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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AlM

We aimed to establish a method to assess systemic and pre-systemic
cytochrome P450 (CYP) 3A activity using ineffective microgram doses
of midazolam.

METHODS

In an open, one sequence, crossover study, 16 healthy participants
received intravenous and oral midazolam at microgram (0.001 mg
WHAT THIS STUDY ADDS intravenous and 0.003 mg oral) and regular milligram (1 mg
intravenous and 3 mg oral) doses to assess the linearity of plasma and
urine pharmacokinetics.

RESULTS

Dose-normalized AUC and Cp.x were 37.1 ng mI="h [95% Cl 35.5, 40.6]
and 39.1 ng ml™" [95% Cl 30.4, 50.2] for the microdose and

39.0 ng mI~"h [95% Cl 36.1, 42.1] and 37.1 ng ml~" [95% Cl 26.9, 51.3]
for the milligram dose. CLye Was 253 ml min~' [95% Cl 201, 318]

vs. 278 ml min~' [95% Cl 248, 311] for intravenous doses and

1880 ml min~' [95% Cl 1590, 2230] vs. 2050 ml min~' [95% CI 1720,
2450] for oral doses. Oral bioavailability of a midazolam microdose was
23.4% [95% Cl 20.0, 27.3] vs. 20.9% [95% Cl 17.1, 25.5] after the regular
dose. Hepatic and gut extraction ratios for microgram doses were 0.44
[95% Cl 0.39, 0.49] and 0.53 [95% Cl 0.45, 0.63] and compared well with
those for milligram doses (0.43 [95% Cl 0.37, 0.49] and 0.61 [95% Cl
0.53, 0.70]).

CONCLUSION

The pharmacokinetics of an intravenous midazolam microdose is linear
to the applied regular doses and can be used to assess safely systemic

CYP3A activity and, in combination with oral microdoses, pre-systemic

CYP3A activity.
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Introduction

The cytochrome P450 (CYP) gene family encodes >50
isozymes playing an important role in the clearance of
drugs from the human body [1]. CYP3A is the most abun-
dant in the human liver and gut, accounting for 40% of
total hepatic and 82% of total intestinal CYP content [2].
Xenobiotics can act also as inducers or inhibitors of CYP3A
thus modifying the exposure of the very numerous CYP3A
substrates and, hence, their effectiveness and tolerability
[3]. Therefore, reliable and safe phenotyping strategies
assessing CYP3A activity are needed.

The benzodiazepine midazolam is the paradigm
marker substrate for the in vivo assessment of CYP3A activ-
ity recommended by the FDA and EMA [4, 5]. For this
purpose it is particularly well suited because it is almost
exclusively metabolized by CYP3A to 1'-OH-midazolam [6].
In the subsequent UDP-glucuronosyltransferase (UGT)-
mediated phase ll-reaction the main urinary metabolite
1’-OH-midazolam-glucuronide is formed [7]; 63-80% of
the dose is found conjugated in the urine within 24 h,
while only 1% is excreted unchanged [8]. The most predic-
tive and reliable parameter for in vivo CYP3A activity is the
metabolic clearance (CLmet) to 1'-OH-midazolam [9].

The total CYP3A activity can be assessed using oral
midazolam whereas the use of intravenous midazolam
allows the measurement of systemic CYP3A activity [9].
Usually CYP3A activity is measured before and during
treatment with a potential perpetrator drug [4, 5]. The EMA
recommends the use of intravenously administered
midazolam to investigate effects on systemic CYP3A
catalyzed metabolism especially if a perpetrator is likely to
be administered intravenously and a marked effect is
found on orally administered midazolam [5].

When used as a CYP3A probe in drug interaction
studies, midazolam doses are lower than the doses used
during anaesthetic induction or sedation of patients and
usually range between 1-4 mg [10]. We have previously
shown that oral doses of midazolam exhibit linear
pharmacokinetics over a 30 000-fold range and that oral
microdoses can successfully predict drug interactions with
strong inhibitors of CYP3A in healthy volunteers [11] and
patients with haematological diseases [12]. Microdosing
refers to the concept of administering 1% of a pharmaco-
logically active dose of a substance or 100 ng, whatever is
less, to study a substance’s property. Because these doses
are far below the no observed adverse effect level (NOAEL)
it is an attractive approach to assess a drug’s propensity to
exert pharmacokinetic drug interactions in early drug
development and also in vulnerable populations. To be
useful and predictive, it needs systematic validation to
show dose linearity [13].

