety to MDZ. From
the gHMBC experiment the key correlation is from the ano-
meric proton on the glucuronide moiety to the carbons in
the MDZ.The HMBC shows correlations from the anomeric
peak to carbons 11 and 8 in the imidazole moiety. As can
be seen in Table 2, a number of correlations enabled the

unambiguous assignment of the structure. As reported by
Klieber et al. [13], we found two forms of this glucuronide
with identical accurate MH+ of 502.1181 Da. Both species
were capable of reaching equilibrium within 12 h at 10°C.

Quantification of MDZG in urine
Urine samples (0–6 h, 6–12 h, 12–24 h) from six individuals
receiving either 3 mg oral or 1 mg i.v. MDZ were analysed.
MDZG was observed in urines from all individuals. Cumu-
lative amounts of MDZG excreted over the total 24-h
period were determined and are summarized in Table 3.
Following oral administration an average of 48.8 � 13.2 mg
(range 21.0–148.2 mg) of MDZG was eliminated, with >70%
eliminated in the first 12 h. Following i.v. administration an
average of 30.7 � 5.7 mg (range 17.6–59.8 mg) of MDZG
was eliminated, with >70% eliminated in the first 12 h.

Microsomal incubations
Initial screening An initial evaluation of glucuronide for-
mation from MDZ, 1′-OH MDZ and 4-OH MDZ showed no
glucuronide formation by UGTs 1A1, 1A3, 1A6, 1A7, 1A8,

Table 1
1H nuclear magnetic resonance proton spectra integral data, for purity
determination

Spectrum number MDZ 1H peak integration MDZG 1H peak integration

1 2.58 1.52
2 2.65 1.52

3 2.66 1.54
4 2.63 1.55

5 2.66 1.53
Mean 2.636 1.532

MDZ, midazolam; MDZG, midazolam N-glucuronide.

Table 2
1H and gHMBC data for midazolam and midazolam N-glucuronide

H

MDZ Proton
chemical
shift (ppm)

MDZ 13C
chemical
shift (ppm)

MDZG Proton
chemical
shift (ppm)

MDZG 13C
chemical
shift (ppm)

26 2.5 (t) 145 (11-C) 2.9 (t) a145 (8-C)
16 4.1 (d), 5.1 (d) 130 (11-C) 4.2 (dd), 5.2 (dd) b115 (11-C)

140 (10-C) c140 (10-C)
155 (14-C) d155 (14-C)

2 n/a n/a 5.7 (dd) e115 (11-C)
f145 (8-C)

11 6.9 (s) 140 (10-C) 8.1 (ds) g140 (10-C)
145 (8-C) h145 (8-C)

Multiplicity of protons signals: s, singlet; d, doublet; t, triplet; ds, double-singlet;
dd, double-doublet.

Table 3
Quantification of midazolam N-glucuronide (MDZG) eliminated in
the urine of six individuals over 24 h following 3 mg oral and 1 mg i.v.
midazolam

Subject

Amount of MDZG eliminated
in urine over 24 h (mg)
3-mg oral dose 1-mg i.v. dose

3 56.3 40.7
4 21.0 20.8

5 148.2 59.8
6 59.2 17.6

10 37.1 26.5
11 35.3 35.1

Geometric mean 48.8 26.5
SEM 13.2 5.7
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1A9, 1A10, 2B15, 2B17 or the control microsomes. Relative
amounts of glucuronide formation were assessed based
upon peak area. For MDZ N-glucuronidation UGT1A4 was
clearly favoured over UGT2B4 and 2B7 (>100-fold and
>400-fold, respectively).For 1′-OH MDZ and 4-OH MDZ glu-
curonidation the distinction between the three UGTs was
less clear, with less than a threefold difference in glucu-
ronide peak area measured across the three enzymes.

MDZG enzyme kinetics Figure 2 shows the enzyme
kinetic data (Eadie–Hofstee plots) for MDZG formation in
HLM and rUGT1A4 (Figure 2a,b, respectively). The forma-
tion rate does not follow Michaelis–Menten (MM) behav-
iour. The shape of the Eadie–Hofstee plots show both
allosteric activation and substrate inhibition. Of the two
multisite kinetic models applied to the data, the equation
derived from a combination of the Hill equation and
substrate-inhibitory equations [18], giving a two-site
substrate-inhibitory cooperative binding model (Equa-
tion 2), gave a better fit (P-value <0.001, and lower c2) and
was therefore used to calculate values for Vmax and Km. The
large number of variables in the equation makes fitting of

the data more complex, and since initial fitting of the data
indicated a very low b value (<0.01), this value was set as
a constant of 0.01, to allow for better fitting of other
variables.

