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Abstract

Background and Objective Esmethadone (dextromethadone; d-methadone; S-methadone (+)-methadone; REL-1017) is the
opioid inactive dextro-isomer of racemic methadone. Esmethadone is a low potency N-methyl-D-aspartate (NMDA) receptor
channel blocker with higher affinity for GluN2D subtypes. Esmethadone showed robust, rapid, and sustained antidepressant
effects in patients with major depressive disorder (MDD) with inadequate response to ongoing serotonergic antidepressant
treatment.

Methods Here we described the results of in vitro and phase 1 clinical trials aimed at investigating the esmethadone metabo-
lism and possible drug-drug interactions.

Results Esmethadone is primarily metabolized to EDDP (2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine) by multiple
enzymes, including CYP3A4/5 and CYP2B6. In vitro studies showed that esmethadone inhibits CYP2D6 with ICs, of 9.6
pM and is an inducer of CYP3A4/5. The clinical relevance of the inhibition of CYP2D6 and the induction of CYP3A4 were
investigated by co-administering esmethadone and dextromethorphan (a substrate for CYP2D6) or midazolam (a substrate
for CYP3A4) in healthy volunteers. The administration of esmethadone at the dosage of 75 mg (which is the loading dose
administered to patients in MDD clinical trials) significantly increased the exposure (AUC) of both dextromethorphan and
its metabolite dextrorphan by 2.71 and 3.11-fold, respectively. Esmethadone did not modify the pharmacokinetic profile of
midazolam, while it increased C,,, and AUC of its metabolite 1'-hydroxymidazolam by 2.4- and 3.8-fold, respectively. A
second study evaluated the effect of the CYP3A4 inhibitor cobicistat on the pharmacokinetics of esmethadone. Cobicistat
slightly increase (+32%) the total exposure (AUC,, ;) of esmethadone.

Conclusions In summary, esmethadone demonstrated a negligible effect on CYP3A4 induction and its metabolism was not
meaningfully affected by strong CYP3A4 inhibitors while it increased exposure of CYP2D6-metabolized drugs.
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1 Introduction

Major depressive disorder is a functionally severely disa-
bling condition characterized by depressed mood, loss of
interest in activities of daily life, lack of motivation, and
cognitive dysfunction. It has been estimated that approxi-
mately 70% of patients with major depressive disorder
have a comorbid chronic physical condition [1]. One
important consequence of multimorbidity is polyphar-
macy, with an increased probability of experiencing side
effects caused by a drug—drug interaction (DDI).

Esmethadone, in contrast with levomethadone, has no
meaningful agonist activity at opioid receptors and no
meaningful risk for abuse potential [2, 3]. Esmethadone
is a low potency N-methyl-p-aspartate (NMDA) receptor
channel blocker with higher affinity for GluN2D subtypes
in the presence of physiological magnesium levels [4, 5].
Results of phase I and phase II trials showed favorable
safety, tolerability, and pharmacokinetic profiles [6, 7].
Additionally, esmethadone showed robust, rapid, and sus-
tained antidepressant effects in patients with major depres-
sive disorder with an inadequate response to serotonergic
antidepressant treatment [6]. In this study, although the
majority of patients were treated with serotonergic antide-
pressant drugs that are metabolized by cytochrome P450
(CYP) 2D6, an enzyme known to be inhibited by metha-
done, the addition of esmethadone did not cause any signs
or symptoms of serotonergic toxicity.

The pharmacokinetic characteristics of esmethadone
were examined in prior clinical studies conducted with
the synthetic analgesic methadone administered as an
equal mixture of the two racemic forms and also in phase
I and phase II studies of esmethadone [3, 6, 7]. Methadone
is a liposoluble basic drug with a pKa of 9.2. A detect-
able concentration of esmethadone can be measured in
the blood 15-45 min after its oral administration. Time to
maximum observed concentration (7,,,,) is slightly shorter
for esmethadone as compared with levomethadone (2 h vs
3 h), although the median range may vary considerably
between patients (from 1 h up to 5 h) [8] and is independ-
ent from the dose [9]. This shorter T,,,, of esmethadone
compared with levomethadone may reflect the pharmaco-
logical effect on gastrointestinal opioid receptors, which
is exerted by levomethadone and not by esmethadone [10].

The oral bioavailability of methadone was found to
be around 70-80%, similar for the two enantiomers, sug-
gesting the absence of specific stereoselective transport-
ers involved in intestinal absorption [8, 11]. However,
a marked inter-subject variability was observed (range
36-100% [8, 11-13]). One major factor responsible for the
variations of methadone bioavailability could be the inter-
individual difference in CYP3A4 expression [14], from
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1-fold to 30-fold in the liver and from 1-fold to 11-fold
in the gut [15]. Methadone undergoes a minimal amount
of enterohepatic recirculation with small secondary peaks
observed in the concentration—time curve [9].

There is a general consensus that methadone is metabo-
lized almost exclusively by the liver [16]. The main bio-
transformation of the two methadone enantiomers is the
N-demethylation resulting in the formation of inactive
metabolites, which are then excreted into urine and bile.
The main metabolite, EDDP, is inactive both on opioid
receptors as well as on NMDA receptors. The oxidative
metabolism involves the CYP system, including CYP3A4
and the stereoselective action of CYP2B6 and CYP2C19.
In particular, CYP2B6 preferentially metabolized esmetha-
done, CYP2C19 is more effective on levomethadone, and
CYP3A4 shows no preference [17]. Although the involve-
ment of CYP3A4 in methadone clearance has been consid-
ered relevant [17-21], a clinically relevant interaction with
CYP3 A4 inhibitors or inducers is still debated [22-27]. On
these premises, we first characterize the in vitro inhibitory
potential of esmethadone on the activities of the main CYP
and 5’-diphospho-glucuronosyltransferase (UGT) isoforms.
We then presented clinical trials conducted to determine the
in vivo effect of esmethadone on CYP3A4 and CYP2D6
activities and the influence of CYP3A4 inhibition on the
disposition of esmethadone. Finally, we evaluate the absorp-
tion, metabolism, and excretion of [14C]—esmethad0ne in an
open-label single-dose study conducted in healthy male
subjects.

2 Methods

2.1 Inhibitory Assay on CYP Activities in Human
Liver Microsomes (HLMs)

Human liver microsomes (HLMs) from 150 individuals (79
male and 71 female) were obtained from Biol VT (Baltimore,
MD, USA) and Corning (Woburn, MA, USA) and stored at
approximately — 70 °C. A single CYP-selective substrate
concentration was used, approximating the concentration of
the substrate that gives half the maximum reaction veloc-
ity (Km) for each CYP assay. Assays were performed in
the absence and presence of esmethadone (0.2-200 pM) to
determine its inhibitory activity. The assays were run under
linear conditions.

The Hamilton Microlab Star automated liquid han-
dling system conducted all sample preparation steps. For
direct inhibition assays, the microsomal incubation mix-
ture containing HL.Ms, buffer, the marker substrate, and
esmethadone (or positive/negative controls) were added
to a chilled 96-well assay plate before being placed onto a
heater shaker at 37 °C for a 10-min pre-incubation period.
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The total organic solvent contribution in the incubation
mixture was < 1%. The incubation was initiated by the
addition of NADPH (1 mM) and terminated by the addi-
tion of stop solution (acetonitrile containing an internal
standard). After incubation, plates were centrifuged at
1000 rpm for approximately 5 min, and supernatants were
transferred to a separate 96-well plate for a liquid chroma-
tography—mass spectrometry (LC-MS) analysis. Analyte
concentrations were quantitated and interpolated from
standard curves of the authentic analyte. All sample and
control incubations were performed in triplicate. Details
of the incubation conditions for each assay are presented
in Table 1.

Incubations for direct inhibition assessment were con-
ducted at eight concentrations of the test substance (0.200,
0.537, 1.44, 3.86, 10.4, 27.8, 74.6, and 200 pM) and at a
CYP-selective marker substrate concentration correspond-
ing to its Michaelis—Menten constant (Km) value. The
inhibition constant (Ki) for CYP2D6 was estimated using
the same assay conditions, with the following exception:
five concentrations of the marker substrate were chosen
(2,5, 10, 20, and 50 pM). Incubation mixtures including
HLMs, test substance, and marker substrate in an assay
buffer were pre-incubated at 37 °C for 10 min before ini-
tiation with the addition of the cofactor NADPH (1 mM),
opportunely pre-warmed. Incubations were terminated by
the addition of chilled acetonitrile, containing a stable-
labeled internal standard specific to the CYP substrate,
after the appropriate incubation time. Control incubations
consisted of pre-incubation samples with esmethadone in
the absence of NADPH, esmethadone solvent control,

Table 1 CYP activity assays

and time-dependent inhibitor and solvent control in the
absence and presence of NADPH. All incubations were
performed in triplicate.

