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ABSTRACT

Purpose The objective of this study was to assess the bioavail-
ability and the sedative effect of a single-dose administration of
an innovative oral solution of midazolam containing -
cyclodextrins (ADV6209).

Methods A bioavailability study with a standard two-se-
quences, two-periods, and crossover design was conducted.
Subjects randomly received 15 mg of ADV6209 by oral route
followed by 5 mg of the reference drug (midazolam hydro-
chloride intravenous solution (Hypnovel®, Roche) by intrave-
nous route or vice versa. Blood samples were drawn at differ-
ent time points to measure midazolam and its metabolite o-
hydroxymidazolam concentrations. Non-compartmental
pharmacokinetic methods were used to calculate main phar-
macokinetic parameters and absolute bioavailability.

Results Caucasian healthy subjects (n = 12) were included in
the study. ADV6209 had a bioavailability of 39.6%. The oral
elimination half-life with ADV6209 was slightly shorter than
with the reference i.v. form (2.66 h versus 2.99 h). The sedative
effect was observed 27.5 + 15.5 min after oral administration
for a duration of 48.5 = 35.4 min. Double peak phenomenon
was observed in 5 patients.

Conclusions Cyclodextrins have little impact on midazolam
oral bioavailability and the pharmacokinetics parameters of
midazolam formulation ADV6209 are close to those reported
previously.
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ABBREVIATIONS
A Terminal elimination rate constant
AUCy_, »  Areaunder the concentration-time curve from zero

up to infinity with extrapolation of the terminal
phase

AUCy -, Area under the concentration-time curve from 0

Tlast up to the last time point

Crnax Observed maximum plasma concentration after
administration

D Dose administered

ECso Plasma concentration at which the predicted
probability of a positive response 1s 50%

v Intravenous

LOQ Limit of quantification

F Absolute bioavailability

MR Metabolic ratio

OAAS Observer’s assessment of alertness/sedation scale

R? Coeflicient of determination

Tin Terminal half-life

Tonax Time to reach C,,

VAS Visual analogue scale

INTRODUCTION

Sedation and cooperation of children are needed to
easc minor surgery (e.g. laceration repairs, dental sur-
gery) or anesthesia induction [1]. Due to its short phar-
macokinetic half-life (around 2 h), its hypnotic, and its
myorelaxant properties, midazolam is commonly used
for moderate sedation especially in the pediatric popu-
lation [2]. Additional benefits may result from moderate
sedation with a benzodiazepine such as midazolam, like
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a better control of post-operative behavioral distur-
bances, [3] due in part to the anterograde amnesia it
can induce [4]. In the pediatric setting, it is generally
recommended to avoid unpleasant routes of administra-
tion such as intravenous (iv), where the oral route of
administration is preferred [5]. The usual dosage of oral
midazolam for moderate sedation in children ranges be-
tween 0.25—-1 mg/kg [5, 6] As no licensed oral solution
is available in most European countries, it is usual to
administer midazolam intravenous solution orally, how-
ever it exhibits a strong bitterness, which can cause
children to spit out the dose or trigger nausea and
vomiting, hampering its utilization [7]. Sometimes ex-
temporaneous preparations are made by mixing the in-
travenous solution with a fruit juice or syrup, but they
are not always well controlled in terms of solubility and
stability.

