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Abstract

Substance use and related mental health epidemics are causing increasing suffering and death
in diverse communities.?2 Despite extensive efforts focused on developing pharmacotherapies
for treating substance use disorders, currently approved medications do not reverse the
persistent neurocircuitry and psychological changes that underlie addiction states, highlighting
an urgent need for radically different therapeutic approaches.>* Ibogaine provides an important
drug prototype in this direction, as a psychoactive iboga alkaloid suggested to have the ability to
interrupt maladaptive habits including opioid use in drug-dependent humans.®> However, ibogaine
and its major metabolite noribogaine present considerable safety risk associated with cardiac
arrhythmias.® We introduce a new class of iboga alkaloids - “oxa-iboga” - defined as benzofuran-
containing iboga analogs and created via structural editing of the iboga skeleton. The oxa-iboga
compounds act as potent kappa opioid receptor agonists in vitro and in vivo but exhibit atypical
behavioral features compared to standard kappa psychedelics. We show that oxa-noribogaine has
greater therapeutic efficacy in addiction models and no cardiac pro-arrhythmic potential, compared
to noribogaine. Oxa-noribogaine induces long-lasting suppression of morphine intake after a single
dose in rat models of addiction and persistent reduction of morphine intake after a short
treatment regimen. Oxa-noribogaine maintains and enhances the ability of iboga compounds to
effect lasting alteration of addiction-like states while addressing iboga’s cardiac liability. As such,
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oxa-iboga compounds represent candidates for a new kind of anti-addiction
pharmacotherapeutics.

Ibogaine is the major psychoactive alkaloid found in the iboga plant (Tabernanthe iboga), a shrub
native to West Central Africa.> While the root bark has been harvested as a ceremonial and healing
commodity in Africa for centuries, the use of iboga plant or pure ibogaine has recently become a
world-wide movement with growing numbers of ibogaine healers, providers and clinics, largely driven
by the growing crises of drug addiction, trauma, despair, and spiritual starvation.>” Ibogaine induces
profound psychedelic effects that typically include dream-like states (oneiric effects), panoramic and
interactive memory recall, experiences of death and rebirth, confrontation with personal trauma, and
loosening of maladaptive habits.® Ibogaine is unique among other psychedelics for its ability to rapidly
interrupt opioid drug dependence.l® Although rigorous demonstration of clinical efficacy via
controlled clinical trials is pending, the profound anti-addiction effects of ibogaine have been amply
documented in anecdotal reports and open label clinical trials, including rapid and long-lasting relief
of drug cravings, increased duration of abstinence, as well as long term reduction of anxious and
depressive symptoms.!™13 The clinical claims of ibogaine’s anti-addictive properties have been
recapitulated in numerous rodent models of substance use disorders (SUDs) and depression.*41’

Ibogaine has a complex chemical structure where the tryptamine motif is intricately embedded in
the isoquinuclidine ring, leading to a polycyclic tryptamine system that defines the iboga alkaloids (Fig.
1a, d).2® The pharmacology of ibogaine is equally complex, featuring a polypharmacological profile,
comprising ibogaine and its main metabolite noribogaine - a dominant circulating species. The known
molecular targets for both ibogaine and noribogaine include N-methyl-D-aspartate receptor
(NMDAR, channel blocker), a3B4 nicotinic receptor (antagonist), serotonin transporter (SERT,
inhibitor), and kappa opioid receptor (KOR, agonist).l®> Mechanistically, ibogaine thus appears to
bridge several different classes of psychoactive substances, including the “anesthetic psychedelics”
(NMDAR blockers such as phencyclidine (PCP) or ketamine), “kappa psychedelics” (KOR agonists such
as salvinorin A or U50,488), and monoamine reuptake inhibitors (such as imipramine), but shows no
direct interaction with the 5-hydroxytryptamine 2 receptors (SHT2R), setting ibogaine apart from the
classical psychedelics (Fig. 1a, b). We have developed new synthetic methods for de novo synthesis
of the iboga alkaloid scaffold, which unlocks unlimited exploration of its structure and pharmacology
(Fig. 1c).2921 Specifically, we developed and optimized a nickel-catalyzed process that enables
preparation of the benzofuran iboga analogs (Extended Data Fig. 1). These novel analogs show greatly
potentiated KOR activity on the iboga pharmacological background, constituting a new class of
iboga alkaloids (Fig. 1).
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Fig. 1 | Oxa-iboga is a novel class of iboga alkaloids discovered by structural editing of
ibogaine enabled by efficient de novo chemical synthesis. a, Ibogaine is a unique probe drug
with profound clinical effects and complex pharmacology that is distinct from classical psychedelic
tryptamines. Relative potencies at known molecular targets are shown. b, Oxa-iboga analogs are
defined by the replacement of indole with benzofuran, resulting in accentuation of the KOR
activity on the iboga pharmacological background. ¢, De novo synthesis of iboga molecular
framework rests on the catalytic union of the two main structural components of oxa-iboga
skeleton, the isoquinuclidine and benzofuran ring systems. d, Docking pose of noribogaine (green)
in sticks representation inside KOR structure (active receptor state). Hydrogen bonding near the
C10 phenol is highlighted by yellow dashed lines. e, Oxa-noribogaine analogs are high efficacy
agonists of rat KOR in vitro as demonstrated by G protein BRET assay. f, Inhibition of human
serotonin transporter (hSERT) by noribogaine and oxa-iboga analogs. KOR (kappa opioid
receptor), a3p4 (a3B4 nicotinic acetylcholine receptors), SERT (serotonin transporter), S5HT
(serotonin), NMDAR (N-methyl-D-aspartate receptor). Data are presented as mean + SEM.