In this study we investigated intravenous and oral
microgram and milligram doses of midazolam to evaluate
the linearity of bioavailability and drug disposition in
healthy volunteers.

Midazolam microdosing BJCP

Methods

Study quality standards

After approval by the responsible Ethics Committee of
the Medical Faculty of the University of Heidelberg and
the Federal Institute of Drugs and Medical Devices
(BfArM, Bonn, Germany) we performed a monocentre
drug trial (EudraCT 2012-000970-52) in healthy volun-
teers. The study was carried out at the Clinical Research
Center of the Department of Clinical Pharmacology and
Pharmacoepidemiology, University of Heidelberg, which
is certified according to DIN EN I1SO9001. It was con-
ducted in agreement with the standards of Good Clinical
Practice (as defined in the International Conference on
Harmonization E6 Guideline for Good Clinical Practice),
the Declaration of Helsinki and the specific legal require-
ments in Germany.

Population

After obtaining written informed consent, 17 participants
were enrolled. One participant dropped out due to diffi-
culties in getting venous access for frequent blood sam-
pling. Hence, 16 healthy participants aged 18 to 60 years
(four females, one Asian) participated in all 4 study days.
They were mentally and physically healthy as ascertained
by medical history, clinical examination, electrocardio-
gram and routine laboratory analyses including haematol-
ogy, blood chemistry, urine screening for illicit drugs and a
quantitative pregnancy test in females to exclude preg-
nancy. All participants were informed to use a double
barrier method for contraception. None of the participants
had been on any regular drug treatment in the 2 weeks
prior to the study nor were they taking any drugs or any
substances known to induce or inhibit drug metabolizing
enzymes or transporters (e.g. grapefruit juice or St John's
wort) within a period of less than 10 times the respective
elimination half-life. Participants with known intolerance
against midazolam were excluded as were participants
with any of the following conditions: regular smoking,
excessive alcohol drinking, blood donation within the last
4 weeks, participation in another study within the last 6
weeks before inclusion, suspected non-adherence, or
inability to give written informed consent or to communi-
cate well with the investigator.

Study design

This was an open label, fixed sequence, single dose, dose
escalating study that was conducted in 16 healthy partici-
pants of either gender.

Study conduct

On 4 separate study days, participants received 3 ug of
midazolam solution orally, 1 ug of midazolam intrave-
nously over 5 min, 3 mg of midazolam solution orally or
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1 mg of midazolam intravenously over 5 min. The washout
between each study day was at least 72 h. Alcoholic and
methylxanthine-containing beverages were not allowed
on study days and in the 24 h before midazolam adminis-
tration. Lunch and dinner on study days consisted of
standardized meals provided by the hospital.

The preparation of midazolam from a vial containing
5 mg midazolam in 5 ml (Dormicum® V, Roche, Grenzach-
Wyhlen, Germany) was done using calibrated Eppendorf®
pipettes. For the 3 mg oral dose 3000 pl of Dormicum®
were directly transferred into a plastic cup containing
100 ml of water. For the 3ug oral dose 100ul of
Dormicum® were diluted in 9900 ul of water for a con-
centration of 10ug ml™". Then 300l of this solution
were transferred into a plastic cup containing 100 ml of
water. For the 1 mg intravenous dose 2 ml of Dormicum®
were transferred into a 50 ml syringe containing 38 ml
of saline solution (Fresenius, Germany) (final concentra-
tion 0.05 mg ml™") and 20 ml were injected in 5 min using
a syringe pump. For the 1pug intravenous dose 1 ml
of Dormicum® was diluted in 999 ml of physiological
saline solution for a concentration of 1 g ml™. Two ml
were transferred into a 50 ml syringe containing 38 ml
of saline solution (final concentration 0.05ug ml™)
and 20 ml were injected in 5 min using a syringe pump.
These dilution steps were carried out according to
a corresponding dilution protocol by the investigator
with a four-eyes-principle shortly before application
which was documented appropriately. The possibility
of losses due to adsorption to tubing and vials was
thoroughly evaluated and confirmed in preceding
experiments [14].

