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Abstract

Background and Objective Midazolam is the preferred clinical probe drug for assessing CYP3A activity. We have previously
shown substantial intraindividual variability in midazolam absolute bioavailability and clearance in patients with obesity
before and after weight loss induced by gastric bypass or a strict diet. The objective was to describe intraindividual variability
in absolute bioavailability and clearance of midazolam in healthy individuals without obesity.

Methods This study included 33 healthy volunteers [28 + 8 years, 21% males, body mass index (BMI) 23 + 2.5 kg/m”]
subjected to four pharmacokinetic investigations over a 2-month period (weeks 0, 2, 4, and 8). Semi-simultaneous oral (0
h) and intravenous (2 h later) midazolam dosing was used to assess absolute bioavailability and clearance of midazolam.
Results At baseline, mean absolute bioavailability and clearance were 46 + 18% and 31 = 10 L/h, respectively. The mean
coefficient of variation (CV, %) for absolute bioavailability and clearance of midazolam was 26 + 15% and 20 + 10%, respec-
tively. Approximately one-third had a CV > 30% for absolute bioavailability, while 13% had a CV > 30% for clearance.
Conclusions On average, intraindividual variability in absolute bioavailability and clearance of midazolam was low to
moderate; however, especially absolute bioavailability showed considerable variability in a relatively large proportion of

the individuals.

1 Introduction

To evaluate sources of intra- and interindividual vari-
ability in metabolic drug clearance, in vivo probe drug
phenotyping is frequently used to assess the activity of a
target cytochrome P450 (CYP) enzyme. These phenotyp-
ing studies are of high interest both from an industrial
perspective, e.g., to quantify drug—drug interactions, and
from a clinical perspective, e.g., to quantify the effect of
disease states or individualize drug dosing. CYP3A is rec-
ognized as the single most important drug-metabolizing
subfamily, accounting for around 40% of CYP-mediated
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drug metabolism, and is frequently investigated in phe-
notyping studies [1]. CYP3A is abundantly expressed in
the liver and the small intestine, accounting for approxi-
mately 30% and 80% of the total CYP content in these
organs, respectively [2—4]. Accordingly, presystemic
metabolism by CYP3A is a crucial factor limiting the oral
bioavailability of substrate drugs. Among the four isoen-
zymes in the CYP3A subfamily, which include CYP3A4,
CYP3AS, CYP3A43, and CYP3A7 [5], CYP3A4 is the
major contributor to CYP3A-mediated drug metabolism
[5, 6]. However, the polymorphic CYP3A5 may contribute
significantly in individuals carrying functional CYP3A5
alleles (*1) [7]. There is substantial interindividual vari-
ability in CYP3A phenotype, due to environmental factors,
drug—drug interactions, and physiological factors, contrib-
uting significantly to variability in drug response [8, 9].
Several probe drugs have been suggested as CYP3A
metrics, such as erythromycin, alfentanil, alprazolam,
and triazolam [10]. Still, midazolam is recognized as the
gold standard method for assessing CYP3A phenotype
in vivo [11-13]. In addition to being a selective CYP3A
substrate in vivo [14, 15], midazolam has a high sensitivity

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-023-01257-z&domain=pdf
http://orcid.org/0000-0001-8118-7660

982

K. E. Kvitne et al.

The literature indicates low intraindividual variability
in clearance of midazolam, the standard CYP3A probe
drug, while absolute bioavailability has not yet been
determined.

This is the first study to describe intraindividual variabil-
ity in absolute bioavailability of midazolam in healthy
volunteers.