Oxa-iboga analogs are potent KOR agonists in vitro

Noribogaine, the starting and comparison point for our studies, acts as a KOR partial agonist in a
bioluminescence resonance energy transfer (BRET) assay for G protein activation (rat KOR, ECso =
6.2 UM, Emax= 54%, Fig. 1e, Table S3), consistent with previous reports.?2 We found that substitution
of the indole NH group in noribogaine with oxygen dramatically accentuates KOR activity: oxa-
noribogaine binds to the KOR (mKOR, Ki = 41 nM), activates G protein in the [3*S]GTPyS assay
(mKOR, ECspo=49 nM, Emax= 92%) and BRET assay (rKOR, ECsp = 43 nM, Emax= 78%), resulting in a
large left shift in potency versus noribogaine (Fig. 1e, Table S3). Oxa-noribogaine is more than ten-
fold selective for KOR versus MOR and about seven-fold over DOR in the [3*S]GTPyS binding assay
using mouse opioid receptors (Extended Fig. 2). The phenol group in the 10-position is the essential
component of both the iboga and oxa-iboga KOR pharmacophores, as agonist activity is lost if the
phenol is masked or removed (Table S5). Noribogaine’s binding pose obtained by docking to the
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active KOR state identified water mediated hydrogen-bonding interactions between the C10
phenolic hydroxyl and tyrosine 139333 residue, as well as an ionic interaction between the
isoquinuclidine amine and acidic aspartate 138332residue (Fig. 1d). The KOR potency and
selectivity can be further modulated by the inversion of the geometry of the C20 center, such as
in the endo-epimer, epi-oxa-noribogaine (epi-oxa), although the effects are relatively modest (Fig.
le).

For the rest of iboga pharmacology, SERT is arguably the most rigorously validated molecular
target of noribogaine.?3?* The oxa-iboga compounds largely maintain 5HT reuptake inhibitory
activity with a modest loss of potency as compared to noribogaine (ICso(oxa-noriboga) = 711 nM versus
ICso(noriboga)= 286 nM, Fig. 1f). Similarly, the inhibitory activity of oxa-noribogaine at the a3p34
nicotinic receptors is comparable to that of noribogaine with a marginal increase in potency (ICso =
29 uM vs ICsp = 5.0 uM, Extended Fig. 2). A broad receptor screen showed a favorable
pharmacological profile (Table S9) with more than 100-fold separation in binding potency between
KOR and non-opioid human targets (with the exception of SERT and o34 molecular targets).

