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ABSTRACT

Midazolam (MDZ) is a short-acting benzodiazepine with rapid onset of action, which is
metabolized by CYP3A isoenzymes to two hydroxylated metabolites, 1'-hydroxymidazolam and
4-hydroxymidazolam. The drug is also commonly used as a marker of CYP3A activity in the liver
microsomes. However, the kinetics of CYP3A-mediated hydroxylation of MDZ in the brain, which
contains much lower CYP content than the liver, have not been reported. In this study, UPLC-
MS/MS and metabolic incubation methods were developed and validated for simultaneous
measurement of low concentrations of both hydroxylated metabolites of MDZ in brain
microsomes. Different concentrations of MDZ (1-500 puM) were incubated with rat brain
microsomes (6.25 pg) and NADPH over a period of 10 min. After precipitation of the microsomal
proteins with acetonitrile, which contained individual isotope-labeled internal standards for each
metabolite, the analytes were separated on a Cis UPLC column and detected by a tandem mass
spectrometer. Accurate quantitation of MDZ metabolism in the brain microsomes presented
several challenges unique to this tissue, which were resolved. The optimized method showed
validation results in accordance with the FDA acceptance criteria, with a linearity ranging from 1
to 100 nM and a lower limit of quantitation of 0.4 pg on the column for each of the two metabolites.
The method was successfully used to determine the Michaelis-Menten (MM) kinetics of MDZ 1'-
and 4-hydroxylase activities in rat brain microsomes (n = 5) for the first time. The 4-hydroxylated
metabolite had 2.4 fold higher maximum velocity (p < 0.01) and 1.9 fold higher (p < 0.05) MM
constant values than the 1'-hydroxylated metabolite. However, intrinsic clearance values of the
two metabolites were similar. The optimized analytical and metabolic incubation methods reported
here may be used to study the effects of various pathophysiological and pharmacological factors

on the CYP3A-mediated metabolism of MDZ in the brain.
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1. Introduction

Cytochrome P450 (CYP) enzymes are a superfamily of enzymes that are responsible for
the metabolism of most drugs and endogenous compounds. Although the main site of expression
of CYP enzymes is in the liver, they are also found in extrahepatic tissues, such as the intestines,
kidneys, and brain [1, 2]. Among extrahepatic tissues, the brain has been shown to express a
number of CYP enzymes, which contribute to the local metabolism of drugs and endogenous
compounds [2-5]. However, the content of total brain CYP is 0.5%—-2% of that in the liver [5],
resulting in much lower activities in the brain. Additionally, brain CYP enzymes are more prone
to degradation and loss of activity during the preparation of microsomes for in vitro assays [6].
Therefore in vitro characterization of brain CYP enzymes are more difficult than that of the liver
enzymes, requiring the use of more sophisticated and sensitive methods.

Cytochrome P450 3A (CYP3A) is one of the most important subfamilies of CYP enzymes
involved in the metabolism of a majority of clinically-used drugs and various endogenous
substances in humans [7, 8]. Among CYP enzymes, CYP3A isoenzymes are the most abundant
CYP in the liver hepatocytes [7] and intestinal epithelial cells [9]. Therefore, they act as a major
determinant of the oral bioavailability and systemic clearance of drugs that are metabolized by
CYP3A. In addition to the liver and intestine, CYP3A enzymes are also expressed in different
areas of the brain at the mRNA, protein, and functional level [10, 11]. Additionally, metabolism
of CYP3A substrates, like testosterone, erythromycin, and alprazolam, by rat and human brain
microsomes has been reported [11-14]. Despite their lower expression in the brain, CYP3A
isoenzymes may significantly contribute to the local metabolism and physiologic, pharmacologic,

and toxicologic actions of many centrally-acting drugs and endogenous compounds [2-4, 14].



Therefore, it is necessary to characterize CYP3A enzymatic activity in the brain to understand the
role of these enzymes in the pharmacotherapy of central nervous system diseases.

Midazolam (MDZ) is a short-acting benzodiazepine with rapid onset of action, which is
used in the treatment of epilepsy and as a sedative before surgery or medical procedures. The drug
is a specific substrate for CYP3A and is commonly used as a marker of CYP3A activity in rat and
human liver microsomes [15-17]. In both humans and rats, MDZ is converted to two hydroxylated
metabolites, 1'-hydroxymidazolam (1'-OH-MDZ) and 4-hydroxymidazolam (4-OH-MDZ), by
CYP3A isoenzymes (Fig. 1). Although both human CYP3A4 and CYP3AS isoenzymes produce
both metabolites, the two enzymes exhibit different regioselectivity [15]. Despite its wide use as a
centrally-acting drug and a marker of CYP3A activity in the liver, metabolism of MDZ to 1'-
hydroxy and 4-hydroxy metabolites in the brain tissue has not yet been characterized. This may be
due to the relatively low enzymatic activity of CYP3A in the brain and lack of appropriate
metabolic incubation and analytical methods, specifically developed for the characterization of the
CYP3A-mediated metabolism of MDZ in the brain tissue.