Blood and urine sampling

Midazolam was administered in the morning of each study
day after an overnight fast. Venous blood samples were
drawn before and 15, 30 and 45 min as well as 1, 1.5, 2, 2.5,
3, 4, 6, 8 10 and 24 h after administration of oral
midazolam and before and 5, 15, 30 and 45 min as well as
1,1.5,2,25,3,4,6, 8, 10 and 24 h after administration of
intravenous midazolam. Blood samples were immediately
centrifuged for 10 min at 4°C and 2500 g and plasma was
stored at —20°C until analysis. Volunteers were instructed
to void their bladder in the morning and then to collect
urine completely for 24 h post-dose in a container. Urine
volume was measured and two 10 ml urine aliquots were
stored at —20°C.

Analytical assays

Midazolam and 1-OH-midazolam plasma and urine
(after deconjugation) concentrations were quantified
by LC/MS/MS techniques as previously described [14,
15] with a lower limit of quantification (LLOQ) of
0.093 pg mI™' for midazolam and 0.281 pg ml™" for 1'-OH-
midazolam.
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Pharmacokinetic analysis and

statistical evaluation

Standard pharmacokinetic parameters of midazolam and
1"-OH-midazolam were determined using Kinetica 5.0
(Thermo Fisher Scientific, Waltham, MA, USA). The follow-
ing pharmacokinetic parameters were calculated by a non-
compartmental analysis using plasma concentrations
of midazolam (pg ml™), blood collecting times (h) and
administered midazolam doses (mg): maximum concen-
tration (Cax, pg MI™"), time to Crax (tmax, h), terminal half-life
(t1,2, h), volume of distribution (Vs or Vi/F, I), area under the
plasma concentration—time profile (AUC(0,), pg ml™"h),
metabolic clearance, total clearance, and apparent oral
clearance (CL/F, mimin™). Cnax and tmax were directly
obtained from the concentration—time curve. AUCs were
calculated by a mixed log-linear model.

Metabolic clearance to 1’-OH-midazolam was calcu-
lated as Ae (1'-OH-midazolam)urine/AUC(midazolam)yiasma.

Hepatic (ERy = CL,/Qu) and gastrointestinal extraction
ratio (ERs =1 — F/1 — ERy) were calculated assuming a liver
blood flow (Qu) of 25.4 ml min™' x body weight (kg) x (1 —
haematocrit) [16]. Bioavailability was calculated as follows:
Bioavailability (F) = (intravenous dose (D) x AUC,)/(oral
dose (Dpo) x AUC,).

With a sample size of 16 participants a difference in
AUC greater than 25% between intravenous microgram
and milligram (CV% = 14%) dose will be detected with a
power of 0.96 and o = 0.05 (https://www.statstodo.com/
SSizBioequiv_Pgm.php). The statistical analysis was per-
formed with Prism 6.0 (Graphpad, San Diego, USA). To
compare Cnax and AUC between microgram and milli-
gram doses, the results were normalized to a dose of
1 mg. Groups were compared with a paired t-test after
log-transformation. A P value <0.05 was considered
significant.

Results

The pharmacokinetics of oral midazolam microdoses are
shown in Table 1 and Figure 1. The midazolam concentra-
tion was > LLOQ in all post-dose samples and quantifi-
able. No significant differences between midazolam phar-
macokinetics after intravenous administration of 1ug
and 1 mg were observed for dose-normalized Cnax and
AUC, ti,, total clearance and volume of distribution
(Table 1, Figure 1). The geometric mean ratio of each PK
parameter was nearly 1 (Table 2) in most cases. The 90%
confidence interval of AUC geometric mean ratio was
within bioequivalence limits for both oral and intrave-
nous doses while Gy dispersed more (Table 2). Within
24 h after dosing, 59.9% of the intravenous and 69.4% of
the oral microgram doses of midazolam were recovered
in the urine as 1-OH-midazolam and its conjugates,
which is comparable with the recoveries after the
milligram doses (intravenous 61.2%, oral 67.5%). The
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Table 1