On average, there was a low to moderate intraindividual
variability in systemic clearance and absolute bio-
availability of midazolam in healthy individuals over a
2-month period. However, a relevant number displayed
considerable intraindividual variability, which may limit
the use of midazolam as a probe drug for CYP3A in
certain studies.

to CYP3A inhibitors and inducers [16—18], making it a
preferred CYP3A probe drug in clinical trials and drug
research. Previous studies have also indicated a low
intraindividual (within-subject) variability in midazolam
clearance following intravenous administration (coefficient
of variation (CV) < 20%) in healthy volunteers [19, 20],
which is a prerequisite for phenotyping metrics used to
study changes in enzyme activity over time. However, in
a recent study performed by our research group, mida-
zolam was used as a probe drug to investigate changes
in CYP3A activity in patients with severe obesity before
and after weight loss induced by gastric bypass or a strict
diet [21]. In this study, more than 60% of the patients had
an intraindividual CV > 30% for midazolam absolute bio-
availability during a 9-week period with three study inves-
tigations, and almost half of the patients also displayed a
CV > 30% for clearance [21]. In view of this finding, we
wanted to investigate if the large intraindividual variabil-
ity was attributed to an actual change in CYP3A activity
and not variability in midazolam pharmacokinetics in this
specific patient population. To which extent midazolam
actually reflects CYP3A activity in all patient populations
is a controversial subject, given its highly variable extrac-
tion ratio [22-24]. Accordingly, changes in midazolam
clearance depend not only on changes in CYP3A activ-
ity (intrinsic metabolic capacity) but also for example on
alterations in hepatic blood flow and protein binding. High
intraindividual variability in midazolam clearance chal-
lenges the use of midazolam to study changes in CYP3A
phenotype over time. Also, to the best of our knowledge,
within-subject variability in midazolam absolute bioavail-
ability has not yet been investigated in healthy volunteers.
Therefore, the objective of this study was to describe
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intraindividual variability in absolute bioavailability and
clearance of midazolam in healthy individuals during a
2-month period.

2 Methods
2.1 Study Participants and Study Design

This study was an open, prospective, single-armed, and sin-
gle-center study performed at Oslo University Hospital, Rik-
shospitalet, Norway. The participants were recruited from
the Greater Oslo Region, and healthy individuals with no
underlying disease, aged 18 years or above, and with body
mass index (BMI) < 30 kg/m2 were eligible for inclusion
in the study. Pregnant or nursing mothers were not eligible
to participate in the study. Exclusion criteria also included
conditions anticipated to interfere with gastrointestinal or
hepatic drug disposition, and treatment with substances that
may influence midazolam pharmacokinetics. Individuals
carrying functional CYP3A5*] alleles were excluded after
the baseline investigation (week 0). The study was approved
by the Regional Committee for Medical and Health Research
Ethics (2021/255289/REK) and performed in accordance
with the Declaration of Helsinki and Good Clinical Practice.
Written informed consent was collected before inclusion.

2.2 Study Visits and Procedures

All individuals were subjected to four 6-h pharmacokinetic
investigations: weeks 0, 2, 4, and 8 (+ 7 days). On the study
days, the participants fasted at least 2 h prior to the pharma-
cokinetic investigations except for water. Following baseline
blood sampling, the participants first received 1.5 mg oral
midazolam syrup (Midazolam Ratiopharm), followed by 1.0
mg intravenous midazolam (Midazolam B. Braun) 2 h later.
The intravenous midazolam was administered via a separate
peripheral venous catheter and flushed with 10 mL saline. A
standardized meal was served within 30 min after the intra-
venous midazolam administration for all participants. Blood
samples were collected from a peripheral venous catheter
before (0 h) and 0.25,0.5, 1, 1.5, 2, 2.25,2.5, 3, 3.5, 4, 5, and
6 h after oral midazolam administration. The blood samples
were drawn in 4 mL K, EDTA vacutainers and centrifuged
for 10 min at 4 °C (1800g). Plasma was separated into Cryo-
vials and frozen at — 80 °C until analysis.