Several analytical methods like HPLC [18], GC-MS [19, 20], and LC-MS/MS [21-24]
have been reported for quantifying MDZ and/or one or two of its hydroxylated metabolites in
plasma samples. Furthermore, some LC-MS/MS methods have been used to quantify MDZ
metabolites in the liver microsomes [24, 25]. In the present communication, we report the
development of a sensitive and reproducible UPLC-MS/MS assay that is specifically validated for
the simultaneous measurement of the low concentrations of both hydroxylated metabolites of
MDZ in the brain microsomes. Additionally, we report on the optimization of enzymatic
incubation conditions to evaluate the Michaelis-Menten (MM) kinetics of the CYP3A-mediated

metabolism of MDZ in the rat brain microsomes. The advantages of our methods are their high



analytical sensitivity (1 nM), low incubation volume (25 pL), use of stable isotope-labeled internal
standards for the individual hydroxylated metabolites, relatively low microsomal protein amounts

(6.25 pg), and a short incubation time (10 min).

2. Materials and methods

2.1. Chemicals

Midazolam (MDZ) base (MDZ-Base) and its HCI salt (MDZ-HCl) were purchased from
the United States Pharmacopeial Convention (Rockville, MD, USA). The 1'-hydroxy (1'-OH-
MDZ) and 4-hydroxy (4-OH-MDZ) metabolites of midazolam were procured from Cerilliant
Corporation (Round Rock, TX, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. The
stable isotopes 1'-hydroxymidazolam-ds (1'-OH-MDZ-ds) and 4-hydroxymidazolam-ds
methanoate  (4-OH-MDZ-ds) were purchased from Toronto Research Chemicals
(North York, ON, Canada). Acetonitrile, methanol, and water of LC-MS grade were procured
from Fisher Scientific (Hampton, NH, USA). All other reagents and chemicals were of high purity

and purchased from commercially available sources.

2.2. Instrumentation and chromatographic conditions

The UPLC system (Bruker Scientific LLC; Billerica, MA, USA) was equipped with a binary
pump, integrated column oven, degasser, and auto-sampler (CTC-PAL). Separation of the analytes
was achieved using a Kinetex 1.7 um Cig (100 x 2.1 mm, 100 A) column (Phenomenex Inc;
Torrance, CA, USA), connected to a Phenomenex Cis Security Guard ULTRA (2.1 mm) pre-
column, which were maintained at 35°C. Two different mobile phases and gradient systems were
used during the method development process. The initial mobile phase/gradient condition (initial
method) consisted of a mobile phase with 5 mM ammonium formate with 0.05% formic acid in

water (A) and acetonitrile: methanol (95:5) with 0.05 % formic acid (B). This mobile phase was



delivered at a flow rate of 0.3 mL/min using a gradient system consisting of 0—1.2 min, 20% B;
1.2-5.0 min, linear gradient 20—75% B; 5.0-6.5 min, 75% B; and 6.5-9.5 min, 20% B. The final
mobile phase/gradient condition (final method) consisted of a mobile phase with 5 mM ammonium
formate in water (A) and acetonitrile (B). This mobile phase was delivered at a flow rate of 0.25
mL/min using a gradient system consisting of 0—1.2 min, 30% B; 1.2—5.0 min, linear gradient 30—
70% B; 5.0-6.0 min, 70% B; 6.0 min, 30% B; 6.0-7.5 min, 30% B.

The detection was performed using an EVOQ Elite triple quadrupole mass spectrometer
(Bruker Scientific LLC; Billerica, MA, USA) equipped with an ion source interface. Ionization
was achieved by electrospray in positive mode, and the mass spectrometer was operated in
multiple-reaction monitoring (MRM) mode with m/z transitions of 342 to 202.9 for 1'-OH-MDZ,
342 to 233.9 for 4-OH-MDZ, 346.9 to 207.9 for 1'-OH-MDZ-ds, and 346.9 to 234.9 for 4-OH-
MDZ-ds. The heated probe gas and nebulizer gas flow rates were set at 40 and 50 psi, respectively.
The probe temperature was set at 400°C, and the ion spray voltage was 3000 V. The collision
energy for the individual analytes was optimized accordingly. Data acquisition and processing

were controlled by the Bruker MSWS-8 software.

2.3. Preparation of stock and working solutions

The primary stock solution of 4-OH-MDZ (1 mg/mL) was prepared in methanol, while for
1'-OH-MDZ, the commercially-available stock (100 pg/mL) in methanol was used. For the internal
standards, the stock solution of 4-OH-MDZ-ds (2 mg/mL) was prepared in DMSO, while the
commercially-available stock solution in methanol (100 pg/mL) was used for 1-OH-MDZ-ds. The
primary stock solutions of 1'-OH-MDZ and 4-OH-MDZ were further diluted with 100 mM Tris-
HCI buffer (pH 7.4) to make working solutions of 10, 20, 50, 100, 250, 500, 750, and 1000 nM for

the preparation of calibration curves and 10, 30, 300, and 800 nM for quality control (QC) samples.



The primary stock solutions of the internal standards were further diluted in acetonitrile to prepare

a 10 nM solution.

2.4. Preparation of calibration curves

For calibration standards, the working solutions of the two metabolites were added to Tris-
HCI buffer (pH 7.4), containing rat brain microsomes (0.25 mg/mL) and MgCl, (20 mM) in a final
volume of 25 pL to make final concentrations of 0 (blank), 1, 2, 5, 10, 25, 50, 75, and 100 nM for
each of the two metabolites. The microsomal proteins were then precipitated by the addition of 75
uL of acetonitrile, containing 10 nM of both 1-OH-MDZ-ds and 4-OH-MDZ-ds as internal
standards. After vortex-mixing, the samples were centrifuged at 13,400 rpm for 5 minutes (4°C),
and a 5 pL aliquot was subjected to the UPLC-MS/MS analysis. Calibration curves for each of the
two MDZ metabolites were constructed by plotting the peak area ratios of each analyte: internal
standard against the nominal concentrations of the metabolite in the samples using a weighting

factor of 1/x, where x is the added concentration.