In order to address this lack of available licensed oral
formulation, an innovative oral liquid formulation ready
to use was previously proposed (ADV6209) [8]. This
oral solution, aiming at treating children from the age
of 6 months, was developed to facilitate dose adjust-
ments according to the children’s weight. Palatability
concerns were addressed as recommended by the
EMA. For that purpose, the intense sweetener sucralose
that exhibits a bitter masking effect [9], an orange aro-
ma, and a cyclodextrin were used [10]. y-cyclodextrin
offers the advantage that it can decrease midazolam
bitterness and enhance its aqueous solubility, by forming
an inclusion complex with the drug [8]. Additionally,
we reported that the addition of y-cyclodextrin or ran-
domly methylated B-cyclodextrins could improve the sta-
bility of midazolam in the formulation conferring an
additional benefit to the use of cyclodextrins [11]. The
impact of cyclodextrins on the oral pharmacokinetics of
drugs depends mainly on the physicochemical properties
of the guest compound. It i1s for example well known
that cyclodextrins, by solubilizing lipophilic drugs, could
enhance their bioavailability [12]. For example another
benzodiazepine, diazepam, has been demonstrated to
lead to increased bioavailability when complexed with
cyclodextrins and administered orally to rabbits or
humans [12]. However, the absolute bioavailability of
midazolam using an orally administered midazolam:y-
cyclodextrin complex has to our knowledge, never been
previously reported.

A pharmacokinetic study was done in healthy adults in
order to determine the main pharmacokinetic parameters,
including the absolute oral bioavailability, of the industrially
optimized 0.2% midazolam solution containing y-
cyclodextrin (ADV6209). Sedation scores, safety and tolera-
bility were also assessed before pursuing the development of
this oral formulation for use in children.

METHODS
Study Design

A monocentric randomized bioavailability study with a stan-
dard two-sequence two-period crossover design was conduct-
ed. The study was approved by the west regional independent
ethics committee (CPP Ouest, France) and registered
(EudraCT 2012-003047-30). Written informed consent was
obtained from all subjects. The study population consisted of
healthy non-smoking adult subjects, women or men, aged 18—
55 years, with a BMI of 18.5-25 kg/m?, without major med-
ical history or chronic conditions.

Two treatments were investigated; the innovative 0.2%
midazolam solution containing y-cyclodextrin [8]
(ADV6209) as the test formulation and an already marketed
midazolam hydrochloride intravenous solution (Hypnovel®,
Roche) as the reference formulation. Eligible subjects were
enrolled and randomly assigned to one of the two sequences
to receive 15 mg of the test formulation orally then 5 mg of the
reference formulation by intravenous route or vice versa.
Based on the short half-life of the product, there was a wash-
out period of at least three days between the two treatment
periods, Blood samples were drawn just before and 5, 10, 15,
20, 30,40, 50 min and 1, 1.5, 2, 4, 6, 9 and 12 h after admin-
istration. Plasma concentration of midazolam and its main
active metabolite, a-hydroxymidazolam, were determined
using a validated LC-MS/MS method with a limit of quant-
fication (LOQ) of 0.100 ng/ml for both analytes.

Study Endpoints

Individual pharmacokinetic parameters were determined for
midazolam and o-hydroxymidazolam. Non-compartmental
methods were used to determine the area under the curve
from 0 to the last time point (AUCy _, 77,), the area under
the curve extrapolated to infinity (AUGC _, »), the maximal
concentration (C,,,,), the time to reach maximal concentration
(T ,1a), the terminal elimination rate constant (4,), the terminal
half-life (7, /9), and the absolute bioavailability () [13]. Area
under the curve was determined with the method of linear
interpolation using the trapezoidal rule. The terminal elimi-
nation rate constant (4.) was determined by a log-linear re-
gression using the last three time-points. In order to determine
A, and then extrapolate AUCy _, 74,5, to infinity (i.e. to
determine4 UGy _, ), the adjusted coeflicient of determination
of the log-linear regression (Adj. R%) had to be greater than
0.8, otherwise data were not used for statistical purposes.
Individual ratios AUCy —, oo/ AUCY —, 714, had also to be greater
than 0.8 to determine bioavailability. Midazolam dose (D)
normalised parameters, AUCy _, /D , AUCy _, 71,/ D, and
Cruan/ D, and metabolic ratio (MR) (ratio of AUC, _, , values
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of midazolam and «-hydroxymidazolam) were also
calculated.