v
V

Ks

S

KsKi

S Ks Ki

S

KsKi

n

n

n
=

× + ×( )⎡
⎣⎢

⎤
⎦⎥

+ + +

max
[ ]

[ ]

[ ]

1

1 1 1

β
α

α

(2)

Ki = Kc of inhibitory S
binding to E

Ks = Kc of productive S binding
to E

v = initial rate Vmax = maximum catalytic rate
at full saturation

b = turnover rate
modifying factor

a = Ks modifying factor

n = slope of allosteric
effect

[S] = substrate concentration

Results are summarized in Table 4 for HLM and rUGT1A4
and shown graphically in Figure 3.
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1H nuclear magnetic resonance (NMR) spectra of midazolam N-glucuronide (MDZG). Inset shows assignments around glucuronide moiety
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Inhibition of MDZG formation Increasing concentrations
of KTZ, ITZ and TFP were co-incubated with MDZ (Figure 4).
Both KTZ and ITZ were found to inhibit UGT1A4 at con-
centrations >100 mM. IC50 values were 150 � 6 mM and

308 � 14 mM, respectively.TFP showed an initial activation
of MDZG production, with maximal activation of 138% at
60 mM, followed by inhibition.

Qualitative assessment of 1�-OH MDZ and 4-OH MDZ
glucuronidation Incubations with 1′-OH MDZ in HLM pro-
duced two peaks both with the mass spectral transition
(MRM) of 518.1/342.1 and retention times of 18.8 and
23.0 min. Incubations with rUGT1A4, which preferentially
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Figure 2
(a) Eadie–Hofstee plot of midazolam N-glucuronide (MDZG) production
in human liver microsomes (HLM). (b) Eadie–Hofstee plot of MDZG
production in rUGT1A4 Supersomes™. Incubations performed across
midazolam (MDZ) concentration range of 10–800 mM

Table 4
Enzyme kinetic values attained from multisite equation for midazolam
(MDZ) glucuronidation by human liver microsomes (HLM) and rUGT1A4

Parameters
MDZ
HLM rUGT1A4

Vmax (pmol min-1 mg-1) 445 � 1 427 � 0.5
Ks (mM) 46 � 5 64 � 6.4

Ki (mM) 58 � 6 79 � 8
a 18.3 � 0.0007 14.9 � 0.0008

n 2.3 � 0.05 2.6 � 0.07
R2 0.962 0.986
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Figure 3
Midazolam N-glucuronide (MDZG) kinetics in human liver microsomes
(HLM) and rUGT1A4 fitted to a two-site substrate inhibition cooperative
binding model (Equation 2). Open circles, HLM kinetic data; closed circles,
rUGT1A4 kinetic data. HLM101 (—�—); UGT1A4 (—�—)
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IC50 plots investigating the effects of: ketoconazole (KTZ) (closed
circles), itraconazole (ITZ) (open circles) and trifluoperazine (TFP)
(closed squares) on midazolam (MDZ) N-glucuronidation. Uninhibited
values were 160.2 pmol mg-1 min-1, 154.2 pmol mg-1 min-1 and
150.0 pmol mg-1 min-1 for KTZ, ITZ, and TFP experiments, respectively.
Ketoconazole (—�—); ltraconazole (—�—); TFP ( )
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forms N-glucuronides, gave a single peak with a retention
time of 22.9 min, whereas incubations with rUGT2B4 and
rUGT2B7 both gave a peak at 18.5 min. From these data
and by comparison with the work of Zhu et al. [14] and
current knowledge of UGT structure activity relationships,
it is postulated that the two peaks in HLM are 1′-OH MDZ
O-glucuronide (18.8 min) and N-glucuronide (23.0 min). A
similar analysis of incubations with 4-OH MDZ generated
three peaks with MRM 518.1/342.1 with retention times of
16.0, 17.4 and 19.4 min. Incubations with rUGT1A4 pro-
duced a single peak with a retention time of 19.4 min,
whereas incubations with rUGT2B4 and rUGT2B7 both
produced two peaks with retention times of 16.0 and
17.5 min. It is therefore postulated that the peak at
19.4 min is the N-glucuronide of 4-OH MDZ, whereas
the two peaks present in rUGT2B4 and rUGT2B7 are
O-glucuronide isomers.