Oxa-noribogaine shows potent analgesia, no aversion, and separation of analgesic and
psychedelic-like effects

Oxa-noribogaine induces potent antinociceptive effects in mice in the tail-flick assay (thermal
nociception) with comparable potency to the standard KOR agonist, U50,488 (Fig. 2a, EDso(oxa-
noriboga) = 3.0 mg/kg vs EDso(uso) = 2.2 mg/kg; s.c. administration). In KOR knock-out (KOR-KO) mice,
the analgesic effect is lost up to a 10 mg/kg dose, a result of a one-log-unit right shift in the dose
response curve (EDsowr) = 3.0 mg/kg to EDsokor-ko) = 20.6 mg/kg, Fig. 2b). Using MOR knock-out
(MOR-KO) mice, there was a small right shift in dose curve, (Fig. 2b, EDsomor-ko) = 7.0 mg/kg). Epi-
oxa-noribogaine also induces a potent antinociceptive effect which is abolished in KOR-KO mice,
while a marginal right shift was observed in MOR-KO mice (Fig. 2c, EDsow) = 1.3 mg/kg, EDso(kor-
ko) = n.d., EDsomorko) = 2.0 mg/kg). These results indicate that KOR drives the antinociceptive
activity of these compounds with only a minor contribution from MOR in the case of oxa-
noribogaine. Pharmacological studies with opioid receptor antagonists support this
interpretation and show that the delta opioid receptors (DOR) do not contribute to the analgesic
effect (Extended data Fig. 4). The analgesia test not only indicates a desirable therapeutic-like
effect, but also provides a useful physiological readout for functional KOR engagement in vivo,
that enables dosing calibration for behavioral studies (vide infra).

It is well established that KOR agonists induce dose-dependent hallucinosis in humans,
accompanied by sedation and mood worsening in healthy subjects.?® In rodents and other
species, kappa psychedelics also induce a sedation-like phenotype characterized by reduced
locomotor activity without a complete loss of ambulatory functions (animals respond to gentle
physical stimulation). Although sedation is a non-specific behavioral effect, in the context of
kappa psychedelics, it is KOR dependent and thus can serve as a simple preclinical proxy for
assessing KOR agonism in mice, which is typically associated with psychedelic effects. At nearly
maximal analgesic doses (e.g. EDso, 5.4 mg/kg), oxa-noribogaine did not induce sedation in mice,
indicated by locomotor activity comparable to that of the vehicle group in the open field (OF) test
(Fig. 2d, e). In stark contrast, epi-oxa-noribogaine induced a strong sedative effect at an
equianalgesic dose, and this effect was completely reversed by KOR antagonist aticaprant (Fig.
2f). Thus, these two stereoisomers, while producing analgesia with similar potency, show major
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differences in psychedelic-like effects in mice. However, at supra-analgesic doses of oxa-
noribogaine (> 10 mg/kg, s.c.), sedation in mice is observed (Extended data Fig. 4b). Thus oxa-
noribogaine provides a differential dosing window between the analgesia and psychedelic-like
effects, in contrast to epi-oxa and typical kappa psychedelics where the sedation dose-
dependence approximately follows the analgesic one (Extended data Fig. 4c).

We next examined oxa-noribogaine in the conditioned place preference/aversion (CPP/CPA)
paradigm used to assess rewarding or aversive effects of drugs. Typical kappa psychedelics show
aversive effects, or CPA, while drugs of abuse produce CPP in this test.?® Oxa-noribogaine showed
no CPA or CPP at supra-analgesic doses, indicating no aversion or abuse liability (Fig. 2g). Typical
kappa psychedelics also induce worsening of mood in healthy humans and pro-depressive-like
effects in rodents in the forced swim test.?>?” Oxa-noribogaine demonstrated no acute
depressive-like effects in mice at highly analgesic doses (Fig. 2h). This indicates that even at high
functional engagement of KOR, pro-depressive or aversive behavioral effects are not induced by
this compound.

A pharmacokinetic profile of systemically administered oxa-noribogaine was investigated in
mice (Fig. 2i) and rats (Extended Data Fig. 3). Oxa-noribogaine is highly brain penetrant and the
estimated free drug concentrations in the brain after analgesic doses match well with the in vivo
physiological readouts and in vitro pharmacological parameters (Extended Data Fig. 3 and
Supplementary Information).