The in vitro kinetic parameters Kl for time-dependent
inhibition were estimated using the same assay condi-
tions with the following exception: eight concentrations
of esmethadone (0.1-25 pM), and incubation time (seven
time points, 0—30 min). The extent of microsomal protein
binding was investigated using an equilibrium dialysis for
5 h at 37 °C, with 1, 10, and 100 uM of esmethadone in
0.05, 0.1, and 0.5 mg/mL of HLM. Esmethadone was dem-
onstrated to be stable under these testing conditions.

2.2 Inhibitory Assay on UGT Enzymes
by Esmethadone in HLMs

Incubations were conducted in triplicate with up to eight
concentrations of esmethadone (0.200, 0.537, 1.44, 3.86,
10.4, 27.8, 74.6, and 200 pM). All incubations were con-
ducted at a probe substrate concentration corresponding to
its Michaelis—Menten constant (Km value). Human liver
microsomes were activated by pre-incubation on wet ice for
at least 15 min with alamethicin (50 pg/mg protein). Incuba-
tion mixtures, including activated HLM, marker substrate,
and assay buffer (Tris-HCI buffer [SO mM, pH 7.4] contain-
ing 150 mM of KCl and 10 mM of MgCl,), with or without a
test article, were pre-incubated at 37 °C for 5 min before ini-
tiation with the addition of pre-warmed uridine diphosphate
glucuronic acid (5 mM). The final organic solvent contribu-
tion was < 2%. Incubations were terminated by the addition
of a chilled stop reagent containing an internal standard.

CYP activity Substrate (WM) Protein (mg/mL) Time (min) Internal standard Analyte Positive control (uM)
CYP1A2 110 0.063 10 Phenacetin O-deethylase Acetaminophen Fluvoxamine (0.5)*
Furafylline 3P
CYP2B6 120 0.063 10 Bupropion hydroxylase Hydroxybupropion Orphenadrine (600)*
ThioTEPA (20)
CYP2C8 1.5 0.013 10 Amodiaquine N-deethylase Desethylamodiaquine Montelukast (0.1)*
GEM (40)°
CYP2C9 6 0.1 5 Diclofenac 4'-hydroxylase 4'-Hydroxydiclofenac Sulfaphenazole (5)*
Tienilic acid (10)°
CYP2C19 50 0.063 10 S-Mephenytoin 4'-hydroxylase 4’-Hydroxymephenytoin Nootkatone (20)*
Esomeprazole ®)>
CYP2D6 10 0.063 10 Dextromethorphan O-dem- Dextrorphan Quinidine (0.3)*
ethylase Paroxetine (2)°
CYP3A4/5 65 0.1 5 Testosterone 6B-hydroxylase  6B-Hydroxytestosterone Ketoconazole (0.2)*
Erythromycin (100)°
CYP3A4/5 1.5 0.063 5 Midazolam 1'-hydroxylase 1’-Hydroxymidazolam  Ketoconazole (0.2)

Troleandomycin (10)b

CYP cytochrome P450, min minutes
#Positive control for direct inhibition

bPositive control for time-dependent inhibition (pre-dilution concentration)
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Samples were centrifuged for 5 min, and supernatant was
transferred to clean vials and stored at 2—8 °C prior to analy-
sis by LC-MS. Control incubations included a test article
solvent control (no test article), positive control inhibitor,
and an additional solvent control (as needed) specific to the
positive control inhibitor. Details of the incubation condi-
tions for each assay are presented in Table 2.

2.3 Inhibitory Assay of UGT2B15 by Esmethadone
in Supersomes™

Supersomes™ expressing human recombinant UGT2B15
enzyme were obtained from Corning Discovery Labware,
Inc. (Woburn, MA, USA). Supersomes™ were stored at
approximately — 70 °C. Incubations were conducted in trip-
licate with up to eight concentrations of esmethadone (from
0.2 to 200 uM). Incubations were conducted in triplicate
with up to eight concentrations of esmethadone (0.200,
0.537, 1.44, 3.86, 10.4, 27.8, 74.6, and 200 pM). All incu-
bations were conducted at a probe substrate concentration
corresponding to its Km value. Incubation mixtures, includ-
ing supersomes, marker substrate, and assay buffer, with or
without esmethadone, were pre-incubated at 37 °C for 5
min before initiation with the addition of pre-warmed uri-
dine diphosphate glucuronic acid (5 mM). The final organic

Table2 UGT activity assays

solvent contribution was < 1%. Incubations were terminated
by the addition of chilled methanol containing an internal
standard. Samples were centrifuged for 5 min, and super-
natant was transferred to clean vials and stored at 2—8 °C
prior to analysis by LC-MS. Control incubations included a
test article solvent control (no test article), positive control
inhibitor, and an additional solvent control specific to the
positive control inhibitor. Details of the incubation condi-
tions are presented in Table 3.

2.4 Evaluation of CYP450 Induction

The study was designed to assess the induction potential of
esmethadone on the mRNA gene expression of CYP1A2,
CYP2B6, CYP2CS8, CYP2C9, CYP2C19, and CYP3A4/5.
Cryopreserved human hepatocytes from a single donor
were incubated for 72 + 2 h in the presence of esmethadone
and an appropriate solvent control to analyze test article
cytotoxicity. Following treatment, cytotoxicity was evalu-
ated using the CellTiter 96 AQ,,,, Assay Kit (MTS assay;
Promega, Madison, WI, USA). Cryopreserved hepatocytes
from three human donors were separately incubated with
esmethadone, a prototypical inducer for each enzyme, a non-
inducer, and an appropriate solvent control for esmethadone,
a non-inducer, or each prototypical inducer, as applicable

Assay (UGT activity) Substrate (uM) Protein

Time (min) Analyte

Internal standard Positive control (uM)

(mg/
mL)
UGT1A1 20 0.2 20 p-Estradiol 3-B-p- Niflumic acid Tangeritin (60)
glucuronide
UGTI1A3 35 0.2 20 Chenodeoxycholic acid Tolbutamide Lithocholic acid (100)
24-Acly-B-p-glucuronide
UGT 1A4 50 0.2 10 Trifluoperazine-N-f-p- Tolbutamide Hecogenin (20)
glucuronide
UGT1A6 7500 0.2 10 Serotonin glucuronide Serotonin-d4 glucuronide Ketoconazole (100)
UGT1A9 60 0.2 20 Propofol pB-b-glucuronide d17-Propfol glucuronide Diflunisal (60)
UGT2B7 2000 0.2 10 3'-Azido-3'-deoxythymidine  3'-Azido-3'- Mefenamic acid (30)

B-p-glucuronide

deoxythymidine-d3
B-p-glucuronide

min minutes

Table3 UGT2BI15 activity assay

Assay (UGT activity) Substrate (uUM)  Protein (mg/mL)

Time (min) Analyte

Internal standard Positive control (pM)

UGT2B15 20 0.05 10

7-Hydroxy-4-
(trifluoro-methyl)
coumarin glucuro-
nidation

4-Methylumbellif-
eryl-B-D-glucu-
ronide

Ketoconazole (25)

min minutes
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for 72 + 2 h to analyze mRNA expression. Gene expression
was evaluated using the comparative cycle time methodol-
ogy using the CYP enzyme-specific gene probes. All sample
incubations were performed in triplicate.

2.5 Cell Culture

Thawing medium (Universal Cryo Recovery Medium)
for hepatocytes was purchased from In Vitro ADMET
Laboratories (iVAL, Columbia, MD, USA). Hepatocyte
culture medium (Williams” E Medium [WEM]), supple-
ments (Hepatocyte Plating Supplement Pack and Hepato-
cyte Maintenance Supplement Pack), and GelTrex Matrix
(LDEV-free, Reduced Growth Factor) were purchased from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA).
The supplements were added to the WE prior to use as plat-
ing medium (sWEP) or as culture maintenance medium
(warmed supplemented WEM). All media were stored at
5°C.

2.6 Esmethadone Solution Preparation

The hepatocyte cultures were dosed with 100-uL aliquots of
warmed supplemented WEM with esmethadone stock solu-
tions in methanol to achieve final concentrations of 0.3, 3,
10, 30, and 50 puM (initial cytotoxicity), 0.3, 1, 2.5, 5, 10, 25,
and 50 uM (gene expression), and 1, 10, and 50 uM (enzyme
activity). The methanol final concentration was 1% (v/v). A
solvent control solution, consisting of warmed supplemented
WEM containing methanol at 1% (v/v), was also prepared.
Stock and tested solutions were prepared fresh on each day
an assay was performed. The concentrations in test article
solutions were based on recorded weights and volumes.