2.3 Clinical Chemistry Analyses
Fasting blood sample assessments of alanine aminotrans-

ferase (ALT), aspartate aminotransferase (AST), gamma-
glutamyl transferase (GGT), total cholesterol, C-reactive
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protein (CRP), albumin, hemoglobin, and hemoglobin Alc
(HbA1lc) were performed at baseline as standard safety
analyses. An analysis of CYP3A variant alleles was also
performed in association with the first study investigation,
and the following variant alleles were assessed: CYP3AS5,
the null allele *3 (rs776746), and CYP3A4, the reduced
function allele *22 (rs35599367). Clinical chemistry analy-
ses and genotyping were performed on fresh blood samples
according to the hospital’s routine procedure.

2.4 Bioanalytical Assay

Midazolam plasma concentrations were determined by a val-
idated ultrahigh-performance liquid chromatography tandem
mass spectrometry (UHPLC-MS/MS) method at the Depart-
ment of Pharmacy, University of Oslo, Norway as previ-
ously reported [25]. In brief, 100 pL of plasma was added to
200 pL of 95% acetonitrile and 5% methanol and deuterated
internal standard to 5 ng/mL (midazolam-d6). The samples
were vortex-mixed briefly, followed by 1 h of storage at — 20
°C. Samples were centrifuged for 10 min at 2272g at 4 °C,
and the supernatant (50 pL) was added to 50 pL mobile
phase A before injection (5 pL) into the UPLC-MS/MS sys-
tem [Vanquish UPLC coupled to an Altis triple quadrupole
mass spectrometer (Thermo-Fisher, Waltham, MA)]. The
analytical column was an Aquity HSS T3 C18, 2.1 x 50
mm column (Waters, Milford, MA), with an Aquity HSS
T3 VanGuard 2.1 mm X 5 mm Pre-column (Waters, Mil-
ford, MA). Mobile phase A consisting of 5% acetonitrile and
10 mM ammonium formate and mobile phase B consisting
of 90% acetonitrile and 10% methanol were delivered in a
gradient flow rate of 0.4 mL/min. Calibrators and quality
control (QC) samples were prepared in blank plasma and
analyzed in each analytical run. Ten calibrators in the range
0.25-100 ng/mL were applied. Lower limit of quantification
(LLOQ) was 0.25 ng/mL, and upper limit of quantification
(ULOQ) was 100 ng/mL. All study samples from each indi-
vidual were analyzed in the same analytical run to minimize
the bioanalytical variation. Within-series and between-series
performance were assessed with resulting CV of < 4.3% and
< 10.4%, and the mean accuracy ranged from 93 to 101%
and 93 to 102 %, respectively.

2.5 Population Pharmacokinetic Modeling

Given the semi-simultaneous dosing of midazolam, a pre-
viously developed and validated population pharmacoki-
netic model of midazolam was used as Bayesian prior for
predictions of absolute bioavailability and area under the
curve (AUC) was used for determination of clearance in

the present study [21]. The population pharmacokinetic
modeling was performed using the nonparametric adaptive
grid approach implemented in Pmetrics (version 1.5.2) for
R (version 4.1.1) [26, 27]. This pharmacokinetic model is
a catenary three-compartment model with absorption lag-
time and first-order elimination from the central compart-
ment and parameterized to determine individual absolute
bioavailability. The model was developed using data with
semi-simultaneous oral and intravenous dosing design with
rich pharmacokinetic profiles (18 samples over 24 h) [21].
The predictive performance for determination of absolute
bioavailability and AUC when applying the dosing design
in the present study (2 h between oral and intravenous mida-
zolam dosing and 6-h sampling) was investigated in the vali-
dation dataset of the previously developed model before the
study start by comparing the results from the full 24-h data
(reference) with the results obtained with the 6-h truncated
data. The results are presented in Supplementary Table S1.
A total of 1737 midazolam concentrations corresponding
to 134 unique pharmacokinetic profiles were available from
a total of 38 individuals in the present study. The diagnostic
plots of observed versus individual predicted concentration
plots and residual plots were considered, with no major bias
(Supplementary Fig. S1). Detailed results from the adapted
population pharmacokinetic modeling, as well as a visual
predictive check and an observed versus population pre-
dicted concentration plot, are presented in Supplementary
Figs. S2 and S3 and Supplementary Tables S2 and S3.