In summary of the in vitro and in vivo pharmacology, oxa-noribogaine is an atypical KOR agonist
that exerts potent analgesia in the absence of common side effects of kappa psychedelics, namely
acute aversion and pro-depressive behaviors. Oxa-noribogaine also provides a pharmacological
window for induction of efficacious antinociceptive effects with no or limited sedation.
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Fig. 2 Oxa-noribogaine is an atypical KOR agonist in vivo with potent analgesic effect, no
aversion, and no psychedelic-like effects at efficacious analgesic doses. a, Oxa-iboga analogs
induce potent analgesia in the mouse tail-flick test, comparable in potency and efficacy to the
standard kappa psychedelic, U50,488. Analgesia of oxa-noribogaine b, and epi-oxa-noribogaine c,
is KOR dependent as demonstrated in KOR knock-out mice (KOR KO), compared to mu receptor
knock-out (MOR KO) and wild type (WT) mice (KOR KO vs WT, P < 0.0001). d, Traces visualizing
ambulatory distance traveled by WT mice in open field test (OF) after drug administration show
that oxa-noribogaine causes no sedation at a high analgesic dose (analgesic EDso, 5.4 mg/kg), in
contrast to epi-oxa-noribogaine (EDso = 5.2 mg/kg) which is profoundly sedative. e, Quantification
of OF test (EDso doses) for oxa-noribogaine and epi-oxa-noribogaine, data are normalized to
locomotion of vehicle. f, Sedation of epi-oxa-noribogaine (P < 0.0001) is KOR-driven as
demonstrated by pre-treatment (P < 0.0001) by the selective KOR antagonist aticaprant (ATI).
Sedation serves as a proxy in mice for psychedelic effects of kappa agonists in humans. Total
locomotion over 60 min period normalized to vehicle. g, Mice do not develop conditioned place
preference or aversion (CPP/CPA) after administration of oxa-noribogaine (10 mg/kg: P =0.84767,
40 mg/kg: P = 0.2546) or epi-oxa-noribogaine (40 mg/kg: P = 0.0768) analogs. Significant place
preferences were observed for cocaine (10 mg/kg: P = 0.0004) and morphine (20 mg/kg: P =
0.0008). h, No pro-depressive-like effects were detected using the forced swim test after oxa-
noribogaine administration (30 min post administration). i, Pharmacokinetic distribution of oxa-
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noribogaine in mice plasma and brain tissue reveals high brain penetration. The maximal brain
concentration is reached ~30 min after injection. Data are presented as mean = SEM, specific
statistical tests, information on reproducibility, and P values are reported in Methods and in
Supplementary Statistics Table, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Oxa-iboga compounds do not show pro-arrhythmia risks in adult primary human heart cells.

The use of ibogaine has been associated with severe cardiac side effects, most notably cardiac
arrhythmias and sudden death in humans. It has been suggested that these adverse effects are
linked to the inhibition of the human ether-a-go-go-related gene (hERG) potassium channels by
both ibogaine and noribogaine.® hERG inhibition can result in retardation of cardiomyocyte action
potential repolarization and prolongation of the QT interval in the electrocardiogram, thus
increasing the risk of arrhythmias. As most of the reported adverse effects occurred > 24 hours
post ibogaine ingestion, noribogaine with its long circulation and large exposure appears to be
the culprit of cardiac risks.® This hypothesis is supported by a recent dose escalation clinical study
that reported a linear relationship between the cardiac QT interval prolongation and the plasma
noribogaine concentration.?®

Preclinical assessment of cardiotoxicity of novel compounds is complicated by species
differences in cardiac ion channel expression and pharmacology. Further, inhibition of the hERG
channel alone is not sufficient to predict delayed ventricular repolarization and cardiac pro-
arrhythmia risk, as modulation of other ion channels involved in different phases of the cardiac
action potential may mitigate or exacerbate the QT prolongation/pro-arrhythmia risk. This is
particularly relevant for compounds like iboga alkaloids with complex pharmacology and multi-
ion-channel activities.?® For example, ibogaine shows no effect on repolarization in guinea pig
cardiomyocytes, likely due to the compensatory effects induced by the enhanced inhibition of L-
type calcium channels in this species versus human.3® As a result, preclinical in vivo tests in
rodents or other non-human species may be misleading.