2.7 Positive Control Inducers

Solutions of a non-inducer and prototypical inducers
of CYP1A2, CYP2B6, CYP2CS8, CYP2C9, CYP2C19,
and CYP3A4/5 were prepared in warmed supplemented
WEM immediately prior to each dose. The identity, final

concentration, and vehicle composition of each solution are
detailed in Table 4.

2.8 Application of Esmethadone, Prototypical
Inducer, and Non-Inducer

Following acclimation of the hepatocyte cultures over-
night, the culture medium was removed from the wells
and replaced with the appropriate test article, prototypical
inducer, non-inducer, or solvent control dosing solution
(0.1 mL/well). This dosing was repeated approximately
every 24 h, as applicable, such that the hepatocytes were
exposed for a total of 72 + 2 h. Prior to induction experi-
ments, hepatocyte cultures from one donor were dosed with
test article (0.3, 3, 10, 30, and 50 uM) and solvent control
for 72 + 2 h.

2.9 Determination of Gene Expression for CYP450
Enzymes

Test and control solutions were removed from hepatocyte
cultures after 72 + 2 h of exposure. Hepatocytes were
washed with Dulbecco’s phosphate-buffered saline, sub-
sequently lysed, and harvested using the mRNA Catcher
Plus kit (Invitrogen, Carlsbad, CA, USA). The mRNA was
transcribed to cDNA on the same day of extraction using
TaqMan Reverse Transcription reagents (Applied Biosys-
tems, Foster City, CA, USA). Remaining mRNA was stored
at — 70 °C, and cDNA was stored at — 20 °C until further
analysis. Relative concentrations of CYP1A2, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, and CYP3A4 mRNA were
determined by real-time polymerase chain reaction using
QuantStudio 6 Flex (Applied Biosystems), TagMan Fast
Advanced Master Mix (Applied Biosystems), and enzyme-
specific probes (Applied Biosystems). Each CYP450
mRNA was normalized to the mRNA of the endogenous
control (GAPDH) in each sample. For each CYP gene that
is induced by the test article, the maximum increase in
gene expression (E,,.) and the concentration of test article

Table 4 Cytochrome P450

. . CYP enzyme induced Prototypical inducer/  Vehicle Concen-
inducing assays non-inducer tration
(HM)
CYP1A2 Omeprazole 0.1% DMSO in sWEM 50
CYP2B6 Phenobarbital 0.1% DMSO in sWEM 1000
CYP2C8, CYP2C9, CYP2C19 Rifampicin 0.1% DMSO in sWEM 20
CYP3A4/5 Rifampicin 0.1% DMSO in sWEM 10
Non-inducer Flumazenil 0.1% DMSO in sWEM 20

A solution of 0.1% dimethyl sulfoxide (DMSO) in supplemented Williams’ E Medium (sWEM) was pre-
pared for use as a solvent control. DMSO percentages are volume/volume (v/v)

CYP cytochrome P450, DMSO dimethyl sulfoxide, sWEM supplemented Williams” E Medium
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resulting in a half-maximum increase (ECs;) were calcu-
lated, as applicable.

2.9.1 Uptake Transporter Assay

Transfected HEK293 cells were seeded into 24-well poly-
D-lysine-treated plates at an appropriate density and were
incubated for 3—4 h at 37 °C in an atmosphere of 5% CO,
and saturated humidity. The media was then replaced with
fresh sSDMEM and the cells were maintained at 37 °C in an
atmosphere of 5% CO, and saturated humidity until used for
an assay, approximately 24 h after plating. OATP1B1 and
OATPI1B3 cells and associated vector control were treated
with 5 mM of sodium butyrate and multidrug and toxin
extrusion pump 1 (MATE1) and MATE2-K and associated
vector controls were treated with 2 mM of sodium butyrate
the day prior to the assay.

Incubations to determine uptake were performed accord-
ing to the following procedure. After removal of the cul-
ture medium by aspiration, each well was washed once with
transport buffer and then pre-incubated with transport buffer
for 15 (MATEs only) or 30 min, followed by aspiration of
buffer. For MATE1 and MATE2-K, cells were pre-treated
with 40 mM of NH4CI in transport buffer for 20 min at
37 °C, followed by aspiration of buffer. The uptake was
initiated by adding 300 pL of pre-warmed (37 °C) work-
ing solution to each well. The incubation time for uptake
of probe substrates was 2 (MATEs only) or 5 min. Incuba-
tions were conducted at 37 °C and terminated by quickly
aspirating the working solution and rinsing the cells two or
three times with 400 pL of a solution of ice-cold transport
buffer. The cells were then lysed by three freeze-thaw cycles
in transport buffer. The cell lysate from appropriate wells
was analyzed by liquid scintillation counting (LSC) to deter-
mine the amount of radioactivity of probe substrates. The
concentrations of the test article in the cell lysate samples
and test solutions were determined using LC-MS. Samples
were stored at — 20 °C until analysis, as applicable. Parallel
cell cultures were prepared for the determination of protein

amounts per well on each day of experimentation. Cells were
lysed in HBSS containing 0.1% (v/v) Triton X-100 and sam-
ples were stored at — 70 °C until the protein analysis.

Uptake of esmethadone (0.3, 3, and 30 pM) by each trans-
porter in the presence of a vehicle or selective inhibitor,
and by the vector control, was conducted according to the
uptake incubation procedure for 2 min (MATE only) or 5
min. Uptake of a probe substrate by each transporter in the
presence of a vehicle or selective inhibitor and by the vector
control was performed as controls. Probe substrate infor-
mation for the corresponding transporters is summarized
in Table 5.

2.9.2 Efflux Transporter Assay

Caco-2 cells were plated in 24-well Costar Transwell® poly-
ester membrane inserts (pore size 0.4 pm) in sSDMEM con-
taining 10% (v/v) fetal bovine serum, 2 mM of glutamine,
1% (w/v) non-essential amino acids, 100 units/mL of peni-
cillin, and 100 pg/mL of streptomycin. Cells suspended in
sDMEM were seeded onto wet and equilibrated membranes
at an initial density of 2 X 10° cells/mL. The monolayers
were maintained at 37 °C in an atmosphere of 5% CO, with
saturated humidity for 24 days in order for monolayers to
form and achieve full expression of membrane proteins. Dur-
ing this culture period, the medium was replaced at least
three times each week.

Apparent permeability was determined in both the apical
to basolateral and basolateral to apical directions. Measure-
ment of the trans-epithelial electrical resistance with a World
Precision Instruments (WPI), Inc. volt-ohm meter prior to and
following experimentation was used to confirm the formation
of tight junctions in the monolayers. After aspiration of the
culture medium, the Transwell inserts were pre-incubated with
a Caco-2 transport buffer-containing vehicle for 30 min in the
upper and lower compartments. A fresh transport buffer-con-
taining vehicle or inhibitor, as appropriate, was added to the
receiver compartments, and a test article working solution with

Table 5 Uptake transporter

Transporter Probe substrate (uM) Selective inhibitor (pM)

control, substrates, and

inhibitors OAT1 14C-para-aminohippurate (1) Probenecid (200)
OAT3 3H-estrone-3-sulfate (1) Probenecid (200)
OCT1 14C-tetraethylammonium (5) Quinidine (256)
0OCT2 4C-metformin (1) Quinidine (256)
OATPIB1 3H-estradiol-17p-D-glucuronide (0.5) Cyclosporine A (10)
OATP1B3 3H-cholecystokinin octapeptide (1) Cyclosporine A (10)
OATP2B1 3H-estrone-3-sulfate (1) Rifamycin SV (30)
MATEI 14C-tetraethylammonium (5) Cimetidine (100)
MATE2-K 14C-tetraethylammonium (5) Cimetidine (100)

MATE multidrug and toxin extrusion
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or without inhibitors was added to the corresponding donor
compartments to initiate the transport.

The incubation was conducted at 37 °C for 2 h and termi-
nated by collection of the donor and receiver samples. The
control samples and working solutions were analyzed by
LSC to determine the amount of radioactivity of the probe.
The concentrations of the test article in the samples and test
article working solutions were determined using LC-MS, as
applicable. Samples were stored at — 20 °C until analysis, as
appropriate.

To confirm that the monolayers were suitable, the apparent
permeabilities of paracellular (mannitol) and transcellular (caf-
feine) marker compounds and of probe substrates were deter-
mined. Cell monolayers were incubated with “C-mannitol (10
uM), “C-caffeine (5 uM), *H-digoxin (1 uM), and *H-estrone-
3-sulfate (0.1 pM) for 2 h according to the efflux incubation
procedure on each day of experimentation.