2.5. Assessment of metabolite impurities in MDZ substrate from different sources

Solutions (500 uM) of MDZ-Base and MDZ-HCI were prepared in incubation buffers (n
= 3) and analyzed for their content of 1'-OH-MDZ and 4-OH-MDZ impurities. Additionally, to
assess the potential effects of impurities on the application of the assay, triplicate samples of MDZ-
Base or MDZ-HCI (500 uM) were incubated with brain microsomes (see section 2.9 for details),
and the concentrations of the generated metabolites were quantitated immediately (zero) and at 10

min after the incubation.

2.6. Substrate effect on the analyte signal
The substrate interference study was performed to evaluate if the presence of high

concentrations of the substrate (MDZ) would influence the detector response to 1'-OH-MDZ, 4-



OH-MDZ, or their respective isotope-labeled internal standards. The samples containing rat brain
microsomes (0.25 mg/mL), 1'-OH-MDZ (10 nM), and 4-OH-MDZ (30 nM) in the presence and
absence of MDZ (500 pM) were prepared by protein precipitation with the acetonitrile containing
both internal standards (10 nM) (n = 3). The processed samples were analyzed using two different
mobile phases and gradient systems (initial and final methods), described above in section 2.2, and
the effect of substrate on the peak areas of the analytes and their internal standards were

investigated.

2.7. Method validation
The analytical method was validated with respect to selectivity, carryover, precision,
accuracy, sensitivity, recovery, and matrix effects, consistent with the 2018 FDA guidelines for

bioanalytical method validation [26].

2.7.1. Selectivity and carryover

Selectivity of the method was evaluated by analyzing blank brain microsomal samples
prepared from six different brain samples without any spiked analyte (blank) or with analytes
spiked at the LLOQ to ensure the matrix is free from the endogenous interference at the retention
times of the analytes and internal standards. The acceptance criteria for the selectivity were: (1) no
interfering peaks at the retention times of the analytes or internal standards in the blank samples,
(2) measured concentrations of the spiked samples within £ 20% of LLOQ, and (3) internal
standards responses in the blank samples of < 5% of that in the calibration and QC standards.

To evaluate the carryover effect, six replicates of blank brain microsomal samples were
intermittently injected into the system, each immediately after the injection of a sample spiked

with the upper limit of quantification (ULOQ) concentration (100 nM). Additionally, six replicates



of samples spiked with LLOQ concentration (1 nM) of analytes were analyzed. For all analytes,

the carryover in the blank samples should not exceed 20% of LLOQ.

2.7.2. Precision and Accuracy
Precision and accuracy of the assay were evaluated by analyzing three independent runs,
each consisting of a set of calibration standards and four QC levels with six replicates per each QC
level. The QC samples, which were prepared similar to the calibrators, were run at the lower limit
of quantitation (LLOQ, 1 nM) and low (LQC, 3 nM), medium (MQC, 30 nM), and high (HQC, 80
nM) concentrations of both metabolites in the calibration curve. Within-run precision and accuracy
were estimated by analyzing six replicates of each QC sample against the calibration standards on
the same day. Between-run precision and accuracy were determined by preparing and analyzing
calibration standards and QC samples in six replicates on three different occasions. The precision
was calculated as percent relative standard deviation (%R.S.D.) of the QC replicates. The accuracy
was calculated as percent relative error (%R.E.) of the measured concentrations versus the
theoretical concentrations. The acceptance criteria for the precision were %R.S.D. values of < 15%
for all the QC levels except for the LLOQ samples, which should be within 20%. The acceptance
criteria for the accuracy were %R.E. values of <+ 15% for all the QC levels, except for the LLOQ
samples, which should be within + 20%.
The acceptance criteria for calibration curves require that at least 75% and a minimum of six
non-zero calibrators should be within £ 15% (for all calibrators except LLOQ) or = 20% (for

LLOQ) of the theoretical concentration.

2.7.3. Recovery and matrix effect
Recovery and matrix effects of 1'-OH-MDZ and 4-OH-MDZ were determined at three QC

levels of LQC (3 nM), MQC (30 nM), and HQC (80 nM) (n = 6 for each level), whereas for the

10



internal standards (1'-OH-MDZ-ds, 4-OH-MDZ-ds), a concentration of 10 nM was used. Three
sets of samples were prepared by adding the analytes to the microsomal sample (pre-precipitation),
supernatants after protein precipitation of blank microsomal samples (post-precipitation), or a
mixture (75:25) of acetonitrile and buffer (neat). After analysis of the samples, peak areas of the
analytes and the internal standards were determined. Percent recovery was calculated by dividing
the peak area response of the analytes in the pre-precipitation samples by the respective mean area
in the post-precipitation samples and multiplying the results by 100. Matrix effect was determined
by calculating a matrix factor, which was obtained by dividing the peak area response of the
analytes in the post-precipitation samples by the respective mean area in the neat samples. A matrix
factor of 1 indicates no matrix effect, whereas the matrix factors of less than or higher than 1

indicate ion suppression or ion enhancement, respectively.