Midazolam microdosing BJCP

Pharmacokinetics of intravenous and oral microgram and milligram doses of midazolam in healthy volunteers

Dose (mg)

Route Intravenous

Cimax (pg mI=") 39.1[30.4, 50.2]
Dose-normalized Cpax 39100 [30400, 50200]
tmax (h) 0.083

AUC(0,) (pg mI~"h) 37.9[35.5, 40.6)
Dose-normalized AUC(0,0) 37900 [35500, 40600]
t1/2 (h) 3.55 [3.01, 4.19]

CL or CL/F (ml min-") 439 [411, 470]
CLmet (Ml min~") 253[201, 318]
Vss (1) 83.5 [72.3, 96.6]
Ae (1'-OH-midazolam) (% of dose) 59.9 [47.7, 75.1]
F (%)

37100 [26900, 51300] 11.91[9.17,13.7] 9990 [8050, 12400]
37100 [26900, 51300] 11900 [9170, 13700] 9990 [8050, 12400]
0.083 0.50 [0.25-0.75] 0.50 [0.25-0.75]
39000 [36100, 42100] 26.6 [22.4, 31.5] 24400 [20400, 29200]
39000 [36100, 42100] 8870 [7470, 10500] 8130 [6800, 9730]
4.02 [3.63, 4.46] 3.26 [2.81, 3.80] 3.96 [3.76, 4.17]
428 [396, 462] 1880 [1590, 2230] 2050 [1720, 2450]
278 (248, 311] 1286 [1075, 1537] 1199 [905, 1588]
73.5[62.1, 87.1] 413 [355, 481] 469 [404, 544]
61.2 [50.4, 74.4] 69.4 [64.7, 74.5] 67.5[62.7, 72.5]
23.4[20.0, 27.3] 20.9 [17.1, 25.5]

Geometric mean and 95% confidence interval for all parameters except tmax. Median and range for tmax. Ae, amount excreted into the urine; AUC(0,), area under the
time—concentration curve; CL, clearance; CL/F, apparent oral clearance; CLyet, metabolic clearance; Cnax, observed maximum plasma concentration; £ bioavailability; ti/, half-life;

tmax, time to reach the Gpax Vs, steady-state volume of distribution.
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Plasma concentration—time curve (mean and 95% confidence interval) of midazolam after intravenous (circles) and oral (triangles) administration of
milligram and microgram doses of midazolam to 16 healthy volunteers. Closed symbols represent microgram doses, open symbols milligram doses

calculated metabolic clearances of the two intravenous
doses and the corresponding values for oral doses were
similar (Table 1, Figure 2) as was the bioavailability of
microgram and milligram doses (Table 1, Figure 3A).
Hepatic and gut extraction ratios for microgram doses
were 0.44 [95% Cl 0.39, 0.49] and 0.53 [95% Cl 0.44, 0.63]
and those for milligram doses were 0.43 [95% CI 0.37,
0.49] and 0.61 [95% Cl 0.53, 0.70] (Figure 3B and C). While
there was no statistical difference in hepatic extraction
ratio, gut extraction ratio after the oral microdose of

midazolam was 13% smaller (P = 0.03). Intra- and
interindividual variability of microdoses and milligram
doses did not differ (Table 3).

Safety and tolerability

All 16 participants completed the 4 study days. Midazolam
doses were well tolerated. No benzodiazepine effects and
no adverse events were observed after microgram doses.
All adverse events were observed after administration of
milligram doses of midazolam, they were non-serious,
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low-grade and transient in nature. Two participants expe-
rienced transient asymptomatic hypotension after infu-
sion of 1mg doses of midazolam. All participants
experienced drowsiness or sleepiness for several hours
after administration of milligram doses of midazolam.