2.6 Statistical Analysis and Calculations

No strict sample size calculation has been performed due
to the descriptive nature of this study. However, on the
basis of the literature on midazolam absolute bioavail-
ability, we planned to include 30 individuals to ensure a
good descriptive power of the intraindividual variability in
midazolam pharmacokinetics. Intraindividual variability
was determined by calculating CV% of absolute bioavail-
ability and clearance of midazolam. Posterior individual
parameter values obtained from the population pharma-
cokinetic model were used to describe midazolam phar-
macokinetics. Absolute bioavailability, maximum plasma
concentrations (Cp,,,) after oral midazolam administration,
and time to reach C,,, (T,,,,) Were obtained directly from
the model predictions, while clearance was calculated
using dose and model derived AUC from zero to infin-
ity. The function make AUC() in the Pmetrics package
for R was used to calculate the model-derived area under
the concentration versus time curve from zero to infinity
(AUC,,¢)- Clearance was calculated according to Eq. (1).
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Clearance (L /h)
_ ((Absolute bioavailability(F) X 1.5 mg) + 1.0 mg)
B AUC,_;,¢(mg x h/L) '

ey
Visual inspection of plots and the Shapiro—Wilk test
were used to assess the normality of the data. A linear
mixed-effects model was used to estimate changes over
time and potential diurnal variation. The pharmacoki-
netic parameter was treated as dependent variable, and
visit (weeks 0, 2, 4, and 8), time of day (morning or after-
noon), and their interaction were treated as fixed effects.
The unique patient identifier was used as a random effect
(individual intercepts), to account for individual variabil-
ity. Contrast analyses were performed for parameters of
interest. The confidence intervals were adjusted using the
Tukey method. Student’s #-test was used to compare means
between two groups. Data from the first pharmacokinetic
investigation (week 0) in individuals carrying functional
CYP3A5*] alleles were included in a separate cross-
sectional analysis investigating the impact of genotype
on absolute bioavailability and clearance of midazolam.
All statistical analyses were performed using R, and a
P value < 0.05 was considered statistically significant
[26].

3 Results
3.1 Participant characteristics

Between 1 June 2021 and 5 October 2021, 45 healthy vol-
unteers were screened for eligibility. Seven individuals
were found to be ineligible due to obesity (n = 1), tachy-
cardia (n = 1), systolic murmur (rn = 1), Crohn’s disease (n
= 1), and vasovagal syncope (n = 3), leaving 38 individu-
als that were included in the study. Five individuals were
heterozygote carriers of the CYP3A5*] allele and were
excluded after the investigation at week 0. One individual
withdrew after the study visit at week 2, and another did
not show for the week 2 investigation. Accordingly, 31
individuals completed all four study visits. Baseline char-
acteristics are presented in Table 1. The individuals (97%
Caucasians) had a mean age of 28 + 8 years and a mean
BMI of 23 + 2.5 kg/mz, and 79% were women.

3.2 Intraindividual variability
Mean CV% for midazolam absolute bioavailability and
clearance was 26 + 15% and 20 + 10%, respectively.

Approximately one-third (n = 10) had a CV > 30% for abso-
lute bioavailability, ranging from 6 to 69% (Supplementary
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Table 1 Patient characteristics at baseline

Healthy
volunteers (n
=33)
Sex (female/male) 26/7
Age (years) 28 +8
Ethnicity (Caucasian/other) 32/1
Body weight (kg) 69 +9
BMI (kg/m?) 23+25
Hemoglobin (g/dL) 13+1.1
AST (U/L)? 22+ 11
ALT (U/L) 21 +9.1
Gamma-glutamyl transferase (U/L) 17+7.3
HbA 1c (mmol/mol) 31+22
Total cholesterol (mmol/L) 4.2 +0.81
C-reactive protein (mg/L) 1.5+25
Albumin (g/L) 45+ 3.0
Genotype
CYP3A4*1/*] 31 (94%)
CYP3A4*1/%22 2 (6%)