2.7.4. Autosampler stability

Autosampler stability was assessed by analyzing replicates of QC samples (n = 6)
processed at concentrations of 3, 30, and 80 nM, which were kept in the auto-sampler at 10°C over
a period of 24 h. The samples were injected immediately or at 4, 8, or 24 h after storage in the
autosampler, and the accuracy (percent error relative to the immediate injection) and precision
(R.S.D.) of the measurements at different times (4-24 h) were determined. Additionally, the
absolute peak area counts of the analytes and internal standards obtained after the immediate
injection was used as the reference to evaluate the stability of the analytes and their internal
standards individually at the tested time points (4, 8, and 24 h). Benchtop stability was not
conducted because the samples had to be prepared immediately after microsomal incubations
(Section 2.9), which require immediate protein precipitation using acetonitrile at the end of the 10-

min incubation period.

11



2.8. Preparation of rat brain microsomes

Animal studies were approved by the Institutional Animal Care and Use Committee of
Chapman University. Adult (8-12 weeks), male Sprague-Dawley rats were purchased from Charles
River Laboratories (Wilmington, MA, USA). The rats were housed in a temperature- and
humidity-controlled room under a 12 h light-dark cycle with free access to food and water ad
libitum. Under isoflurane anesthesia, a 22-gauge needle was inserted into the left ventricle of the
heart (inlet), followed by an incision of the right atrium (outlet). The heart was then perfused with
a cold saline solution at a flow rate of 25 mL/min for 6 min to remove the blood from the brain
and other organs. Perfusion of tissue removes contamination of microsomes by hemoglobin in the
residual blood, which causes a uniform decrease in the specific activities of CYP enzymes [27].
The whole brain was then removed, snap-frozen in liquid nitrogen, and stored at —80°C.

Rat brain microsomes were prepared by differential centrifugation method, according to
the procedure described before [28]. The final microsomal pellet was re-suspended in a storage
buffer (250 mM Mannitol, 0.1 mM EDTA, 5 mM HEPES, 20% glycerol, 0.1 mM dithiothreitol,
22 uM butylated hydroxytoluene, and 0.1 mM phenylmethylsulfonylfluoride; pH 7.4) and stored
at —80°C for later experiments. Total protein concentrations were estimated by the Bradford

method using bovine serum albumin as standard.

2.9. Determination of the midazolam hydroxylase activity

MDZ stock solutions (50 mM) were prepared by dissolving the MDZ-Base powder in 105
mM HCI, followed by subsequent dilutions in 5 mM HCI. To ensure that formation of metabolites
was in the linear range for both reaction time and microsomal protein, time linearity (0—15 min)
and protein linearity (0.25, 0.5, and 1.0 mg/mL) experiments were performed at a substrate

concentration of 250 uM in triplicates. Subsequently, a protein concentration of 0.25 mg/mL and

12



an incubation time of 10 min were used to determine MDZ hydroxylation activity in the rat brain
microsomes. The Michaelis-Menten (MM) kinetics experiments were performed at MDZ
concentrations of 0, 1, 2.5, 10, 25, 50, 100, 250, and 500 uM. To ascertain inter-animal variability,
the MM curves were constructed using brain tissues obtained from five different animals. In a final
volume of 25 pL of 100 mM Tris-HCI buffer (pH 7.4), microsomal protein (0.25 mg/mL or 6.25
pg) was pre-incubated at 37°C for 5 min along with MgCl> (20 mM) and NADPH (1 mM). The
reaction was initiated by the addition of the substrate. The substrate vehicle (2.5 pL of 5 mM HCI)
had minimal, if any, effect on the final pH of the 25 pL incubation mixture (7.3-7.4). After 10 min
of incubation at 37°C, reactions were terminated by the addition of 75 pL of acetonitrile containing
10 nM of both internal standards. Samples were centrifuged and subjected to the UPLC-MS/MS
analysis. The maximum velocity (Vmax) and MM constant (Ky) parameters were obtained by
nonlinear regression analysis (GraphPad Prism; La Jolla, CA, USA) of the metabolism rate-

substrate concentration data using a one-enzyme MM model.

3. Results and discussion

Given the relatively low CYP contents of the brain [5] and higher susceptibility of the brain
microsomes to degradation [6], it is necessary to devise sensitive and reproducible analytical and
metabolic incubation methods to characterize the CYP-mediated metabolism of drugs and
endogenous compounds in this tissue. As shown below, we have developed, optimized, and
validated such methods to characterize the CYP3A-mediated hydroxylation of MDZ in the rat

brain.

3.1. UPLC-MS/MS optimization
The mass spectrometric conditions were optimized in the positive ionization mode for the
simultaneous analysis of the two hydroxylated metabolites of MDZ and their respective

13



isotopically-labeled internal standards. Figure 2 depicts fragmentation patterns of 1'-OH-MDZ
(A), 1'-OH-MDZ-ds (B), 4-OH-MDZ (C), and 4-OH-MDZ-ds (D), along with the selected Q1/Q3
m/z signals. For both analytes and their respective internal standards, the signal representing an
m/z of 18 units less than that of the parent ion was the most prominent fragment (Fig. 2). However,
this fragment had the same m/z ratio for the two hydroxylated metabolites (1'-OH-MDZ and 4-
OH-MDZ) or their internal standards (1'-OH-MDZ-ds and 4-OH-MDZ-ds). Therefore, we selected
the next prominent fragments, which were not shared between the two structural isomers, for their
quantitation. The substrate MDZ was not quantified but was monitored with the m/z transition of
326 to 291.