Table 2

Comparison of midazolam pharmacokinetic parameters between
microdoses and milligram doses. Values near 1 indicate perfect linearity

Parameter Intravenous midazolam Oral midazolam
AUC (dose-normalized) 1.03[0.95, 1.11] 1.09[0.98, 1.20]
Cmax (dose-normalized) 1.05[0.75, 1.48] 1.12[0.98, 1.28]
Clmet 0.93[0.78, 1.11] 1.04 [0.83, 1.29]
ti2 0.88 [0.77, 1.02] 0.92 [0.81, 1.05]
Vss or Vss/F 1.14[0.99, 1.31] 0.89[0.79, 1.00]
Ae 0.96 [0.70, 1.31] 1.04 [0.97, 1.12]

Geometric mean ratio and 90% confidence intervals of all parameters. Ae,
amount excreted into the urine; AUC(0,%), area under the time—concentration
curve; Clmet, metabolic clearance; Crax, observed maximum plasma concentration;
F, bioavailability; ti/,, half-life; Vi, steady-state volume of distribution.

Discussion

This study shows linearity of absorption, distribution,
metabolism and elimination of a midazolam microdose
with essentially no pharmacokinetic parameter differing
between microgram and milligram doses, independently
of the route of administration. While our earlier study
already suggested that absorption was linear in the range
between 100 ng and 3 mg direct intra-individual compari-
son with intravenous pharmacokinetics has now con-
firmed this earlier finding [11].

For a number of reasons midazolam is well suited as a
probe drug in microdosing studies: (1) It can be quantified
in plasma even at concentrations less than 1 pg ml™ using
MS/MS-technology not requiring radio-labelled drugs [14],
(2) plasma concentrations in the observed dose range are
well below Kw of 3-5um for the CYP3A4-mediated
biotransformation of midazolam [17]. Hence first order
kinetics may be anticipated for CYP3A-dependent from
enzyme kinetics for all investigated doses, (3) a saturated
enzymatic process becoming unsaturated would disrupt
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Table 3

Comparison of the coefficient of variation (CV%) between microdosing and milligram doses

Parameter ng dose oral ng dose intravenous mg dose oral mg dose intravenous
Cinax 38.2% 43.7% 51.0% 61.3%
AUC(0,) 30.9% 13.2% 31.3% 14.0%
ti2 26.7% 27.4% 19.4% 19.4%
CL/For CL 32.3% 11.9% 35.8% 14.9%
Vss/F or Vs 28.0% 24.8% 25.6% 36.7%
F 29.4% 36.1%
ERu 20.3% 25.6%
ERe 26.0% 43.9%
Ae 33.9% 27.1% 252% 12.9%
Clmet 11.4% 40.6% 45.4% 21.7%

Ae, amount excreted into the urine; AUC(0,), area under the time—concentration curve; CL, clearance; CL/F, apparent oral clearance; CLmet, metabolic clearance; Crmax, observed
maximum plasma concentration; ERg gut extraction ratio; ERy, hepatic extraction ratio; F, bioavailability; ti, half-life; Vs, steady-state volume of distribution.

pharmacokinetic linearity. There is no other enzyme
metabolizing midazolam with low capacity but high affin-
ity that could become unsaturated while scaling down the
dose [18] and (4) moreover, midazolam is not a substrate
of important drug transporters like P-glycoprotein (P-gp)
[19] or SLCO1B1 [20], so neither transportation processes
might become unsaturated for microgram doses.

The accuracy of the pharmacokinetic prediction is
deemed acceptable and linearity of microdoses confirmed
if the results of regular doses and microdoses scatter
within a two-fold range [13]. In this regard, the midazolam
microdose did very well and most parameters fulfilled
these requirements (Table 2). Both dose levels had a
similar statistical dispersion (Table 3). A notable exception
was Cmaxy, Which was determined as a non-continuous vari-
able, i.e. directly derived from the sampling points. The

most relevant parameter, mean metabolic clearance, was
equal (Figure 2) and correlation of individual clearances
(Figure 2, insert) was good with only two cases with clear-
ance values deviating slightly more than two-fold on one
study day.