Sedation was assessed using two different sedation scales: a
visual analog scale for alertness (VAS) [14] and the observer’s
assessment of alertness/sedation (OAAS) scale [15]. The
OAAS score was rated by the investigator at 11 time points
(just before treatment and 15, 30,40, 50 minand 1, 1.5,2,4,9
and 12 h after administration) and the VAS alertness score
was rated by the subject at 10 time points (just before treat-
ment and 15, 30, 40 min and 1, 1.5, 2, 4, 9 and 12 h after
administration). Subjects with OAAS score < 17 were consid-
ered sedated [16].

For safety evaluation purposes, the subjects were physically
examined and monitored (oxyhemoglobin saturation, diastol-
ic and systolic blood pressure, heart rate, respiratory rate,
temperature) just before and after administrations, and regu-
larly thereafter until 12 h after administration. Routine labo-
ratory tests were performed and any adverse events were
noted.

Statistical Analysis

Standard descriptive analyses of pharmacokinetic and phar-
macodynamic data were performed. Unless otherwise stated,
data were represented as mean * standard deviation. Analysis
of variance (ANOVA) was performed on AUCy _, ./ D,
AUCy -, 1145/ D, and G,/ D to detect the presence of period
effect, a carry-over effect, and a direct drug effect. [13].

For pharmacodynamic analyses, either data corresponding
to the test formulation alone, or a set of combined data cor-
responding to test and reference formulation together were
used. The relationship between plasma concentrations of mid-
azolam or the sum of midazolam and a-hydroxymidazolam
for each time point and the corresponding OAAS score was
analyzed by linear regression. The relationship between plas-
ma concentrations and the corresponding sedation state (se-
dated or not sedated, OAAS score = 17 as cut-off) was ana-
lyzed by logistic regression for each time point. A previously
described logistic model was applied to determine the EC5o —
the plasma concentration at which the predicted probability of
a positive response is 50%. Statistical analysis and graphs were
produced using SAS® (8.0) software and R (8.2.2) software
and results were considered to be significant if p value was
<0.05.

RESULTS

Healthy Caucasian men (n = 6) and women (n = 6) were
enrolled in the crossover study. The mean age of the subjects
was 43.9 * 8.6 years, the mean weight was 62.9 = 11.0 kg, and
the mean BMI was 22.6 + 1.7 kg/m”.
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Pharmacokinetics

Mean pharmacokinetics parameters are summarized in
Table I. Regarding ADV6209, 4, AUC, _, 4 could not be de-
termined for midazolam in 4 (33%) subjects and for a-
hydroxymidazolam in 3 (25%) subjects as adj. R* of the ter-
minal log linear regressions were too small. The test formula-
tion produced a mean midazolam plasma peak concentration
of 113 + 51.1 ng/ml, 20 to 120 min (median 35 min) after
administration. Its absolute bioavailability ranged between
16.3 and 52.4% (mean 39.4%) and the metabolic ratio ranged
between 13.8 and 69.1% (mean 38.7%). Mean pharmacoki-
netic profiles are depicted in Figs. 1 and 2 alongside both
sedation scores.

No carry-over effect or period effect was observed by the
ANOVA analysis for the midazolam pharmacokinetic param-
eters AUCy —, /D (p = 0.48 and p = 0.25 respectively),
AUCy -, 15/ D (p = 0.16 and p = 0.19 respectively), and
Crax/ D (p=0.12 and p = 0.73 respectively). A treatment effect
was detected (p < 0.0001 for all three parameters) meaning
that the variation of mean pharmacokinetic parameters

Table I Midazolam and a-hydroxymidazolam pharmacokinetic parame-
ters for ADV6209 formulation and reference formulation (n = 12, mean = sd,
except for T, expressed as median)