For chromatographic conditions, different solvents and columns were used in our
preliminary experiments to optimize the peak shapes, linearity, and sensitivity of the assay. The
chromatographic conditions were initially optimized using gradient elution of a mobile phase
consisting of 5 mM ammonium formate with 0.05% formic acid in water (A) and acetonitrile:
methanol (95:5) with 0.05 % formic acid (B) at a flow rate of 0.3 mL/min (initial method). This
method resulted in linear calibration standards, including consistent and similar internal standard
signals across the calibration standards. However, when the metabolic incubation samples were
analyzed using this method, there was a progressive decrease in the detector's signal for the 1'-OH-
MDZ-d;s internal standard when the substrate (MDZ) concentration in the samples was increased.
Therefore, to determine the possible role of MDZ on these results, the detector's signals for the
two metabolites and their respective internal standards were quantitated in the presence and
absence of a 500 pM concentration of the substrate (MDZ). When the initial method was used,
presence of substrate caused ~25% reduction in the peak areas of both 1'-OH-MDZ and its internal

standard, whereas the areas of 4-OH-MDZ and its internal standard were not affected. This

14



reduction in detector's signal intensity was associated with a partial co-elution of 1'-OH-MDZ with
MDZ (Fig. 3A), whereas the 4-hydroxylated metabolite eluted before the substrate peak (Fig. 3B),
suggesting ion suppression of the 1'-hydroxylated metabolite and its internal standard by the high
concentrations (500 uM) of the parent drug MDZ (MDZ:1'-OH-MDZ concentration ratio of
50,000). Consequently, the chromatographic method was further optimized (final method) to
completely separate both metabolites from the substrate, with the substrate eluting last in the
chromatogram (Figs. 2C and 2D). Using the optimized method (final method), presence of a high
concentration (500 M) of the substrate (MDZ) did not affect the detector's response to either of
the hydroxylated metabolites or their internal standards. Therefore, the final method was validated
and employed for CYP3A assay standardization in the rat brain microsomes.

The ion suppression of metabolites by the substrate is especially important for the brain
microsomal studies where, due to low enzymatic activity of the brain, the ratio of substrate:
metabolite concentrations could reach as high as 250,000 [28, 29]. Therefore, the substrate and

generated metabolite should be well separated in the LC-MS/MS analysis of the brain CYP studies.

3.2. Chromatograms

Figure 4 shows the chromatograms of blank, the lowest (1 nM) and the highest (100 nM)
standards in the calibration curves, the metabolic incubation samples at the lowest (1 uM) and the
highest (500 pM) concentrations of the substrate, and the internal standard for 1'-OH-MDZ.
Similar data are presented for 4-OH-MDZ in Fig. 5. As demonstrated in these figures, 1'-OH-MDZ
(and its internal standard) and 4-OH-MDZ (and its internal standard) eluted at ~4.1 and 3.8 min,
respectively, as sharp peaks with relatively low baseline noises (Figs. 4 and 5).

Previous LC-MS/MS studies quantitating one or both hydroxylated metabolites of MDZ

have used internal standards with similar structures, such as prazepam [22], flurazepam [21],
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phencynonate [25], or deuterated MDZ [24]. Also, deuterated 1'-OH-MDZ was used as an internal
standard for quantitating both metabolites of MDZ [23]. Our LC-MS/MS method uses deuterated

internal standards for each of the hydroxylated metabolites of MDZ.

3.3. Selectivity and carryover

No interfering peaks were observed at the retention times of the analytes or their respective
internal standards in the six different blank brain microsomal samples injected, indicating
selectivity of the analytical method. Additionally, after injection of the highest concentration of
the analytes in the calibration curve, no detectable peaks could be found in a subsequent blank

chromatogram for any of the six replicates, indicating no carryover.

3.4. Calibration curves

The calibration curves were linear and reproducible over the standard concentration range
of 1-100 nM for both 1'-OH-MDZ and 4-OH-MDZ, with the coefficient of determination (+°)
values of > 0.99. Representative equations, calculated from the inter-day calibration curves, were
y = 0.05597x-0.0184 for 1'-OH-MDZ, and y = 0.0350x-0.0125 for 4-OH-MDZ, where y and x
refer to the analyte: internal standard peak area ratio and the concentration of analytes,
respectively. The errors associated with the back-calculated concentrations for all the eight non-
zero calibrators in all the precision and accuracy experiments were between -9.15% to 6.61% for
1'-OH-MDZ and -7.60% to 8.68% for 4-OH-MDZ, well within the acceptance criteria for the

calibration curves.

3.5. Precision and accuracy
Intra- and inter-run precision and accuracy data for 1'-OH-MDZ and 4-OH-MDZ were
determined by analyzing six replicates of QC samples at four different concentrations, as shown

in Tables 1 and 2, respectively. Precision and accuracy values for both intra- and inter-run
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experiments were within the acceptable limits. For 1'-OH-MDZ, the intra- and inter-run R.E.
values ranged from —6.05% to 7.81% with R.S.D. values of < 13% (Table 1). For 4-OH-MDZ, the
range of R.E. values was between —6.49%% and 10.4%, and R.S.D values were < 13.8% (Table
2). Based on the precision and accuracy values reported in Tables 1 and 2, the lower limit of
quantitation (LLOQ) of 1'-OH-MDZ and 4-OH-MDZ in our assay was 1 nM (341 pg/mL), which
translates to 0.4 pg of analytes on the column. Based on the per column sensitivity data, our UPLC
assay is around 1000 fold more sensitive than a previously reported HPLC-MS/MS assay that
quantitated 1'-OH-MDZ in plasma [22]. However, our sensitivity is only ~4-fold higher than a
more recently reported method that measured both 1'-OH-MDZ and 4-OH-MDZ in human plasma

and liver microsomes [24].