Discussion

Direct glucuronidation of MDZ, in addition to glucuronida-
tion of hydroxylated metabolites, has been reported in in
vitro studies with HLM and human hepatocytes [13]. The
presence of this MDZG metabolite has been identified in
human urine samples from individuals receiving oral and
i.v. MDZ. In order to quantify the amount of MDZG elimi-
nated in urine, an authentic standard was prepared from
HLM incubations with 90.3% purity, and the structure con-
firmed by NMR. As observed by Klieber et al. [13], the NMR
revealed MDZG to exist in two forms.Both species undergo
equilibration and reach equilibrium within 12 h at 10°C.

The authentic standard was used to quantify MDZG in
human urine with, on average, 49 mg and 31 mg MDZG
eliminated over 24 h, following 3 mg oral and 1 mg i.v.
dosing, respectively, accounting for approximately 1–2%
of MDZ dose (calculated on molar basis). This is consistent
with 2% metabolism through N-glucuronidation in vitro in
HLM as assessed from intrinsic clearance values for
N-glucuronidation and hydroxylation pathways (data not
shown). There was greater interindividual variability fol-
lowing oral dosing (sevenfold) compared with i.v. (3.4-
fold). This amount of variability was very similar to that
observed in a bank of HLM, comprising 56 donors, where
there was a sevenfold range in MDZG (data not shown).
Although this level of glucuronidation in vivo may be con-
sidered low, these data demonstrate the in vivo relevance
of the in vitro findings. It has been shown in incubations
with human hepatocytes that under conditions where
CYP3A4/5-mediated clearance of MDZ is abolished by
KTZ, N-glucuronidation accounted for the majority of the
remaining MDZ clearance [13]. Having identified this
metabolic pathway in urine, the possibility for metabolic
switching in vivo under CYP3A4-inhibited conditions
arises. In order to understand the relevance of this, the
MDZG metabolic pathway was characterized in incuba-

tions with HLM and rUGTs. It has been confirmed with the
full bank of recombinant individually expressed UGTs
available that UGT1A4 is the only UGT that conjugates
MDZ directly.

A multisite kinetic model (Equation 2) was applied to
data from both rUGT1A4 and HLM kinetic experiments. To
ensure a good fit to this model a relatively large number of
substrate concentrations (18) were utilized, as there were
five unknown variables in the equation. As can be seen
from Figure 3, the curve fit obtained by applying this
equation described the data well, and the errors associ-
ated with values for Vmax, Ks and Ki were within acceptable
limits (<11%). Although no other literature reports were
found that had used this model for UGTs, the principles
behind its application are identical to some atypical
behaviour observed in P450s (autoinhibition and activa-
tion) [19]. The Hill coefficient of at least 2.3 suggests large
conformational changes within the enzyme tertiary
and/or possible quaternary structure. A Hill coefficient of
2.3 does increase the probability that this enzyme has
quaternary structure (e.g. haemoglobin has a coeffi-
cient = 2.7 and has four subunits [20]). In both enzyme
systems substrate inhibition was also observed. This
kinetic characteristic has been observed for other UGT1A4
substrates [21–23]. For MDZ glucuronidation, substrate
inhibition was characterized by Ki values of 58 mM and
79 mM in HLM and rUGT1A4, respectively. Substrate inhibi-
tion or allosteric activation has been seen in other UGTs
such as UGT1A1, UGT1A9, UGT2B7 and UGT2B15 [24–27]
and so is not unique to UGT1A4. Substrate inhibition was
not reported previously for midazolam glucuronidation
[13]; however, the assay conditions employed in the
current study investigate a maximum substrate concentra-
tion up to an order or magnitude greater than the original
study. Substrate inhibition is unlikely to be of conse-
quence in vivo due to the high concentrations at which is
has been observed. Whether or not autoactivation is an in
vitro artefact or something that will be of in vivo conse-
quence is more difficult to discern, and has been a subject
for discussion in review articles [17, 28].

In terms of enzyme inhibition, KTZ and ITZ, CYP3A4
inhibitors that are also known to possess UGT inhibitory
activity [29–31], showed only weak inhibition of UGT1A4
activity, suggesting that KTZ and ITZ will not inhibit
UGT1A4-mediated metabolism of MDZ in vivo. TFP was
also seen to be a weak inhibitor of MDZ glucuronidation.
At concentrations <100 mM, TFP activation of MDZ glucu-
ronidation was observed, with the catalytic activity
increasing by 38%. This phenomenon supports the previ-
ous finding of an allosteric kinetic model, and demon-
strates that a structurally dissimilar compound can activate
the catalysis of another. Differential inhibition and activa-
tion depending on substrate and effector pairings has
been reported for the CYP3A4 enzyme [19]. That similar
behaviour is observed in this study shows UGT1A4 as more
complex than a simple MM enzyme.
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MDZ is rapidly metabolized to a major metabolite,1′-OH
MDZ, and urinary recovery of the glucuronide of this
metabolite accounts for at least 70% of an administered
dose [9]. The minor primary metabolite, 4-OH MDZ, and a
minor secondary metabolite 1′,4-diOH MDZ, also catalysed
by CYP3A along with the corresponding glucuronide con-
jugates, comprise another 4–6% of an administered dose
[2, 7]. Recently the pathways for glucuronidation of
1′-OH MDZ in vitro were found to be mediated through
UGT2B4 and UGT2B7 (O-glucuronide) and UGT1A4
(N-glucuronide) [14]. The intrinsic clearance for O-
glucuronidation was approximately ninefold higher than
that of N-glucuronidation in HLM. In this study there were