Data are presented as mean = SD or number (%)

ALT alanine aminotransferase, AST aspartate aminotransferase, BMI
body mass index, HbAIc hemoglobin Alc

*AST is missing for two individuals at baseline due to hemolysis.
C-reactive protein and albumin are missing for two individuals due to
technical errors

Table S4). The intraindividual variability was lower for
clearance (Supplementary Table S5), with CV values rang-
ing from 7 to 41%. Individual plots for the midazolam abso-
lute bioavailability and clearance are shown in Fig. 1. The
mixed model analysis showed no statistically significant
differences in absolute bioavailability or clearance of mida-
zolam between the four study investigations and no diurnal
variation (all P > 0.05). Further, no correlation between
absolute bioavailability and clearance was observed (R =
0.10, P = 0.26) (Supplementary Fig. S4). Pharmacokinetic
data from the four study visits are presented in Table 2.

3.3 Interindividual variability

There was a seven- and four-fold difference in absolute bio-
availability and clearance of midazolam between individu-
als, respectively. Females had lower absolute bioavailability
compared with males: — 21% (95% CI — 33 to — 9), while
there was no difference in clearance [0.02 L/h (— 4.3 to 4.3)].
Individuals carrying one functional CYP3A5*] allele had
similar absolute bioavailability [13% (95% CI — 8 to 31)]
and clearance [— 0.64 L/h (95% CI — 6 to 4)] as individuals
homozygous for the nonfunctional CYP3A5*3 allele (week
0).
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Fig. 1 Intraindividual variability in midazolam pharmacokinetics. Individual plots for a absolute bioavailability and b clearance of midazolam

Table2 Midazolam
pharmacokinetic variables and

Week 0 (n = 33)

Week 2 (n =32) Week4 (n=32) Week8 (n=232)

parameters at the four study Absolute bioavailability (%) 46 + 18 48 + 19 52 +21 51+ 14

visits Clearance (L/h) 31499 33489 32479 31477
Conax. oral (HE/L) 6.3+24 6.5+22 6.9 +23 72429
Tax. orat (1) 0.97 + 0.47 0.90 + 0.32 1.1 +0.46 0.93 + 0.32
AUC (ug h/L) 62 + 23 57 +20 58+ 15 61 + 23

Data are presented as mean + SD

AUC area under the curve, C,,,.

4 Discussion

This is the first study to describe intraindividual variability
in absolute bioavailability of midazolam in healthy volun-
teers. The main findings were that intraindividual variability
in absolute bioavailability was moderate, and as expected,
the variability was more extensive than for clearance.
Assuming that these parameters actually reflect intesti-
nal and hepatic CYP3A activity, the findings suggest that
CYP3A activity is relatively stable over time in most healthy
individuals. However, a considerable intraindividual vari-
ability was observed in a relevant proportion of the healthy
individuals. Given that a low intraindividual variability is a
prerequisite for phenotyping metrics used to study changes
in the activity of a target enzyme, the findings in the present
study should be taken into consideration in phenotyping
studies using midazolam to study changes in CYP3A activ-
ity over time.

The wider range in intraindividual variability for abso-
lute bioavailability may be attributed to numerous factors