We therefore used adult human primary cardiomyocytes in a state-of-the-art assay with high
predictive validity of clinical cardiac effects.?® Adult human primary ventricular myocytes are
isolated from ethically consented donor hearts, and field stimulated to induce stable contractility
transients (Fig. 3). The assay detects pro-arrhythmic events such as after-contractions and
contraction failures, and has been validated with clinically characterized drugs including pro-
arrhythmic drugs and non-pro-arrhythmic drugs. The assay has high sensitivity and specificity, and
outperforms many other assays due to the phenotypic stability of adult primary cardiomyocytes
compared to human stem cell-derived cardiomyocytes.?®3!

Based on available noribogaine clinical data, we expected its plasma concentrations above
300-400 nM to be associated with a considerable pro-arrhythmia risk in this assay.?® As such, we
tested it in the clinically relevant concentration range (0.1-10 UM, for more information see
Extended Data Fig. 3, 5 and the Methods section).

As expected, noribogaine shows a concentration-dependent pro-arrhythmia risk in the human
cardiomyocyte assay eliciting an increasing incidence of aftercontractions and contraction failures
(Fig. 3b, c). Greater than 20% incidence of any of the arrhythmia-associated events indicates a
considerable pro-arrhythmia risk, which was observed at concentrations of 1 uM or higher. In
contrast, oxa-noribogaine or epi-oxa-noribogaine showed no pro-arrhythmic potential at any of
the concentrations tested. In mice, a 10 mg/kg dose of oxa-noribogaine induces a maximal
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analgesic effect and produces a free plasma Cmax of ~130 nM (estimated from PK and plasma
protein binding), which represents the upper end of therapeutic free plasma concentration and
indicates a large margin of safety with respect to pro-arrhythmia risk. We hypothesize that the
observed differences in pro-arrhythmia risks between the oxa-iboga and iboga compounds are
related to the activity at multiple ion channels of these compounds. However, to elucidate the
precise mechanisms will require detailed follow-up studies, which are beyond the scope of this
report.
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Fig. 3 | Oxa-iboga analogs do not show pro-arrhythmia risk in adult human primary
cardiomyocytes. a, Human heart is digested to isolate single cardiomyocytes, which are field
stimulated to produce a regular pattern of contractility transients. These cells are phenotypically
stable and provide a robust preclinical assay with high translational validity. b, Representative
traces capturing contraction-induced change in sarcomere length after administration of vehicle,
noribogaine and oxa-noribogaine solutions. ¢, Noribogaine demonstrates pro-arrhythmic
potential by causing after-contractions and contraction failures in cardiomyocytes as quantified
in the plot, providing validation of this assay for the iboga compounds. No pro-arrhythmic
potential was detected for oxa- or epi-oxa-noribogaine (See Extended Data Fig. 5 for information
on replicates).

Oxa-noribogaine induces acute and persistent suppression of morphine self-administration

To assess the therapeutic potential of oxa-noribogaine we adopted a widely used model of
opioid use disorder (OUD) and other SUDs, the rat intravenous self-administration (SA) paradigm.3?
In this behavioral assay, animals are trained to respond on an operant to receive intravenous
infusions of a drug while discrete stimuli (tone and light) are paired with the drug delivery (Fig. 4a).
For the purpose of direct comparison to the iboga alkaloids, we chose noribogaine as the standard
on the basis of these points: 1) it is the dominant and long circulating molecular species after
ibogaine’s administration in both humans and rats,”?3 2) noribogaine shows nearly identical
effects to ibogaine in rodent OUD and SUD models,'* and 3) noribogaine is structurally a close
analog of oxa-noribogaine, differing by a single structural change. The specific experimental design
(Fig. 4, Methods section) was selected to replicate the previous results'* and validate noribogaine
as the comparison drug in our experiments. The selected dose of noribogaine (40 mg/kg, i.p.) has
previously been established as a highly efficacious dose in this model that fully suppresses
morphine SA acutely,'* and corresponds approximately to the lower end of the “psychedelic reset
dose” or “flood dose” of ibogaine used in ibogaine clinics.