For each transporter, the apparent permeability of esmetha-
done (0.3, 3, 30, and 50 pM) was assessed in the presence of
a vehicle or selective inhibitor according to the efflux incuba-
tion procedure. Negative inhibitors were included in parallel
to confirm the specificity of interaction. The permeability of
each probe substrate was assessed in the presence of a vehicle
or known inhibitor as a control. Probe substrate and known
inhibitor information is summarized in Table 6.

2.9.3 Data Analysis

Statistics were limited to descriptive statistics, such as means,
standard deviations, relative standard deviations, and linear
regression analyses, where appropriate. Activity and half-max-
imal inhibitory concentration (ICy,) calculations, as applica-
ble, as well as additional kinetic calculations, were determined
using SoftMax Pro, SigmaPlot Version 12.5, or Microsoft
Excel Version 16.0. Outliers among replicates were identified
in accordance with Covance SOPs.

2.10 Clinical Studies
2.10.1 Study 1 (hADME)

This was an open-label study of the absorption, distribution,
metabolism, and excretion of ['*C]-esmethadone following a
single oral dose in healthy male subjects. Metabolite profiles
and identification of ['*CJ-esmethadone-related radioactivity
were determined in plasma, urine, and feces samples collected

from healthy male subjects after a single 25-mg (150-pCi)
oral dose of ['“C]-esmethadone in the fasted state. Plasma
samples were collected 0.5, 1, 1.5, 2, 3, 6, 8, 12, and 24 h
post-dose. Urine samples were collected at 0—4, 4-8, 8-12,
12-24,24-48, 48-72, 72-96, 96-120, 120144, 144-168, and
168—192 h post-dose. Fecal samples were collected at 0-24,
24-48, 48-72, 72-96, 96-120, 120-144, 144-168, 168-192,
192-216, and 216-240 h post-dose. Plasma samples were
pooled by individual at maximum observed concentration
(Cinax) and across timepoints to generate a 0.5- to 24-h area
under the concentration—time curve (AUC) representative of
pooled samples. Urine and fecal homogenate samples were
pooled across collection intervals by subject to generate indi-
vidual urine and fecal homogenate pools. Plasma, urine, and
feces samples were stored at approximately — 70 °C before and
after analysis. Subjects were discharged on day 15 if one of
the following conditions occurred: plasma radioactivity levels
were below the limit of quantitation for two consecutive col-
lections, if > 90% mass balance was recovered, and if < 1% of
total radioactive dose was recovered in the combined excreta
(urine and feces) in two consecutive 24-h periods.

No formal statistical assessment of sample size was con-
ducted. The sample size chosen of eight male subjects for
this study is commonly adopted in human radiolabeled stud-
ies and was considered sufficient to achieve the objectives of
the study. Up to eight subjects were enrolled to ensure that
six subjects complete the study.

2.10.2 Biochemical Analysis

Plasma samples were pooled by individual to generate a 0.5-
to 24-h AUC representative. For each subject, a C,,, was
also analyzed. The radioactivity in each pooled sample was
determined by LSC. Two 2-g aliquots of each AUC-pooled
plasma sample were combined with 6 mL of acetonitrile.
Each mixture was sonicated, vortex mixed, and centri-
fuged, and the supernatant was removed. The extraction was
repeated, and the respective supernatants were combined.
Duplicate aliquots were analyzed by LSC to determine
extraction recoveries, which ranged from 78.3 to 94.9%.

Urine and fecal samples were pooled in proportion to the
weight of urine and feces collected in each sampling period.
The radioactivity in each pooled sample was determined by
LSC.

Approximately 2.3-2.6 g of each pooled feces sample
was combined with 6 mL of acetonitrile. Each mixture was

Table 6 Efflux transporter

oo . Transporter Probe substrate (uM) Selective inhibitor (pM) Negative inhibitor (uM)
substrates and inhibitors (using
Caco-2 cells) P-gp 3H-digoxin (1) Zosuquidar (2) Ko143 (1)
BCRP 3H-estrone-3-sulfate (0.1) Ko143 (1) Zosuquidar (2)

BCRP breast cancer resistant protein, P-gp P-glycoprotein
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sonicated, vortex mixed, and centrifuged, and the super-
natant was removed. The extraction was repeated, and the
respective supernatants were combined. Duplicate aliquots
were analyzed by LSC to determine extraction recoveries,
which ranged from 85.1 to 111%.

2.10.3 Metabolite Profiling and Identification

All processed plasma, urine, and fecal homogenate sam-
ples were analyzed by liquid chromatography-high resolu-
tion mass spectrometry, with eluent fractions collected at
10-s intervals into 96-well plates containing solid scintil-
lant. Radioactivity in each well was determined using a
MicroBeta2 analysis, and radiochemical profiles were gen-
erated based on radioactivity counts. Quantitation of the
metabolites present in the plasma, urine, and feces was based
on the profiles of radioactivity.

2.10.4 Study 2 (DDI Perpetrator)

This was an open-label, fixed-sequence, single-dose, and
multiple-dose DDI study as illustrated in Fig. 1. Eligible par-
ticipants received a single oral dose of midazolam 2 mg on
day 1 and a single oral dose of dextromethorphan 30 mg on
day 2. After a washout period of 48 h on day 4, participants
received a single (75-mg loading oral dose) of esmethadone
in combination with a single oral dose of dextromethorphan
30 mg. From days 6-18, esmethadone was administered at
an oral dose of 25 mg once daily and, on day 19, esmetha-
done at 25 mg was co-administered with a single oral dose of
midazolam 2 mg. The pharmacokinetics of midazolam and
1'-hydroxymidazolam was characterized over 24 h on day
1 and day 19, the pharmacokinetics of dextromethorphan
and dextrorphan was characterized over 48 h on day 2 and
on day 4. The pharmacokinetics of esmethadone was char-
acterized over 48 h on day 4 and over 24 h starting on day
19 (Fig. 1). Pharmacokinetic blood samples were collected
for midazolam and its metabolite (1’-hydroxymidazolam) on
day 1 and day 19 before dosing and 0.167 (10 min), 0.333
(20 min), 0.5,0.75, 1, 1.5,2,3,4, 5,6, 8, 12, 16, and 24 h
post-dose. Pharmacokinetics blood samples were collected
for dextromethorphan and its metabolite (dextrorphan) on

day 2 and day 4 before dosing and 0.5, 1, 2, 2.5, 3, 3.5, 4, 6,
8, 12, 16, 24, and 48 h post-dose. Pharmacokinetics of blood
samples were collected for esmethadone on day 4 before
dosing and 0.5, 1, 1.5,2,2.5, 3,4, 6, 8, 12, 24, and 48 h post-
dose. Pharmacokinetics blood samples were collected — 10
min prior to dosing on days 13, 17, and 18 for esmethadone
and on day 19 before dosing and 0.5, 1, 1.5, 2, 2.5, 3, 4, 6,
8, 12, and 24 h post-dose.

Twenty-eight (28) male or non-childbearing potential
female individuals were planned to be enrolled for partici-
pation in this study. The study was powered for the AUC
and C,,,, comparison of midazolam and should have been
sufficient to demonstrate no DDI. Based on data from previ-
ous studies, the intraparticipant coefficients of variation for
midazolam should have been approximately 22% for AUC
and C,,,,. Thus, with this expected coefficient of variation
and assuming a ratio of AUC and C,,, within 0.95 and 1.05,
the study should have had a power of at least 80% to show
no DDI, i.e., 90% confidence intervals of test: reference
within 80-125% for AUC from time zero extrapolated to
infinity (AUC_j,,p), AUC from time zero to the time of the
last quantifiable concentration (AUC,, ), and C,,,,, with 24
participants. To account for possible study dropouts, up to
28 participants were included in the study. This sample size
was also appropriate to investigate the inhibitory effect of
esmethadone on the pharmacokinetics of dextromethorphan.