maximum plasma concentrations, 7,

, T, time toreach C,

influencing the absorption and presystemic metabolism of
midazolam, such as gastric and intestinal transit time, gastro-
intestinal motility, and splanchnic blood flow [28, 29]. Some
individuals displayed a large intraindividual variability, and
a CV above 40% was observed in three study participants,
and one individual had a CV of 69%. We could not iden-
tify any subject-dependent factors (such as gender) or other
covariates that could explain the high variability in these
individuals. In addition, we observed no correlation between
absolute bioavailability and clearance of midazolam, i.e.,
low clearance values did not necessarily correspond to
high absolute bioavailability values and vice versa. Thus,
it appears that intestinal extraction is of greater importance
for the observed variability. Similar to our findings, a recent
study reported significant intraindividual variability in mida-
zolam exposure in several of the study participants and low
intraindividual variability in others (mean CV was 11%)
[30]. Furthermore, previous studies have reported a low
mean intraindividual variability in midazolam clearance [19,
20, 31], which is in agreement with the results in this study.
Kharasch et al. reported a similar mean CV of midazolam
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clearance (19 + 12%) over 21 days as in the present study
[20]. Kashuba et al. also investigated the CV of midazolam
clearance six times over a 3-month period. Median CV in
the 20 individuals (10 males) was 10%, ranging from 5 to
22% [19].

The findings in the present study are in contrast to the
large intraindividual variability that we observed in patients
with obesity before and after weight loss induced by gas-
tric bypass or a strict diet [21]. This discrepancy may be
explained by major physiological changes occurring in the
patients with obesity following the intervention. In view of
the results in the present study, we hypothesize that the large
intraindividual variability observed in the patients with obe-
sity previously was attributed to within-subject variability in
midazolam absolute bioavailability and clearance rather than
actual intraindividual variability in CYP3A activity. Thus,
it seems that other processes such as alterations in hepatic
blood flow or protein binding may influence midazolam
pharmacokinetics more than previously assumed, particu-
larly in specific patient populations. Given that our study
population was a homogeneous group of young Caucasians,
the intraindividual variability may be different in other more
heterogeneous populations.

The major strengths of this study include that we could
determine both absolute bioavailability and clearance of
midazolam in more than 30 individuals, and that over 95%
of the participants completed all four study visits. Also,
the bioanalytical within-series CV was below 5%, sug-
gesting that the bioanalytical variability should not have
contributed significantly to the observed intraindividual
variability in this study. Limitations of the present study
include the semi-simultaneous administration of mida-
zolam, with a short time period between oral and intra-
venous dosing. However, we used a previously validated
population pharmacokinetic model [21] that was devel-
oped on a large dataset in which there were 4 h between
the oral and intravenous dose and blood samples for deter-
mination of midazolam plasma concentrations collected
over 24 h. Using this dataset as a Bayesian prior, the abso-
lute bioavailability and AUC of midazolam were accu-
rately predicted. Food intake has been reported to increase
clearance and reduce AUC of intravenously administered
drugs with a moderate to high hepatic extraction ratio due
to an increase in hepatic blood flow [32]. As such, we can-
not rule out that the standardized meal that was served in
close approximation to the intravenous midazolam dose
to some degree has influenced the results. Also, external
factors, such as food intake prior to the 2-h fasting and
physical activity, were not controlled. To minimize any
potential influence by circadian variations, we aimed for
the individuals to have their study visit at the same time
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of the day each time (~ 2:00 p.m.), but 15 individuals had
one or two study investigations that started in the morn-
ing (~ 9:00 a.m.). While the diurnal variation in clearance
appears to be small [33, 34], oral bioavailability of mida-
zolam has been shown to display 24-h variation, with a
relative difference of ~ 30% between peak and trough lev-
els [33]. However, time of day had no impact on absolute
bioavailability and clearance of midazolam in the mixed
effects model analysis. Thus, we do not believe that diurnal
variation has influenced the results significantly. Finally,
we did not measure albumin, ALT, and CRP over time.
However, as the participants were healthy individuals, we
do not suspect this influenced the results.

In conclusion, intraindividual variability in midazolam
absolute bioavailability and clearance was low to moderate
on average; however, a relevant proportion of the individu-
als displayed high intraindividual variability. Altogether,
the results indicate minor variability in CYP3A activity
over time in healthy individuals. The considerable intrain-
dividual variability observed in some of the individuals
limits the use of midazolam as a sole metric to study
changes in CYP3A activity over time.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-023-01257-z.
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