We found that noribogaine suppressed responding maintained by morphine in the session
following administration (day 1) and led to a partial but statistically significant suppression of
morphine intake on days 2 and 3, returning to pre-treatment level of morphine intake on days 4
and 5 (Fig. 4b). Food reward responding was also suppressed on day 1 (by > 80%) but returned to
baseline responding on Day 2. These results replicate the previous studies perfectly in terms of the
efficacy (extent of morphine intake suppression), selectivity (drug vs food) and duration of the
effect.’* We next examined oxa-noribogaine under the same conditions (1 injection, 40 mg/kg, i.p.),
which induced a stronger and longer-lasting suppression of morphine intake (Fig. 4b, P = 0.0048).
The morphine SA suppression was statistically significant for 7 days after a single injection of oxa-
noribogaine and showed a clear suppression for at least 15 days (Fig. 4b). One subject from this
cohort showed > 80% decrease in morphine intake at the end of the second week (Days 12-15,
Extended data Fig. 6a). Food-maintained responding was suppressed on day 1, but largely returned
on day 2, and did not differentiate statistically from vehicle from day 3 onward (Fig. 2d). Thus, the
suppression effect of a reset dose of oxa-noribogaine is morphine-specific from day 3 onward. We
next examined a 10 mg/kg dose of oxa-noribogaine (fully analgesic dose in mice, see above), which
induced a strong acute suppression of morphine intake (> 85% reduction), an effect that is
morphine selective as there was a small effect on acute food responding (Fig. 2c, d). Morphine self-
administration largely returned to baseline on subsequent days. Thus, a single 10 mg/kg dose
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enables selective acute suppression of operant behavior driven by morphine-related reward
without affecting behavior motivated by natural rewards.

These remarkable long-term effects induced by a single administration of oxa-noribogaine
prompted examination of the effect of repeated dosing, the possibility of dose tapering, and long-
term post-treatment effects. The experimental design was in part guided by the clinical experience
with ibogaine. According to anecdotal reports, for most opioid dependent subjects attainment of
lasting abstinence requires repeated ibogaine reset sessions and or frequent administration of
maintenance doses of ibogaine.3® We therefore scheduled 2 reset doses (2 x 40 mg/kg) separated
by 4 days (guided by the effect of a single reset dose, Fig. 4b), followed by a maintenance dose (10
mg/kg), and a series of intermittent day-on/day-off administrations of 3 x 10 and 3 x 5 mg/kg doses,
to explore the effect of more frequent administration of lower doses on both acute and day-after
efficacy while tapering the dose (Fig. 4e, f).