3.6. Recovery and matrix effect

Previously validated LC-MS/MS methods for the quantitation of hydroxylated metabolites
of MDZ in biological samples have used liquid-liquid [21, 22] or solid-phase [23] extraction or
protein precipitation followed by evaporation of the supernatant and reconstitution of the residue
[24]. Our studies used a simple acetonitrile precipitation method, followed by the direct injection
of the supernatant.

The recoveries of 1'-OH-MDZ, 4-OH-MDZ, and their respective internal standards from
the brain microsomal proteins after the protein precipitation method are presented in Table 3.
Average recoveries ranged between 97.4% and 106% for all the analytes and their internal
standards at the tested concentrations (Table 3). These data suggest an almost complete recovery

of the analytes and their standards using the acetonitrile protein precipitation method.
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The matrix factors for all the analytes and their internal standards (Table 4) ranged from
0.948 to 1.05, indicating no notable effect of the microsomal matrix on the detector's response to
the analytes or their internal standards in our method.

Our sample preparation method (direct injection after protein precipitation) is faster than
the other sample preparation methods reported in validated LC-MS/MS methods for hydroxylated
metabolites of MDZ [21-24]. The complete recovery of the analytes and lack of matrix effect in
our direct injection method is most likely due to the low protein concentrations (0.25 mg/mL) in
our microsomal samples compared to plasma or serum samples, which contain relatively high

protein concentrations.

3.7. Autosampler stability

Both hydroxylated metabolites of MDZ and their internal standards in the samples
containing 3, 30, or 80 nM of each analyte and 10 nM of the internal standards were stable in the
autosampler (10°C) for up to 24 h. The relative error values were in the range of —4.7% to 2.6%
(1'-OH-MDZ) or —5.1% to 3.0% (4-OH-MDZ), and the precision (R.S.D.) values were in the range
of 2.48% to 7.50% (1'-OH-MDZ) or 2.37% to 14.0% (4-OH-MDZ) for all the tested time points
and concentrations. Additionally, the absolute peak areas at 4, 8, and 24 h of storage in the
autosampler fluctuated between 94.6% and 109% (1'-OH-MDZ), 95.1% to 111% (1'-OH-MDZ-
ds), 95.6% to 109% (4-OH-MDZ), and 96.1% to 113% (4-OH-MDZ-ds) of the areas at time zero.
These data indicate that both hydroxylated metabolites and their internal standards are stable in

the autosampler (10°C) for at least 24 h.

3.8. Metabolites impurity in the MDZ substrates from different sources
Our previous experience with brain microsomes [28] showed that, if left uncorrected, even

very low impurities of the metabolite in the substrate might add significant errors to quantitation
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of metabolic rates for this tissue. The reason for this observation is that the brain metabolic rates
are generally much lower than those in the liver. Therefore, although a very low metabolite
impurity in the substrate may not add a significant error to the overall metabolite generation rate
in the liver microsomes, the error might be significant for the brain microsomes, especially at high
substrate concentrations. Initially, we used the HCI salt of MDZ (MDZ-HCI), which is
considerably more water soluble than the MDZ base, as the substrate for the microsomal
incubation studies. However, we observed measurable concentrations of both 1'-OH-MDZ (2.82
+ 0.06 nM) and 4-OH-MDZ (3.76 + 0.32 nM) in stock solutions containing 500 uM MDZ-HCI.
Subsequently, we tested the level of impurities in the analytical reference standard of MDZ-Base,
which was solubilized in diluted HCI solutions. In contrast to the observations with MDZ-HCI, the
impurities in the 500 uM MDZ-Base solutions were below the limit of quantitation of the assay.
To confirm these results, we prepared metabolic incubation mixtures with both 500 uM MDZ-HCI
or MDZ-Base and analyzed the samples both immediately (zero) or 10 min after the incubation
(Fig. 6). As shown in Fig. 6, the zero samples of MDZ-HCI contained significant peaks of both 1'-
OH-MDZ (Fig. 6A) and 4-OH-MDZ (Fig. 6C), which on average constituted 16-21% of the peak
areas after 10 min of incubation. This impurity would result in significant overestimation of the
formation rates of 1'-OH-MDZ and 4-OH-MDZ when MDZ-HCl is used. Conversely, when MDZ-
Base was used as the substrate, metabolite impurities were below the limit of quantitation in the
zero incubation samples (Figs. 6B and 6D). Therefore, we used MDZ-Base as the substrate for our
incubation studies with brain microsomes. However, if the employed substrate contains
measurable amounts of the metabolites, like MDZ-HCI tested here, incubations have to be run
both at zero and 10 min, and the formation rate corrected for the presence of the metabolites in the

zero samples [28].
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3.9. Estimation of midazolam hydroxylation kinetics in the rat brain microsomes

The optimization of the metabolic incubation method, in terms of linearity of the metabolite
formation with respect to the microsomal protein concentration and incubation time, along with
the Michaelis-Menten (MM) plots for both hydroxylated metabolites of MDZ, are depicted in
Figure 7. At a substrate concentration of 250 uM, the formation rates of both 1'-OH-MDZ and 4-
OH-MDZ were linear with respect to both incubation time (up to 15 min) and microsomal proteins
when the protein concentrations were 0.25 or 0.5, mg/mL (Figs. 7 A and B). However, at a protein
concentration of 1.0 mg/mL, some evidence of non-linearity was observed at incubation times
beyond 10 or 12.5 min (Figs. 7 A and B). Therefore, a brain microsomal protein concentration of
0.25 mg/mL and an incubation time of 10 min were set for the MM kinetic studies.