2.10.5 Study 3 (DDI Victim)

This was an open-label single-center DDI study to assess
the effect of cobicistat on the pharmacokinetic profile of
esmethadone in healthy adult participants as illustrated in
Fig. 2. On day 1, participants received a single oral dose of
esmethadone 25 mg. On days 11-20, participants received
an oral dose of cobicistat 150 mg once daily. On day 15,
participants received a single dose of esmethadone 25 mg in
combination with a single dose of cobicistat 150 mg. Prior to
each dosing day, participants were required to fast overnight
for > 10 h. The participants fasted for 4 h post-dose. All
doses were administered 30 min after consuming a snack or
light meal. Pharmacokinetic samples for esmethadone were
collected at the following times on day 1: pre-dose (0 h), 0.5,

Fig. 1 Schematic overview of Study 1. REL REL
study 2. Dex dextromethorphan, .
Mid midazolam, QD once daily, Mid Dex 75 mg 25 n'mg
REL esmethadone 2mg 30mg +Dex REL 25 mg QD +Mid
: } + } ' 1o
S
|ocreenne ) ) | | | e [
| L ] ] ] | | 1
Days-35 101 2 4 6 18 19 20
t t
Admit In clinic Discharge

J
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Fig.2 Schematic overview of Study 2.
study 3. Cob cobicistat, REL REL
esmethadone 25 mg Cob 150 mg
l Screening [ t ‘I t ]
| LI | t | 1
Days-28 -1 1 11 15 20 21
¢ REL )
Admit 25 mg Discharge
; In clinic J

1,1.5,2,25,3,4,6, 8, 12, 24, 48, 72, 96, 120, and 144 h
post-dose and at the following times on day 15: pre-dose (0
h),0.5,1,1.5,2,2.5,3,4,6,8, 12, 24, 48, 72, 96, 120, and
144 h post-dose. The pre-dose pharmacokinetic sample on
day 15 may was used for the pre-dose trough sample.
Twenty-eight (28) participants were enrolled in this study
(approximately 50% for each sex) to ensure 24 completers.
A sample size of 24 participants was considered adequate
to assess the pharmacokinetic parameters of esmethadone
when administered alone and in combination with cobicistat.

2.10.6 Subjects

Subjects were male or non-childbearing potential female
individuals (for studies 2 and 3) of any race between 18 and
65 (55 for studies 2 and 3) years of age, body mass index
between 18.0 and 35.0 kg/m?, in good health, determined
by no clinically significant findings from medical history
and vital sign measurements, and clinical laboratory evalu-
ations, a 12-lead electrocardiogram at screening, and a nega-
tive physical examination. A complete physical examination
included assessments of the head, eyes, ears, nose, throat,
neck, chest, lungs, abdomen, musculoskeletal, dermatologi-
cal, cardiovascular/peripheral vascular, and general neuro-
logical. Demographic characteristics of the subjects enrolled
in these studies are listed in Tables S1 and S3 of the Elec-
tronic Supplementary Material (ESM).

We excluded CYP2B6 poor metabolizers, as determined
by genotyping during screening, and subjects with a sig-
nificant history or clinical manifestation of any metabolic,
allergic, dermatological, hepatic, renal, hematological,
pulmonary, cardiovascular, gastrointestinal, neurological,
respiratory, endocrine, or psychiatric disorder. Additional
exclusion criteria were history of significant hypersensitiv-
ity, intolerance, or allergy to any drug compound, food, or
other substance, disorders or history of any condition that
may interfere with drug absorption, distribution, metabo-
lism, or excretion, or a history of malabsorption or previous
gastrointestinal surgery that could affect drug absorption or
metabolism. A clinically significant abnormal electrocar-
diogram at screening, including a QT interval corrected for
heart rate using Fridericia’s formula > 450 ms or a family

history of long QT syndrome were additional exclusion cri-
teria. A detailed description of inclusion and exclusion cri-
teria can be found in the supporting information.

2.10.7 Bioanalytical and Pharmacokinetic Analysis (Studies
2and 3)

Blood samples were obtained to determine the pharma-
cokinetic profile and exposure of esmethadone after each
treatment. The following pharmacokinetic parameters were
calculated for midazolam, 1'-hydroxymidazolam, dex-
tromethorphan, dextrorphan, and esmethadone in plasma:
(1) Craxo Trnaxs (2) last quantifiable concentration; (3) time
of the last quantifiable concentration; (4) elimination rate
constant; (5) terminal half-life; (6) AUC,_; (7) AUC_;,; (8)
the percentage of AUC,, ;,r based on extrapolation, apparent
clearance (for midazolam and dextromethorphan only); and
(9) apparent volume of distribution (midazolam and dex-
tromethorphan only). The pharmacokinetic analysis was
performed using noncompartmental methods in Phoenix®
WinNonlin® (Version 8.1; Certara, L.P) in conjunction
with the Internet-accessible implementation of Pharsight®
Knowledgebase Server™ (PKSO; Version 4.0.4; Certara,
L.P).

2.11 Statistical Analysis
2.11.1 Study 2

The effect of esmethadone on the pharmacokinetics of vic-
tim probe substrates (midazolam and dextromethorphan)
was evaluated using GLM procedures in SAS®. An analysis
of variance (ANOVA) was performed on the In-transformed
Cpaxo AUC_,, and AUC ;s of midazolam, 1’-hydroxymi-
dazolam, dextromethorphan, and dextrorphan. The ratio of
geometric means (day 4/day 2 for dextromethorphan and
day 19/day 1 for midazolam) and 90% confidence intervals
for the ratio of geometric means, based on least-squares
means from the ANOVA of the In-transformed data, were
calculated for C,,,, AUC,_;, and AUC ;.;. An ANOVA
was also performed on untransformed elimination half-
life. The magnitude of any potential differences in victim
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probe substrate exposure in the presence of esmethadone
was described using the US Food and Drug Administration
(FDA) guidance for clinical drug interaction studies (2020)
[28]. A non-parametric analysis (Wilcoxon’s signed-ranked
test) was performed on T,,.

2.11.2 Study3

The DDI of esmethadone and cobicistat was evaluated using
an ANOVA on log-transformed pharmacokinetic parame-
ters: AUC_,, AUC, ;s> and C,,,, (esmethadone + cobicistat/
esmethadone alone). Conclusions regarding the DDI was
based on the ratio of the geometric means (test/reference) for
AUC_, AUC_;,p» and C,,,, and the 90% confidence inter-
val for this ratio. No interaction was concluded if the 90%
confidence intervals were fully contained within the limits
of 80.0% and 125.0%. If test/reference ratios for AUCs were
500% or more, esmethadone was categorized as a sensitive
CYP3A4 substrate, if test/reference ratios for AUCs were
200-499%, esmethadone was categorized as a moderately
sensitive CYP3A4 substrate, and if test/reference ratios for
AUCs were 125-199%, esmethadone was categorized as a
mildly sensitive CYP3A4 substrate. Statistical analyses were

performed using SAS®.

3 Results

3.1 InVitro Studies

However, the ICs, values for CYP2C19, CYP3A4/5, and
UGT2B15 were too high to be considered clinically relevant.
The only exception is represented by CYP2D6, where the
IC4, value (9.6 uM) was not far from the maximal exposure
of esmethadone (C,,,,) observed in a phase I clinical trial,
which in one subject reached 3.2 pM [7].

The microsomal protein binding was low overall and
exhibited protein and test article concentration depend-
ence, with decreasing binding corresponding to increased
esmethadone concentrations (possibly due to saturation of
binding) but increasing binding with increased HLM content
(Table 8). Based on the esmethadone fraction unbound, cor-
rected unbound ICs, values were generated. The unbound
ICy, value for CYP2D6 was 8.28 uM and the unbound K;
(K;,) was 1.74 uM (Table 7).

Further experiments to determine the inhibition constant
K; and the type of inhibition were conducted for CYP2D6.
The results for CYP2D6 (dextromethorphan O-demethylase)
inhibition by esmethadone are shown in Fig. S1 of the ESM.
The K; was determined to be 2.02 pM for CYP2D6 with
mixed (competitive and non-competitive) inhibition.