observed two chromatographically separate glucuronides
of 1′-OH MDZ in HLM and,based upon distinct glucuronides
formed by UGT1A4 compared with UGT2B4 and UGT2B7, it
is believed that these are the same glucuronides observed
by Zhu et al. [14]. In addition,we have qualitatively assessed
glucuronidation of 4-OH MDZ.In HLM three separate peaks
were observed,one co-eluting with a single peak produced
in incubations with UGT1A4, and therefore believed to be
4-OH MDZ N-glucuronide, and two peaks co-eluting with
the two peaks observed in incubations with both UGT2B4
and UGT2B7, believed to be O-glucuronide isomers. In light
of these new data, a more complete picture of the routes
of MDZ metabolism and the enzymes involved can be
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developed. Figure 5 serves to illustrate this and highlights
the importance of UGT1A4 in several pathways.

The Km values for MDZG in both HLM and rUGT1A4
were in excess of 45 mM, a high value (‘low affinity’) for a
proposed in vivo pathway for this substrate. The Km for
phase I metabolism by CYP3A4 is approximately 2 mM [32],
20-fold less than direct glucuronidation by UGT1A4. In vivo
plasma concentrations of MDZ do not exceed 0.85 mM
even with a high 15-mg dose; therefore, it would seem
unlikely to reach concentrations high enough to be conju-
gated efficiently by UGT1A4, or be able to compete with
the near-optimal conditions of 1′-OH MDZ production by
CYP3A4. However, under conditions whereby CYP3A4 is
inhibited, MDZ glucuronidation may have a bigger role.
This has been assessed using the population-based ADME
simulator Simcyp™ (version 8.1). The kinetic constants
obtained in HLM incubations for MDZG were incorporated
into the default MDZ profile provided by Simcyp™. A phar-
macokinetic trial was simulated using 10 populations of 10
individuals (CYP3A5 PM frequency 0.83), administered a
3-mg oral dose of MDZ. Under these conditions the per-
centage contributions of CYP3A4, CYP3A5 and UGT1A4 to
the total hepatic intrinsic clearance of MDZ were 85.3, 11.7
and 2.9%, respectively. Incorporating the co-operativity
factors a and b into the model had a minimal effect on
total systemic clearance or relative roles for individual
enzymes (80.4, 17.8 and 1.8%, respectively), which is
consistent with a similar evaluation of the influence
of co-operativity factors on in vivo clearance [33].
Co-administration of 400 mg KTZ resulted in a larger role
for UGT-mediated clearance with values of 63.8, 17.2 and
19% for CYP3A4, CYP3A5 and UGT1A4, respectively. This
has a modest impact on the predicted drug–drug interac-
tion, with a mean MDZ AUC ratio of 14.9 (median 13.1),
compared with 13.8 (median 11.9) when UGT1A4 clear-
ance is incorporated into the model. In a simulated popu-
lation lacking CYP3A5 the mean percent contributions for
CYP3A4 and UGT1A4 went from 96.1 and 3.9% to 73.2 and
26.8% in the presence of KTZ. Thus, there is an increased
role for N-glucuronidation of MDZ not only under KTZ-
inhibited conditions, but also in individuals lacking func-
tional CYP3A5. Although functional polymorphisms of
UGT1A4 have been identified [34], it is unlikely that this
would contribute to interindividual variability in MDZ
clearance due to the relatively small contribution of
the glucuronidation pathway. Under conditions whereby
the CYP-mediated clearance is reduced following
co-administration of a CYP inhibitor, the clearance through
UGT1A4 will remain unaffected. Total drug clearance is
reduced and the relative role for UGT1A4 as a proportion
of clearance increases. Functional polymorphisms in
UGT1A4 may have a greater impact under these condi-
tions. Although direct glucuronidation of MDZ is a meta-
bolic pathway of in vivo relevance, the low contribution to
overall clearance on MDZ in humans makes it unlikely to
be a sensitive probe for UGT1A4 activity.
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