The MM kinetics of hydroxylation of MDZ to 1'-OH-MDZ (Fig. 7C) and 4-OH-MDZ (Fig.
7D) were assessed in the rat brain microsomes and substrate concentrations ranging from 1 to 500
uM. Nonlinear regression analysis of the data revealed that a single-enzyme MM model would
adequately fit the data presented in Figs. 7C and 7D for both metabolites with Vmax, Km, and
intrinsic clearance (Clint = Vmax/Km) values, which are presented in Table 5. In the rat brain
microsomes, the 4-hydroxylated metabolite had 2.4 fold higher Vimax (p < 0.01) and 1.9 fold higher
(p < 0.05) Km values than the 1'-hydroxylated metabolite (Table 5). However, the Cliy values of
the two metabolites were similar (Table 5).

The MM kinetics of MDZ hydroxylation have been previously reported in the rat liver
microsomes [ 17]. In contrast to the relatively close Clin; values for the hydroxylated metabolites in
the brain (Table 5), the Clin; of 1'-OH-MDZ in the rat liver microsomes was 4-fold lower than that
for 4-OH-MDZ [17], suggesting different regioselectivity for the CYP3 A-mediated hydroxylation

of MDZ in the liver and brain. The lower Cliy of 1'-OH-MDZ, relative to 4-OH-MDZ, in the rat
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liver microsomes was mostly due to its substantially lower Vmax, while the Ky values for the two
metabolites were relatively similar [17]. In terms of brain metabolism of MDZ, we are only aware
of one preliminary study [30], which reported minimal formation of 1'-OH-MDZ in the presence
of large concentrations of rat brain microsomal protein (1500 pg in 300 uL) and substrate (300
and 500 pM). Therefore, the MM kinetic data reported here appear to be the first report on the

CYP3A-mediated kinetics of MDZ hydroxylation in the brain tissue.

4. Conclusions

Despite the wide use of MDZ as a centrally-acting drug and as a probe for CYP3A activity
in the liver, reports on its metabolism in the brain are scarce or non-existent. Here, we report a
sensitive  UPLC-MS/MS method, which is specifically developed and validated for the
simultaneous analysis of both hydroxylated metabolites of MDZ in the brain microsomes.
Additionally, we have optimized a metabolic incubation method to analyze the formation rate of
the hydroxylated metabolites of MDZ in the brain microsomes. The optimized analytical and
metabolic incubation methods reported here allowed us to characterize the complete MM Kkinetics
of both metabolites in the rat brain using relatively low protein concentrations and short incubation

times.
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Table 1
Intra- and inter-run precision and accuracy of 1'-hydroxymidazolam quality control

samples in rat brain microsomes.

Nominal Measured Concentration

Concentration (nM) ~ Run Mean (nM)  Precision Accuracy

(%R.S.D.) (%R.E.)

Intra-run (n = 6)

1.00 (LLOQ) 1 0.96 13.0 -3.78
2 0.95 7.89 —4.63
3 0.94 6.79 -6.05
3.00 (LQC) 1 3.22 2.55 7.17
2 3.10 2.65 3.33
3 3.39 0.91 12.9
30 (MQC) 1 31.7 1.13 5.80
2 30.9 3.57 2.98
3 31.7 4.24 5.59
80 (HQC) 1 76.3 3.01 —4.64
2 75.5 2.58 ~5.59
3 80.1 3.80 0.15

Inter-run (n = 18)

1.00 (LLOQ) 1,2,3 095 9.13 ~4.80
3.00 (LQC) 1,2,3 323 427 7.81
30.0 (MQC) 1,2,3 314 3.31 4.79

80.0 (HQC) 1,2,3 773 4.02 3.36




Table 2
Intra- and inter-run precision and accuracy of 4-hydroxymidazolam quality control

samples in rat brain microsomes.

Nominal Measured Concentration

Concentration (nM) ~ Run Mean (nM)  Precision Accuracy

(%R.S.D.) (%R.E.)

Intra-run (n = 6)

1.00 (LLOQ) 1 0.95 5.23 -5.12
2 0.94 13.8 -5.95
3 0.96 6.23 -4.00
3.00 (LQC) 1 2.9 4.01 -0.22
2 3.10 473 3.36
3 331 6.69 10.2
30 (MQC) 1 30.8 4.10 2.68
2 31.0 3.25 3.43
3 33.1 3.16 10.4
80 (HQC) 1 75.5 1.53 -5.58
2 74.8 3.45 ~6.49
3 80.0 4.63 0.00

Inter-run (n =18)

1.00 (LLOQ) 1,2,3 095 8.70 5.02
3.00 (LQC) 1,2,3 3.3 6.59 4.44
30.0 (MQC) 1,2,3 316 4.72 5.49

80.0 (HQC) 1,2,3 76.8 4.50 —4.02




Table 3

Recovery data (mean = SD, n = 6) for 1'-hydroxy (1'-OH-MDZ) and 4-hydroxy (4-OH-MDZ)
midazolam and their respective internal standards, 1'-OH-MDZ-ds and 4-OH-MDZ-ds. Samples
were prepared in the rat brain microsomes at low (3.0 nM), medium (30 nM), and high (80 nM)
concentrations of the metabolites. The concentrations of the internal standards (1'-OH-MDZ-ds

and 4-OH-MDZ-ds) were the same (10 nM) in all the samples.