In vitro studies with recombinant CYP isoforms dem-
onstrated that esmethadone is primarily metabolized to
EDDP by multiple enzymes, including CYP2B6, CYP2CS,
CYP2C19, CYP2D6, and CYP3A4/5 (Fig. 3). EDDP

Table 8 Summary of microsomal protein binding by esmethadone

HLM concentration Percent unbound esmethadone

(mg/mL) 1 uM 10 pM 100 pM
Esmethadone was first evaluated for its in vitro inhibi-
tory activities on several human liver CYP and human 0.05 o1.5 952 994
UGT enzymes. As summarized in Table 7, esmethadone 0.1 57.7 74.3 93.2
showed some inhibitory activity on different CYP enzymes, 05 558 62.1 65.5
including 2C19, 2D6, and 3A4/5 as well as on UGT2BI15. HLM human liver microsome
Table7 Inhibitory activiFy of Enzyme Conclusion IC5y (uM) ICs , (UM) Enzyme Conclusion ICsy (uM)
esmethadone on human liver .
CYP and UGT enzymes CYPI1A2 No NA NA
CYP2A6 Yes > 200 NA UGTI1Al Yes > 200
CYP2B6 Yes > 200 NA UGT1A3 Yes > 200
CYP2C8 Yes > 200 NA UGT1A4 Yes > 200
CYP2C9 Yes > 200 NA UGTI1A6 No NA
CYP2C19 Yes 174 150 UGTI1A9 Yes > 200
CYP2D6 Yes 9.63 8.28 UGT2B7 Yes > 200
K;=2.02 K, =174
CYP3A4/5% Yes 123 103 UGT2B15 Yes 139
CYP3A4/5>  Yes 66.2 56.9

CYP cytochrome P450, IC;, concentration of esmethadone that inhibits 50% of the enzyme activity, ICs,,
IC5, unbound, Ki inhibition constant, NA not applicable

*Testosterone 6f3-hydroxylase

®Midazolam 1'-hydroxylase
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Fig. 3 In vitro metabolism of esmethadone. A Esmethadone was incubated with recombinant cytochrome P450 (CYP) isoforms and its metabo-
lism was determined by LC-MS. B EDDP (2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine) formation by recombinant CYP isoforms

accounted for > 85% of in vitro metabolites (data not
shown). Additionally, esmethadone was demonstrated to be
an inducer of CYP1A2, CYP2B6, CYP2CS8, CYP2C9, and
especially CYP3A4/5. Indeed, esmethadone increased by
21.4 + 1.1-fold and 5.2 + 4.8-fold the mRNA and enzyme
activity of CYP3A4, respectively (Table 9). The effect on
CYP3A4 mRNA induction was observed at ECs, values of
9.6 + 3.4 uM, thus supporting a potential in vivo relevant
effect (Table 9). Finally, esmethadone is not a transporter
substrate, but does inhibit OCT1 (ICs5, = 1.671 uM) and
possibly P-glycoprotein (P-gp) [IC5, = 9.276 uM].

3.2 InVivo Studies
3.2.1 Study1

Esmethadone absorption, metabolism, distribution, and
excretion were investigated in healthy volunteers at a single
site using radio-labeled esmethadone. Metabolite profiles
and metabolite identification of ['*C]-esmethadone-related
radioactivity were determined in plasma, urine, and feces
samples collected after a single 25-mg (150-uCi) oral dose
of ['*C]-esmethadone. Esmethadone underwent extensive
metabolism in humans after an oral dose, which was medi-
ated predominantly by oxidative N-demethylation and, to a
minimal extent, by oxidation (Fig. 4). Secondary cyclization
with concomitant dehydration was extensive, while second-
ary glucuronidation, epoxidation, and hydrolysis were trace
biotransformation pathways. Oxidative N-demethylation of
esmethadone with secondary cyclization and dehydration
yielded EDDP as a minor circulating metabolite and the
predominant metabolite in urine and feces. Esmethadone
was the most abundant circulating component in plasma,
with a mean exposure (AUC 5 ,,) of 1200 ng equivalents
hours ['*C]-esmethadone/g (ng eq. h/g) or 70.4% of the

Table 9 CYP induction by esmethadone

Donor mRNA levels Enzyme activity
Fold induction ECy, (uM) Fold induction
CYP1A2
3.61 25.7 1.09
4.00 3.75 1.07
3 2.24 26.3 5.01
CYP2B6
13.1 4.30 1.19
359 5.36 1.43
3 6.11 4.12 2.76
CYP2C8
5.60 2.85 1.32
2.70 6.42 1.10
3 2.72 5.27 2.58
CYP2C9
3.15 1.05 0.96
1.55 6.31 0.82
3 3.18 18.1 3.09
CYP2C19
1 0.98 NA 0.80
2 1.46 6.68 0.71
3 1.35 NA 1.48
CYP3A4
20.2 13.3 2.28
21.8 6.50 2.66
222 9.01 10.8

CYP cytochrome P450, ECy, half maximal effective concentration,
NA not applicable

total plasma radioactivity exposure through 24 h post-dose.
EDDP and oxy-esmethadone glucuronide were traced to
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REL-1017
(p. u)

EDDP (M7)
(p.u.f)
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Fig.4 Proposed biotransformation pathways of esmethadone in male human subjects. EDDP 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine,

REL esmethadone

minor metabolites that accounted for 2.70% and 0.473%
and of the total plasma radioactivity exposure, respectively.

[*4C]-Esmethadone-derived radioactivity was excreted in
urine (53.9% of the dose) and feces (39.1% of the dose). Uri-
nary excretion of esmethadone accounted for a mean of 13%
of the dose across subjects; no fecal excretion of esmetha-
done was noted. EDDP was a major and the most abundant
metabolite in urine and feces, accounting for 36.5% and
33.5% of the dose, respectively. The representative radi-
ochromatogram and reconstructed ion chromatogram from
analysis of a 0- to 24-h AUC-pooled plasma sample and
from a 0- to 144-h pooled urine sample, after a single oral
dose of 25 mg of [*C]-esmethadone are shown in Fig. S2 of
the ESM. Overall, these data indicate that metabolic clear-
ance and, to a lesser extent, urinary excretion were the main
routes of elimination of esmethadone in human subjects
after an oral dose.

3.2.2 Study2

The in vitro data indicated that esmethadone is metabo-
lized by CYP3A4 and may have a potential inducing prop-
erty on CYP3A4 and an inhibitory action on CYP2D6.
To further investigate these possibilities, we conducted a
single-center open-label DDI study. The objective was to
assess the effect of esmethadone on CYP2D6 activity, the

A
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pharmacokinetic profiles of dextromethorphan (a probe
substrate for CYP2D6) and its metabolite dextrorphan were
studied when administered either alone or in combination
with a single 75-mg loading dose of esmethadone (Fig. 1).
In contrast, the possible induction on CYP3A4 was tested
by administering esmethadone in combination with mida-
zolam (probe for CYP3A4) and the pharmacokinetic profile
of midazolam and its metabolite 1'-hydroxymidazolam was
compared with that observed before the administration of
esmethadone (Fig. 1). The demographic characteristics of
the healthy volunteers enrolled in the study are reported in
Table S1 of the ESM.

As shown in Fig. 5, esmethadone did not significantly
modify the C,,,, and AUC of midazolam (CYP3A4 sub-
strate) [C,.: 11,500 + 3350 pg/mL vs 9920 + 2580 pg/mL;
AUC: 25,500 + 9210 h*pg/mL vs 24,500 + 7350 h*pg/mL],
while significant increases of C,,, and AUC of 1'-hydroxy-
midazolam were observed (Cp,,,: 5440 + 3520 pg/mL vs
13,100 + 4930 pg/mL; AUC: 10,700 + 7360 h*pg/mL vs
41,100 + 14,500 h*pg/mL of midazolam alone or co-admin-
istered with esmethadone). The pharmacokinetic parame-
ters of midazolam and 1’-hydroxymidazolam in response
to the co-administration with esmethadone are reported in
Table 10.

Taken together, these data indicate a negligible effect of
esmethadone on CYP3A4 activity. Coherently, the half-life
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Fig.5 Plasma time profile concentrations of midazolam (A) and 1'-hydroxymidazolam (B) after administration of midazolam alone (2 mg) or in

combination with esmethadone (25 mg). & hours
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Table 10 Effect of esmethadone (25 mg) on the pharmacokinetic parameters of CYP3A4 substrate midazolam and its metabolite 1’-hydroxymi-

dazolam

Pharmacokinetic parameters Midazolam alone

Analyte: midazolam

Midazolam + esmethadone

Midazolam alone Midazolam + esmethadone

Analyte: 1'-hydroxymidazolam

Cona (P2/mL) 11,500 + 3350 9920 + 2580 5440 + 3520 13,100 + 4930
T e () 0500 (0.333-1.08)  0.500 (0.333-1.00) 0.500 (0.500-0.750)  0.925 (0.500-2.00)*
AUC, , (h*pg/mL) 25,500 + 9210 24,500 + 7350 10,700 = 7360 41,100 + 14,500
AUC, ;s (h*pg/mL) 26,800 + 9740 25,900 + 7730 11,600 + 8260 42,700 + 15100
Ty o (h) 512+ 1.92 534+ 1.80 3.68 +2.25 4.82 +1.59

CL/F (L/h) 83.8 +27.9 84.5 £27.5

V/F (L) 571 + 182 608 + 160

Data are expressed as arithmetic mean =+ standard deviation

AUC,, area under the concentration—time curve from time zero to the time of the last quantifiable concentration, AUC,_;,, area under the con-

centration—time curve from time zero extrapolated to infinity, CL/F apparent clearance, C

P450, T, . time to C

>~ max max?