ADV6209 (oral) Reference (iv)
D (mg) I5 5
Midazolam
Crox (ngemi™") 113 +51.1 250 = 125
Trnax (0) 0.583 0.083
AT 0.263 + 0.030°  0.243 + 0.050
T (0 266 + 03000  2.99 + 0.745
AUCo_, o (hengeml ™" 230 = 73.8° 204 = 40.6
AUCo _, s (hongemi™ ") 244 + 82.4 194 = 38.7
Crnen/D (ngeml~'omg ™) 7.55 + 3.40 50.0 = 25.1
AUCo_, /D (hengeml ™ emg™ ") 154 + 4.92° 408 + 8.12
AUCo_, 10s/D (hengemi™'emg™")  16.2 + 550 388 + 7.75
F 0394 + 0.109* -
a-Hydroxymidazolam
Crox (ngemi™") 57 + 353 12.8 + 8.8
Tooox () 0.583 0.250
A 0300 + 0.029°  0.227 + 0.042
T (0 233 +0.24° 3.17 £ 0717
AUCy_, o, (hengeml™") 911 +32.0° 270+70
AUCo _, 76 (hengeml ™" 91.5 = 30.9 288 = 7.1
CrraxdD (ngeml ™ emg™" 3.80 +2.35 255+ .75
AUCo_, /D (hengeml™'emg™") 6.08 + 2.14° 539 = 1.40
AUCo_, 10/D (hengemli™'emg™") 610 = 2.06b 576 + 1.43
MR (%) 387 + 146 13.4 + 3.1




PK and PD study of a midazolam oral solution (ADV6209)

1843
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observed between both sequences or periods was only due to
the nature of the treatment.

Pharmacodynamics

Mean OAAS scores and VAS scores are depicted in
Fig. 1 (for ADV6209) and Fig. 2 (for the iv formula-
tion), alongside midazolam and «-hydroxymidazolam
pharmacokinetic profiles.

All subjects were sedated (OAAS score < 17) at least
at one time-point after administration of ADV6209, two
subjects were never sedated (OAS/S score > 17) after
administration of the reference formulation. Considering
the OAAS scores of the subjects for whom sedation was
achieved, sedation began 27.5 £ 15.5 min after oral
administration and lasted 48.5 £ 35.4 min with
ADV6209. All subjects were completely alert 4 h after

Time (h)

administration. The maximum mean sedation levels
were observed between 30 and 60 min after oral ad-
ministration (OAAS scores 15.7 to 15.9). The VAS
alertness scores corroborated these results with a maxi-
mum score 60 min after oral administration of midazo-

lam (VAS score 52.76 = 21.5).

Pharmacokinetic/Pharmacodynamic Relationships

The time profiles of both sedation scores were consistent
with that of the mean midazolam plasma concentrations.
However, linear regression analysis of OAAS scores showed
poor linear correlation of sedation with midazolam and
midazolam + a-hydroxymidazolam concentrations for the
combined dataset (y = —20.1 + 0.0535 x, R? = 0.437,
p < 0.05 and y = —20.1 + 0.0422 x, R? = 0.4,
p < 0.03, respectively).
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Midazolam ECs values of 53.8, 61.9 and 57.8 ng/ml were
obtained from logistic regression analyses for the test formu-
lation, the reference formulation, and for the combined
dataset, respectively (Fig. 3). Among all pharmacokinetic
time-points (test formulation and reference formulation) for
which an OAAS score was determined, the median concen-
tration of midazolam and midazolam + a-hydroxymidazolam
that produced sedation was 63.2 ng-ml™', IC 95% [55.1—
71.3] and 76.1 ng'ml " 1, IC 95% [64.4-87.8] (Fig. 4).

Safety
No clinically relevant changes were observed in hemodynamic
parameters (blood pressure and heart rate), ECG time inter-

vals, oxyhemoglobin saturation, and routine laboratory tests.
No serious adverse events were observed during the study.