Concentration (nM) 1'-OH-MDZ I'-OH-MDZ-ds  4-OH-MDZ 4-OH-MDZ-ds
3.0 (LQC) 97.4+14.8 100 +12.7 97.8+14.9 99.6 +11.3
30 MQC) 104 +7.64 102 +£9.03 102 +£8.94 102+11.4
80 (HQC) 102 £4.81 99.2+£4.08 106 £7.61 105+7.96
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Table 4

Matrix factor (mean = SD, n = 6) for 1'-hydroxy (1'-OH-MDZ) and 4-hydroxy (4-OH-MDZ)
midazolam and their respective internal standards, 1'-OH-MDZ-ds and 4-OH-MDZ-ds. Samples
were prepared in the rat brain microsomes at low (3.0 nM), medium (30 nM), and high (80 nM)
concentrations of the metabolites. The concentrations of the internal standards (1'-OH-MDZ-ds

and 4-OH-MDZ-ds) were the same (10 nM) in all the samples.

Concentration (nM) 1'-OH-MDZ I'-OH-MDZ-ds  4-OH-MDZ 4-OH-MDZ-ds
3.0 (LQC) 1.00 +0.12 1.01 £ 0.09 1.05+0.138 1.04 £0.124
30 MQC) 0.949 +0.051 0.963 £ 0.046 1.00 + 0.084 0.994 £0.101
80 (HQC 0.996 £0.111 1.01 +£0.119 0.948 £ 0.137 0.961 £0.133
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Table 5
Maximum velocity (Vmax), Michaelis-Menten constant (Kwm),
and intrinsic clearance (Clin) values (mean + SD, n =5 brains)

of midazolam metabolites in rat brain microsomes.

Parameter 1'-OH-MDZ 4-OH-MDZ
Vinax (pmol.min"!.mg™!) 3.48+£0.91 837 +2.17"
K (uM) 102 +4.1 194+4.1"
Cline (uL. min'.mg™") 0.383+0.171 0.441 +£0.131

*, p<0.05; ** p <0.01; two-tailed, paired t-test.
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LEGENDS TO FIGURES
Fig. 1. Chemical structures of midazolam and its CYP3A-mediated hydroxylated metabolites, 1'-

and 4-hydroxymidazolam.

Fig. 2. LC-MS/MS fragmentation pattern of 1'-hydroxymidazolam (A), 1'-hydroxymidazolam-ds
(B), 4-hydroxymidazolam (C), and 4-hydroxymidazolam-ds (D) with their Q1 (solid circles) and

Q3 (dashed circles) m/z highlighted.

Fig. 3. Representative chromatograms of 1'-hydroxymidazolam (A and C) and 4-
hydroxymidazolam (B and D) in the rat brain microsomes containing 500 uM of the substrate
analyzed by two different methods, consisting of different mobile phases and gradient conditions.
Composition of mobile phases and their gradient conditions for the initial and final methods are

described in Section 2.2.

Fig. 4. Typical MRM chromatograms of 1'-hydroxymidazolam in blank brain microsomal matrix
spiked with zero (A), 1 (B), or 100 (C) nM of 1'-hydroxymidazolam or in metabolic incubation
mixtures at the substrate (midazolam) concentrations of 1 (D) and 500 (E) uM. The concentrations
of 1'-hydroxymidazolam were 2.20 and 12.3 nM in D and E, respectively. For metabolic
incubations, rat brain microsomes (0.25 mg/mL) were incubated with midazolam for 10 min. For

comparison, the chromatogram of the internal standard is also shown (F).

Fig. 5. Typical MRM chromatograms of 4-hydroxymidazolam in blank brain microsomal matrix
spiked with zero (A), 1 (B), or 100 (C) nM of 4-hydroxymidazolam or in metabolic incubation
mixtures at the substrate (midazolam) concentrations of 1 (D) and 500 (E) uM. The concentrations
of 4-hydroxymidazolam were 2.24 and 25.2 nM in D and E, respectively. For metabolic
incubations, rat brain microsomes (0.25 mg/mL) were incubated with midazolam for 10 min. For

comparison, the chromatogram of the internal standard is also shown (F).

31



Fig. 6. Representative chromatograms of 1'-hydroxymidazolam (A and B) and 4-
hydroxymidazolam (C and D) in the rat brain microsomes immediately (To) and 10 min (T1o)

following microsomal incubation with 500 uM MDZ-HCI (A and C) or MDZ-Base (B and D).

Fig. 7. The time and protein linearity of the metabolite formation rates (A and B) and MM plots
(C and D, n = 5) of 1'-hydroxymidazolam (A and C) and 4-hydroxymidazolam (B and D) in the
rat brain microsomes. The time (0-15 min) and protein (0.25, 0.5, or 1.0 mg/mL) linearity studies
(A and B) were conducted in triplicates using brain microsomes containing 250 uM of MDZ-Base.
The MM studies (C and D) were conducted using 0.25 mg/mL microsomal protein with MDZ-
Base concentrations of 0—500 uM and incubation time of 10 min (n = 5 different brains). The
symbols and error bars represent the mean and SD, respectively, and the lines represent the linear

(A and B) or nonlinear (C and D) regression fit of the experimental data.
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Intensity (Cps x 106 for MDZ or Cps x 102 for Metabolite)
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