T ,ax 1s presented as median (range)

time of midazolam (5.12 + 1.92 h) and 1’-hydroxymida-
zolam (3.68 + 2.25 h) were not altered by esmethadone (5.34
+ 1.80 h vs 4.82 + 1.59 h for midazolam and 1’-hydroxy-
midazolam, respectively). These data suggest that esmeth-
adone does not affect the metabolism and elimination of
1'-hydroxymidazolam but rather its bioavailability and/or
gastrointestinal absorption.

The investigation on the CYP2D6 activity led to the
observation that esmethadone (loading dose of 75 mg) sig-
nificantly increased the exposure of both dextromethorphan
(CYP2D6 probe substrate) and its metabolite dextrorphan
(Fig. 6). In particular, the AUC of dextromethorphan raised
from 31,200 + 80,800 h*pg/mL to 84,600 + 130,000 h*pg/
mL (2.71-fold increase). A similar effect was observed with
dextromethorphan metabolite dextrorphan (27,200 + 12,300
h*pg/mL vs 84,700 + 30,400 *pg/mL; 3.11-fold increase).
The pharmacokinetic parameters of dextromethorphan
and dextrorphan in response to the co-administration with
esmethadone are reported in Table 11.

Thus, the results of this study demonstrated that esmetha-
done is a moderate inhibitor of CYP2D6. Importantly, from
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V /F apparent volume of distribution, *p < 0.001 vs midazolam alone by Wilcoxon signed-rank test

the safety point of view, esmethadone was well tolerated in
healthy participants when administered alone or in combi-
nation with dextromethorphan and midazolam (Table S2 of
the ESM).

3.2.3 Study3

The in vitro analysis with recombinant CYP450 enzymes
demonstrated that esmethadone is mainly metabolized by
CYP2B6 and CYP3A4 (Fig. 3). Thus, inhibition of CYP3A4
may have a clinically relevant impact on the pharmacoki-
netics and exposure of esmethadone. To test this hypoth-
esis, we conducted a clinical study aimed at evaluating the
effect of CYP34A inhibitor cobicistat on the esmethadone
pharmacokinetic profile. The demographic characteristics
of the healthy volunteers enrolled in the study are reported
in Table S3 of the ESM.

Plasma concentration—time profiles after administra-
tion of esmethadone alone and in combination with cobi-
cistat are presented in Fig. 7. Mean peak concentrations
of esmethadone after co-administration with cobicistat on
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Fig.6 Pharmacokinetic profile of dextromethorphan (A) and dextrorphan (B) after administration of dextromethorphan alone or in combination

with esmethadone (75 mg). 4 hours
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Table 11 Effect of esmethadone (75 mg) on the pharmacokinetic parameters of CYP2D6 substrate dextromethorphan and its substrate dextror-

phan

Pharmacokinetic parameters

Dextromethorphan alone

Analyte: dextromethorphan

Dextromethorphan +

esmethadone

Dextromethorphan alone

Analyte: dextrorphan

Dextromethor-
phan + esmetha-
done

Cinax (pg/mL)
Tmax (h)a
AUC,,, (h*pg/mL)

AUC, ;,; (h*pg/mL)

Ty, e (h)
CL/F (L/h)
V,/F (L)

2200 + 3800
2.50 (1.00-4.00)
26,600 + 66,100
31,200 + 80,800
7.15+3.29
4560 + 3280
39,000 =+ 24,800

6280 + 5970

3.00 (2.00-6.00)*
77,200 + 109,000
84,600 + 130,000
8.90 +2.87

907 + 715

10,700 + 8470

4900 + 2620
2.00 (1.00-3.50)
26,300 + 12,100
27,200 + 12,300
5.64 +4.97

11,500 + 4790
2.50 (1.00-4.15)*
82,900 + 30,600
84,700 = 30,400
5.80 + 2.86

Data are expressed as arithmetic mean =+ standard deviation

AUC,_, area under the concentration—time curve from time zero to the time of the last quantifiable concentration, AUC,, ;- area under the concen-

tration—time curve from time zero extrapolated to infinity, CL/F apparent clearance, C

maximum observed concentration, 7,,,,, time to C

max max’

V/F apparent volume of distribution, *p < 0.001 vs dextromethorphan alone by Wilcoxon signed-rank test

T nax 18 presented as median (range)

150 1

—— Esmethadone (25 mg)
—O— Esmethadone (25 mg) + Cobicistat(150 mg)

Mean concentration
esmethadone (ng/ml)

0 24 48 72 96 120 144
Time (h)

Fig. 7 Pharmacokinetic profile of esmethadone alone (25 mg) and
after administration of cytochrome P450 3A4 inhibitor cobicistat
(150 mg). h hours

day 15 were similar to those measured after the adminis-
tration of esmethadone alone (day 1). Maximum observed
concentration of esmethadone was 119 + 34.3 ng/mL
when administered alone and 130 + 22.5 ng/mL when co-
administered with cobicistat. There was no apparent differ-
ence in the T,,, of esmethadone (3.00 vs 4.00 h post-dose)
or the shape of the concentration—time profiles.
Co-administration of esmethadone with cobicistat had
only a slight impact on esmethadone pharmacokinetics.
Mean esmethadone C,,,,, AUC,_,, and AUC,_; ¢ values
were comparable between treatments (Table 12). Median
esmethadone T,,,, was similar when administered alone or
co-administered with cobicistat (2.50 h vs 3.02 h). Mean
esmethadone half-life, apparent clearance, and apparent
volume of distribution values were also similar for both

treatments (Table 12). No deaths, other serious adverse
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Table 12 Effect of CYP3A4 inhibitor cobicistat (150 mg) on esmeth-
adone (25 mg) pharmacokinetic parameters

Pharmacokinetic param- ~ Esmethadone Esmethadone +

eters cobicistat

Cpax (ng/mL) 131 +31.5 138 +25.5
T, () 2.50 (1.49-6.00)  3.02 (2.52-4.07)
AUC,_, (h*ng/mL) 4100 + 1210 5560 + 1450
AUC ;¢ (h*ng/mL) 4430 + 1370 6260 + 1920
Ty () 36.3 +7.36 434 +10.3
CL/F (L/h) 6.25 +2.21 4.37 + 1.43
V4/F (L) 310+ 61.3 259 +45.9

Data are expressed as arithmetic mean =+ standard deviation

AUC,_, area under the concentration—time curve from time zero to
the time of the last quantifiable concentration, AUC, ;,, area under
the concentration—time curve from time zero extrapolated to infin-
ity, CL/F apparent clearance, C,,,, maximum observed concentration,
CYP cytochrome P450, T,,,, time to C,,, V/F apparent volume of
distribution

ax

4T . 1S presented as median (range)

max

events, or other clinically significant adverse events
occurred during the conduct of this study (Table S4 of
the ESM).

Thus, the co-administration of repeated once-daily
doses of the strong CYP3A4 inhibitor cobicistat did not
impact the peak exposure (C,,,,) of esmethadone but did
appear to have a slight effect on the total exposure (AUCs)
of the drug. In the presence of cobicistat, the geometric
mean ratios for esmethadone C,,,, AUC,_,, and AUC,, ;¢
were 105%, 134%, and 132%, respectively.
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4 Discussion

The present studies were conducted to characterize poten-
tially relevant metabolic pathways of esmethadone. The
in vitro analysis indicated that esmethadone is mainly
metabolized by CYP2B6 and CYP3A4. As previously
described in patients [29], EDDP accounted for > 90%
of in vitro metabolites. In vitro results also showed a
potentially relevant inhibitory action of esmethadone
on CYP2D6 and an inducing activity of CYP3A4. The
IC5, value of CYP2D6 inhibition (9.6 uM) is indeed not
far from the maximal exposure of esmethadone (C,,,,)
observed in a phase I clinical trial (up to 3.2 pM) [7].
The K; for CYP2D6 by unbound esmethadone was deter-
mined to be 1.74 pM. This value can be utilized to pre-
dict a possible DDI in vivo by using equations and cut-
off values recommended in the FDA DDI guidance: R1
=1 + (Inax o/K; ) Where I, (o1 Cryy ) is the maximal
unbound esmethadone concentration in plasma at steady
state. The C,, , is 0.587 uM, as previously determined
[7]1. The cut-off value for R1 is equal to 1.02. Thus, for
CYP2D6, the R1 equation with the experimentally deter-
mined values inserted is: Cy, ,/K; , =1+ (0.587 uM/1.74
pM) = 1.33. This value is greater than the cut-off value
(1.02), indicating clinical DDI studies are needed to better
understand potential clinical implications. Thus, to test the
possibility that esmethadone may have an impact on drugs
metabolized by CYP2D6 (inhibition) and CYP3A4 (induc-
tion), we conducted a clinical trial to assess the effect of a
single loading dose of esmethadone on the pharmacokinet-
ics of dextromethorphan (CYP2D6 probe substrate) and
the effect of repeated doses of esmethadone on the phar-
macokinetics of midazolam (CYP3A4 probe substrate) in
healthy participants.