@ Springer

DISCUSSION

The pharmacokinetic profile of orally administered
midazolam:y-cyclodextrin complex solution (ADV6209) is
similar to that of orally administered midazolam solutions or
tablets previously described in the literature (Table II). As
evidenced by the standard deviations of pharmacokinetic pa-
rameters, the pharmacokinetics of midazolam showed high
inter-individual variability, most likely reflecting differences
of drug-metabolizing enzyme levels, which is characteristic
following administration of this drug via the oral route [17].
Elimination half-life (77,9 = 2.66 h) was within the range of
previous findings for adults (Table II). Administration of
ADV6209 resulted in an average oral bioavailability of
39.4% with a very broad range (F = 16.3-52.4%). These
results were within the range of previous findings for oral
administration of midazolam alone to adult subjects
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Fig. 3 Probability of being sedated (OAAS <17) according to midazolam
concentrations after oral administration of 15 mg of ADV6209 (top), after
intravenous administration of 5 mg of reference formulation (middle) and for
both dataset combined (bottom), with actual state of sedation according to
midazolam concentration (@) and ECsg (red) depicted on all three graphs
(common concentration axis)

Fig. 4 Representation (box plots)
of sedation state (based on the
OAAS score) according to
midazolam (MDZ, top), and
midazolam + a-
hydroxymidazolam (MDZ + a-
HMDZ, bottom) plasma
concentrations for the combined
dataset of iv reference formulation
values () and oral values with
ADV6209 formulation (@)

OAAS <17~

OAAS>17-:

OAAS <17 =

OAAS >17 =

25 50

(F =20.9 to 48.4%) (Table II) or to pediatric patients (F = 27.0
to 36.0%) [18, 19] and demonstrate that cyclodextrins have
little or no impact on midazolam bioavailability. Drug absorp-
tion is a continuous process of dissolution and permeation and
cyclodextrins are known to enhance bioavailability of lipophil-
ic drugs by solubilizing them [12] without changing their in-
trinsic ability to permeate lipophilic membranes [20]. In solu-
tion, midazolam exists both in a lipophilic close ring form and
in a hydrophilic open ring form which are in equilibrium. The
amount of open ring form impacts its solubility and is influ-
enced by pH [21]. At acidic pH, as in the stomach, the solu-
bility of midazolam is optimal as a high amount of open ring
form is present. Regarding the biopharmaceutical classifica-
tion system (BCS) midazolam is considered highly soluble and
highly permeable (i.e. BCS class I drug) at the doses adminis-
tered and at gastric pH values [22]. Accordingly, and based on
our observations, solubilizing midazolam with cyclodextrins to
form a pharmaceutical solution is unlikely to enhance its sol-
ubility in gastric fluids at the doses generally administered.
Thus its oral bioavailability is not likely to be modified as for
truly lipophilic drugs (i.e. BCS class I drugs) [23]. First pass
metabolism by enterocytes and hepatocytes remains the main
factor limiting the bioavailability of midazolam [24] as illus-
trated by the difference between the metabolic ratios obtained
after intravenous administration (mean 13.4%) and after oral
administration (mean 38.7%).

Pharmacokinetic profiles of the test formulation showed a
double-peak phenomenon (a 2nd peak | h after the Ist peak
and approximately 2 h after administration) and the second
peak was clearly visible in 5 subjects (Fig. 5). This phenome-
non has been previously observed with oral administration of
midazolam or other benzodiazepines [25] and appears to be
more pronounced with higher (15 mg) oral doses [26] of mid-
azolam than with lower (< 5 mg) doses [27, 28]. Usually the
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Table Il Reported bioavailability and elimination half-life after oral administration of midazolam in healthy adults (mean = standard deviation, F: absolute
bicavailability, T ,: terminal half-life)

Number of subjects Oral dose (mg) F (%) T, ,(h)
Allonen et al. [36] 2 7.5 (tablets) 28, 36 1.2, 1.4

6 I'5 (tablets) 44 = 17 2.1 =05
Brill et al. [37] 12 2 (solution) 28.4 -
Greenblatt et al. [38] 20 10 (tablets) 40 £3 273 £0.34
Heizmann et al. [39] 4 10 (tablets) 46 = 11 .80 = 0.24