Overall, this treatment regimen (9 oxa-noribogaine administrations over 26 days) significantly
reduced morphine SA across all sessions (P = 0.0054) and led to a progressive decrease of
morphine intake despite the dose tapering. Notably, intermittent 10 mg/kg doses resulted in
complete suppression of morphine intake on days with oxa-noribogaine and increasing efficacy on
days without treatment (Fig. 4e, f). Tapering to 5 mg/kg intermittent doses led to maintenance of
low, residual amounts of morphine intake, and remarkably sustained suppression was observed for
an extended period of time following the last administration of oxa-noribogaine (< 30% of
pretreatment morphine intake over 2.5 weeks). Examining the responses of individual subjects,
some showed high and lasting response to a single reset dose of oxa-noribogaine (as seen above),
while others required multiple doses to suppress morphine intake with lasting effects (Extended
Data Fig. 6). Importantly, the long-lasting effects are morphine selective as no such suppression
effects were observed in food responding (Extended Data Fig. 6d).
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Fig. 4 | Oxa-noribogaine induces acute and long-lasting suppression of morphine self-
administration in rats. a, A schematic depiction of a single dose treatment paradigm of opioid
use disorder (OUD) animal model. b, Oxa-noribogaine (40 mg/kg) is more efficacious than
noribogaine (40 mg/kg) in suppressing morphine self-administration (P = 0.0048). One injection
of oxa-noribogaine (40 mg/kg) results in statistically significant suppression of morphine intake
for 7 days, with suppression trends observable for at least 2 weeks (n = 5, see Extended Data Fig.
6 for individual responses). ¢, The effect on morphine self-administration was dose dependent.
Both doses induce strong acute suppression, 40 mg/kg of oxa-noribogaine is more efficacious
than 10 mg/kg in suppressing morphine self-administration (P < 0.0001) with significant
differences observed on sessions 2-4. d, Food operant intake (natural reward) is reduced
following administration of 40 mg/kg but not 10 mg/kg (P < 0.0001), with significant reductions
observed after 40 mg/kg on sessions 1 and 2 (P < 0.0001 and 0.01876, respectively). The
moderate dose (10 mg/kg) has a marginal effect on food intake indicating drug-selective
suppression of responding at this dose. e, The repeated dosing regimen significantly reduced
morphine SA across sessions (P = 0.0054). Arrows indicate sessions where oxa-noribogaine was
administered. Repeated dosing increases oxa-noribogaine’s efficacy and leads to persistent
morphine intake suppression (experiment terminated 18 days after the last dose). f, Section of
panel e where blue highlights indicate the morphine intake on days after oxa-noribogaine
administration (after-effects), when oxa-noribogaine is essentially eliminated from the plasma
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and brain. Repeated administration of oxa-noribogaine increases its suppression efficacy on days
after its administration, enabling dose tapering. Data are presented as mean = SEM, specific
statistical tests, information on reproducibility, and P values are reported in Methods and in
Supplementary Statistics Table, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Discussion
Currently approved medications for treatment of SUDs do not reverse or weaken the persistent
negative alterations in neurocircuitry and psychological states that underlie addiction.33*
Although considerable progress has been made in the development of animal models of various
aspects of addiction phenotypes (e.g. drug intake and cue-induced reinstatement of drug
seeking),*3>36 the SUD preclinical research have largely focused on drug’s acute effects, where
typically the desirable effect wanes along with the drug’s clearance. In contrast, ibogaine serves
as inspiration for a different kind of pharmacotherapeutics capable of inducing profound and
lasting interruption of addiction states in drug dependent human and animal subjects. The
central hypothesis for this new direction in drug discovery is that these lasting behavioral effects
are driven by desirable neuroplasticity and neuro-restorative alterations of relevant circuitry
induced by drugs like ibogaine. In support of this hypothesis, it has been reported that ibogaine
and noribogaine induce expression of glial cell derived neurotrophic factor (GDNF) in rats, which
in turn resets the function of dopaminergic reward circuitry.> We have recently replicated this
result and shown that ibogaine also induces gene expression of brain derived neurotrophic factor
(BDNF) in the prefrontal cortex.3” It thus appears that multiple neurotrophic systems are
activated that may drive synaptic and circuit restoration that underlies the observed interruption
of addiction phenotypes.

Considering ibogaine’s unique clinical effects, as well as its structural and pharmacological
complexities, the iboga system provides a rich discovery platform.2%2* We here described the
oxa-iboga compounds as a new class of iboga alkaloids created by a single but highly
consequential structural permutation of the iboga skeleton. Oxa-noribogaine accentuates KOR
agonistic activity, enhances therapeutic-like activity in models of OUD, and addresses
cardiotoxicity, in comparison to noribogaine. A single reset dose of oxa-noribogaine leads to
suppression of morphine SA for at least 1 week, while repeated dosing increases its efficacy,
enables dose tapering, and leads to a persistent suppression of morphine intake. The lasting
effects on morphine self-administration are not seen in food responding.

As with all preclinical SUD studies, however, there is the question of predictive validity of the
animal models for candidate therapeutics where SA paradigms have a mixed track record.*38 In the
present study, the starting point is a drug with large clinical effects (although not yet confirmed in
controlled studies) and reverse translation to provide a benchmark for preclinical evaluation of new
compounds in terms of both efficacy and safety. In direct comparison to noribogaine, oxa-
noribogaine is superior in terms of both the efficacy (extent of intake suppression) and duration
of the after-effects. For another comparison, 18-methoxycoronaridine (18MC) is a synthetic
iboga analog that has progressed through preclinical and Phase | clinical safety studies, but its
clinical efficacy has not yet been reported. In preclinical assays in rats 18MC showed comparable
efficacy and duration of effect on morphine intake to ibogaine and noribogaine,? and thus an
oxa-iboga analog likely offers a superior iboga candidate for SUD treatment. Ibogaine has also
served, in part, as inspiration for the creation of 1,2,3,4,5,6-hexahydroazepino[4,5-b]indoles, for
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example compound U-22394A (“U” for Upjohn Company, also known as PNU-22394) that has
been in clinical tests but not for SUD indications.?® An analog of PNU-compounds has recently
been examined in a heroin SA test in rats and showed no lasting effect on heroin SA beyond the
acute and non-selective suppression of heroin and sucrose intake.** However, the PNU-
compounds are pharmacologically distinct from iboga, as they are direct ligands of multiple SHT
receptors and lack activity at KOR and other known iboga targets, while iboga alkaloids have no
direct interactions with 5HT receptors within a relevant concentration range. The PNU-
compounds are structurally and pharmacologically related to lorcaserin (5SHT2C > 5HT2AR
preferring agonist), which prior to its market withdrawal generated excitement in SUD research
(e.g. showing suppression of heroin SA in rats* and cocaine SA in monkeys*?). Lorcaserin
maintained effective suppression of cocaine SA for an extended period of time by daily dosing prior
to SA sessions (14 days), however the suppression effect completely dissipated as soon as the
treatment ended.*® This example highlights the difference between drugs that are effective
acutely, and those - like oxa-iboga and iboga - that may produce lasting or even persistent
alterations of addiction-like phenotypes.