Bypassing pre-systemic elimination through intrave-
nous administration further reduces pharmacokinetic vari-
ability caused by the absorption process. Therefore, and in
accordance with our earlier findings [11], we anticipated
linearity of the pharmacokinetics intravenous doses, and
dose-normalized values for Cnax and AUC indeed well com-
pared with the data of the former study. The same was true
for clearances, half-lives and volumes of distribution. Com-
paring dose-normalized microdose data with published
data from microgram and milligram doses showed linear-
ity of pharmacokinetic parameters ranging from 100 ng to
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10 mg for oral doses and 1 ug to 10 mg for intravenous
doses [8, 11, 13, 15, 21]. There was no difference in
the absorption process reflected by bioavailability and
Cmax between our work and previously published data
[13,15, 21].

Use of intravenous midazolam microdosing will help to
assess sensitively systemic CYP3A activity in vivo without
side effects. Combination with an oral microdose is a
useful method for the safe investigation of net systemic
and pre-systemic CYP3A metabolism, allowing the estima-
tion of hepatic and intestinal contribution. While the safety
profile of a usual midazolam dose is favourable in most
cases, the risk of cardio-depression or prolonged sedation
remains which is eliminated using a microdose. The extent
of extrinsic modulators of CYP3A activity such as
co-medication can also be investigated safely in target
populations. We have recently shown that midazolam
clearance in haematological patients taking posaconazole
was inhibited to a similar extent compared with healthy
volunteers using a 3 ug oral dose without any systemic
benzodiazepine effects [12]. Even when combinations of
strong inhibitors of midazolam such as ketoconazole/
fluoxetine were administered, which may increase expo-
sure 12-fold [22], this phenotyping procedure is still safe,
because even then effective concentrations will not be
reached.

Limitations

It remains to be determined if the difference of 13% in ER¢
was due to true differences in absorption and pre-systemic
metabolism of microdoses as statistical significance was
based on one participant whose ER; was 0.21 when receiv-
ing the midazolam microdose (Figure 3C). This participant
had a high systemic midazolam clearance, a small body
weight (58.6 kg) and hence the lowest estimated plasma
flow in the group. A small change in bioavailability of 6%
explicable by intra-individual variability led to a high rela-
tive change in ERg by 45% in this situation, likely pushing
the model to its limit.

The AUC(0,) ratio was within bioequivalence limits
but the 90% confidence interval of the Cna ratio was
outside the 0.8-1.25 range. As the CV% of Cnax ranges from
>30% up to 61% (Table 3), midazolam can be considered a
highly variable drug where bioequivalence limits for Crax
are wider [5]. Also the blood sampling times around
expected tmax May not have been enough to determine
Cimax properly and the real value may have been missed in
some cases further increasing intra and intersubject vari-
ability. This was especially true for the intravenous appli-
cation of midazolam.

While there was no difference in mean systemic clear-
ance, there was some intra-individual variability. This
observed variability may be explained by the dosing inter-
val between study days as intra-individual changes of sys-
temic clearance of a similar magnitude have been
observed in some volunteers with milligram doses over a

284 |/ 79:2 / Br] Clin Pharmacol

time period of 21 days [23]. This can be reduced by the
simultaneous oral and/or intravenous application with the
help of a stable isotope technique (e.g. "N-midazolam)
[24]. Nevertheless the reliable prediction of individual drug
metabolism with a microdose would be a necessary con-
dition for applications in personalized dosing algorithms
such as the diagnostic microdosing of anti-cancer drugs
[25] or prediction of chemotherapy exposure [26]. In cases
where precise prediction of individual clearance within a
two-fold margin is of importance, phenotyping with probe
drugs might have an expiry date and should be performed
in proximity of time.

In conclusion this study shows that midazolam
pharmacokinetics are also linear after intravenous admin-
istration of microdoses and expands our previous findings
after oral administration [11]. The administered microdose
is 33-fold lower than the lowest microdose (75 j1g) studied
so far [21] which is still manageable from a clinical and also
conventional analytical (LC-MS/MS) point of view. This
opens new possibilities for the safe investigation of
CYP3A-dependent metabolism, drug interactions and
dosing strategies in the many target patient populations
previously excluded from such studies.
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