Esmethadone did not significantly modify the C,,, and
AUC of midazolam, while it significantly increased the
C,..x and AUC of 1'-hydroxymidazolam. Thus, in accord-
ance with current FDA guidelines, it can be suggested that
esmethadone does not induce CYP3A4 enzyme activity.
However, the analysis of the metabolite 1’-hydroxymida-
zolam demonstrated a significant increase of AUC (3.84-
fold). The enzymatic metabolism of midazolam involves
the CYP3A4 pathway, generating 1’-hydroxymidazolam,
which then undergoes phase II metabolism by glucuronida-
tion [30]. Importantly, the half-life time of 1’-hydroxymi-
dazolam is similar to that of the parent drug, 1.72 h [30].
Thus, the decline of metabolite in plasma is controlled
also by elimination of the parent drug. Concentration of
1'-hydroxymidazolam declines in parallel with midazolam
[31]. In our study, we observed a very similar half-life time
of midazolam (5.12 + 1.92 h) and 1’-hydroxymidazolam
(3.68 + 2.25 h) and these values were not meaningfully

altered by esmethadone (5.34 + 1.80 h vs 4.82 + 1.59 h
for midazolam and 1’-hydroxymidazolam, respectively).
These data suggest that esmethadone does not affect the
metabolism and elimination of 1’-hydroxymidazolam but
may instead affect its bioavailability or gastrointestinal
production.

The impact of generation of 1’-hydroxymidazolam
from midazolam during the first pass can be seen in the
three-times higher value of the 1'-hydroxymidazolam-to-
midazolam AUC ratio after the drug oral dose compared
with the value obtained after the intravenous dose [30].
As the intrinsic activities of gut and liver CYP3A have
been observed to be similar [32, 33], fractions of mida-
zolam converted to two primary CYP3A metabolites in
the intestine are assumed to be identical in the liver [34].
On the contrary, conjugation is considered significantly
lower in the intestine owing to the relative low expression
of UGT enzymes. Thus, it is conceivable to hypothesize
that esmethadone induced the generation of 1'-hydroxy-
midazolam from midazolam at the gastrointestinal level,
as previously hypothesized with methadone itself [12,
35], although the metabolism and clearance of midazolam
metabolites are governed by a complex interplay of mul-
tiple factors. Thus, the clinical impact of esmethadone on
the pharmacokinetics of drugs metabolized by CYP3A4
may be multi-faceted.

Predicting if the 3.84-fold increase of 1’-hydroxymida-
zolam by esmethadone may have a clinical impact is diffi-
cult. However, in our study, we did not find any increase of
adverse effects when the two drugs were co-administered,
although the period of treatment was short. Considering
the increased of exposure of this metabolite, it is important
to take into consideration that the AUC of 1’-hydroxymi-
dazolam is approximately one third of that of midazolam,
and thus it is considered to only partially account for the
pharmacological effect. In the presence of esmethadone,
the exposure of midazolam plus its metabolite increased by
1.78-fold, an effect that is more likely to be considered not
clinically relevant.

Results from the in vitro analysis indicated that esmetha-
done may have a significant inhibitory activity on CYP2D6.
Indeed, esmethadone significantly increased the AUC
of dextromethorphan (CYP2D6 probe substrate) and its
metabolite by 2.71-fold and 3.11-fold, respectively. Thus,
in accordance with current FDA guidelines, esmethadone
can be considered a moderate CYP2D6 inhibitor. Impor-
tantly, from the safety point of view, esmethadone was well
tolerated in healthy subjects when administered alone or
in combination with dextromethorphan and midazolam. In
contrast, methadone is not metabolized by CYP2D6; indeed,
fluoxetine and paroxetine, potent CYP2D6 inhibitors [36]
and drugs widely employed in the treatment of depression,
do not change the metabolism of methadone [37].
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The increased exposure of dextrorphan after esmetha-
done administration is in contrast with the effects observed
with the other CYP2D6 inhibitor quinidine, which greatly
increases the amount of circulating dextromethorphan and
decreases the metabolite dextrorphan [38]. The reasons
underlying this opposite effect on metabolite exposure by
two CYP2D6 inhibitors are unclear and suggest different
effects of these two drugs on other metabolic pathways. It
should be noticed that quinidine, in addition to inhibiting
CYP2D6, displays different effects on CYP3A4 metabolic
activities, dependent on the substrate used, which range from
strong inhibition to even activation [39]. In contrast, dextror-
phan is further metabolized by CYP3A4 and UGT enzymes
[38]. Although the esmethadone UGT inhibitory activity is
too limited to be considered significant, this observation may
at least in part explain the observed increase of dextrorphan
disposition.

We also evaluated the influence of CYP3A4 inhibition
on esmethadone metabolism. Because of the paradoxical
results obtained with the potent CYP3A4 inhibitors ritonavir
[22], nelfinavir [25], indinavir [40] ritonavir/indinavir [26],
and atazanavir [27], we decided to utilize cobicistat. This
CYP3A4 inhibitor increased the C,,,, AUC,_, and AUC
o-in¢ Of esmethadone by 105%, 134%, and 132%, respectively.
These data indicate that esmethadone is partially metabo-
lized by CYP3A4 but exclude a significant interaction with
strong CYP3A4 inhibitors and inducers. Indeed, CYP inhibi-
tion studies support a more predominant role for CYP2B6
than for CYP3A4 in determining methadone disposition,
as changes in plasma R/S methadone ratios observed after
rifampin (CYP2B6 and CYP3A4 inducer) or troleandomycin
(CYP3A4 inhibitor) pre-treatment in humans were success-
fully predicted by CYP2B6-catalyzed but not CYP3A4-
catalyzed methadone N-demethylation [41]. In addition, no
correlation between methadone clearance (intravenous and
oral) and CYP3A4/5 activity (hepatic and intestinal) has
been observed [24], data that further support a meaningful
role for CYP3A4/5 in clinical methadone N-demethylation
and clearance, in contrast with in vitro results. Thus, in vivo,
CYP2B6 appears to be the major determinant of methadone
metabolism and disposition, and CYP2B6 activity and ste-
reoselective metabolic interactions may confer variability
in methadone disposition [41]. This assumption has also
been demonstrated by the fact that the R/S methadone ratio
is stable in patients co-treated with the CYP2B6 inhibitor
ticlopidine, compared with control untreated subjects [42].
The involvement of CYP2B6 on methadone metabolism has
also been confirmed by genetic studies conducted on sub-
jects carrying different single nucleotide polymorphisms of
this gene [43—45]. In addition, our in vitro data indicating a
significant induction of CYP2B6 by esmethadone, may con-
tribute, together with CYP3A4, to the slight but significant
decrease in its bioavailability observed after repeated doses
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of drug administration [12]. Thus, esmethadone is primarily
metabolized by CYP2B6 not only in vitro but also in vivo.

Finally, the clearance of esmethadone is well balanced
between the kidney and liver, thus suggesting minimal accu-
mulation in patients with impaired organ functions. This
hypothesis may need confirmation with adequate clinical
studies.

The possible clinical implication of inhibitory action of
esmethadone on drug transporter OCT1 and P-gp needs
further investigations. Indeed, OCT1 is mainly expressed
in the liver where it can mediate the uptake of many drugs,
including metformin, imatinib, anthracyclines, oxaliplatin,
and sorafenib [46]. Even more relevant could be the inhibi-
tion of P-gp that may increase the gastrointestinal absorp-
tion, and thus the bioavailability, of many drugs including
the direct oral anticoagulants (apixaban, edoxaban, rivar-
oxaban and dabigatran) [47], and many others. In addition,
a single nucleotide polymorphism of P-gp has been associ-
ated with a 32.9% higher concentration of methadone [48],
thus suggesting that esmethadone is also a substrate of this
drug efflux transporter that may influence its disposition in
some patients.

5 Conclusions

These studies indicate that the administration of esmeth-
adone increases the exposure of drugs metabolized by
CYP2D6. No significant interaction is predicted with
CYP3A4 inhibitors and with CYP3A4 metabolized drugs,
confirming previous in vitro and in vivo evidence, indicat-
ing that the metabolism of esmethadone is more related to
CYP2B6 than to CYP3A activity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40268-023-00450-6.
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