6 20 (tablets) 48 = 12 1.90 = 0.39

2 40 (tablets) 63,72 1.90, 2.60
Hohmann et al. [40] 16 0.003 (solution) 23.41200, 27.3F 3.26[2.81, 3.80°

l6 3 (solution) 209[17.1, 25,5 3.96[3.76, 4.17F
Lee etal [41] 12 5 (syrup) 34.0 = 10.0 472 =27
Mandema et al. [42] 8 7.5 (capsule) 24+ 4 -
Smith et al. [43] 6 10 (solution) 35+7 1.86 = 1.08

6 10 (tablets) 38£ 12 .36 = 1.08
Tateishi et al. [17] 20° 2 (solution in apple juice) 282 +94 1.98 = 0.52%

19¢ 2 (solution in apple juice) 268 = 145 1.78 = 0.23*
Thummel et al. [24] 20° 2 (solution in apple juice) 30x 10 250 = |.17°
Tsunoda et al. [44] 9 6 (solution) 253+ 96 34 +20°

“measured on intravenous data

® European American men

¢ Japanese men

910 subjects in common with Tateishi et al. [17]

€ geometric mean with 95% confidence interval

double peak phenomenon results from enterohepatic recircu-
lation, delayed gastric emptying, or variability of absorption of
the drug in the different regions of the gut [29]. We already
know that BCS class I drugs may have their pharmacokinetics
altered by gastric emptying [30] and that delayed gastric

Fig. 5 Individual profiles of
midazolam (black, solid line) and a-
hydroxymidazolam (red, dashed
line) concentrations versus time after 1004
oral administration of ADV6209
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cyclodextrins in a possible sequestration/release phenome-
non, it is unlikely due to the rapid hydrolysis of y-
cyclodextrin by pancreatic and salivary amylases [33] and
because of the small association constant of the
midazolam:y-cyclodextrin complex (K = 283 M) [8]. A
larger association constant and a poor in vivo dissolution of
the drug:cyclodextrin complex are generally needed to seques-
ter a drug inside cyclodextrins [34]. Ciaution should be taken
regarding the concomitant use of drugs affecting gastric emp-
tying such as prokinetics or medications that delay gastric
emptying, as they are likely to significantly alter the pharma-
cokinetic profile of midazolam. The impact of this double-
peak phenomenon on the sedation state seems to be minimal
as no subjects were sedated 4 h after oral administration of
15 mg of midazolam.

The ECj5 calculated for the test formulation was close to
previously reported values obtained using the same sedation
scale in young children and adolescents (EC5y = 51.4 ng/ml)
[16]. As shown in Fig. 4, midazolam concentrations were dis-
tributed according to the discrete variable “sedation state” and
there were only 8.3% and 9.1% of subjects with a concentration
above the ECj5 but not sedated for the test formulation and for
the combined dataset, respectively. The active metabolite of
midazolam may significantly contribute to the effects of the
parent compound, which could explain the lower midazolam
EC5 observed with ADV6209 when compared to the refer-
ence form, the former presenting a higher metabolic ratio.

The poor linear correlation between sedation scores and
midazolam plasma concentrations could partly be due to the
fact that a slight counter-clockwise hysteresis was observed,
most probably resulting from a dispositional delay [35].

CONCLUSION

The use of cyclodextrins with midazolam presents an interest-
ing option for specific pediatric pharmaceutical formulation
purposes (e.g. pharmaceutical solubilization, aqueous stability
enhancement, and palatability improvement through bitter
taste masking).

The results of this phase I study are supportive of carrying
out PK and PD studies in children. As expected for BCS class
I drugs, cyclodextrins do not appear to alter pharmacokinetic
parameters of midazolam. Therefore, the doses generally rec-
ommended in children with other oral formulations should be
respected for pediatric use of the present oral solution.
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