The oxa-iboga compounds act as potent KOR agonists in vitro and in vivo but exhibit atypical
behavioral features compared to standard kappa psychedelics. Generally, KOR agonists are acutely
pro-depressive and aversive; in drug SA studies, the effects vary depending on the experimental
design.** For example, mixing in KOR agonist nalfurafine to self-administered oxycodone decreased
the opioid intake in rats,*> whereas pretreatment with nalfurafine or U50,488 resulted in an
increased cocaine intake in mice.*® However, the long term effects of kappa psychedelics in drug
SA studies have not been systematically examined. Oxa-noribogaine, although a potent KOR
agonist, does not show the acute pro-depressive or aversive effects, and induces desirable long-
term effects in OUD models. It is not clear what mechanistically imparts these atypical features,
whether differential KOR signaling*’=>° and or polypharmacology,>*°2 but, as a working hypothesis
we propose an interplay between the KOR and the inherited iboga pharmacological activity. This
constellation of primary molecular targets likely triggers neurotrophic and neuro-repair signaling
pathways in several circuits (e.g. prefrontal control of limbic systems, reward circuitry, and spinal
pain circuits). The oxa-iboga alkaloids are a new class of compounds that maintains and enhances
the ability of iboga compounds to effect lasting alteration of addiction-like states while addressing
iboga’s cardiac liability. As such these compounds represent exciting candidates for a new kind of
anti-SUD pharmacotherapeutics.
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Extended Data Fig. 1 | Synthesis of oxa-iboga analogs. The isoquinuclidine ring was assembled
via a Diels-Alder reaction using the dihydropyridine 1. The key next step involved the nickel-
catalyzed coupling between the benzofuran and isoquinuclidine moieties to produce the oxa-

iboga core structure.
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Extended Data Fig. 2 | In vitro pharmacological characterization of noribogaine and oxa-iboga
analogs. a,b, Binding affinity measured by radioligand ([?°/]-IBNtxA) displacement experiments

at mouse opioid receptors (MMOR, mKOR

and mDOR) for oxa-noribogaine and epi-oxa-

noribogaine. ¢, d Agonist activity at mouse opioid receptors determined by [3°S]GTPyS assay for
oxa-noribogaine and epi-oxa-noribogaine. e, Agonist activity of noribogaine at human KOR
determined by [3°S]GTPyS assay. f, Human KOR agonist activity (G protein BRET assay) for
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noribogaine and oxa-noribogaine analogs. g, Binding affinity (radioligand displacement assay) of
iboga alkaloids at rat NMDA receptor. h, Inhibition of human nicotinic acetylcholine receptor
(nAChR a3pB4) by iboga alkaloids as determined by electrophysiological assays. Data are
presented as mean + SEM.
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Extended Data Fig. 3 | Pharmacokinetic (PK) distribution (mice, rats), and plasma protein (rats,
human) and brain tissue (rat) binding of noribogaine and oxa-iboga analogs. Noribogaine (s.c.
10 mg/kg) PK in male C57BL/6 mice, a total and b estimated free concentrations. ¢, Oxa-
noribogaine exhibits rapid and high brain penetration in PK (male C57BL/6 mice, s.c. 10 mg/kg,
brain/plasma = 5.5). Approximately 85% of the compound is cleared in the first 2 hours and only
traces remain after 8 hours. d, Estimated free plasma and brain drug concentrations. Assuming
linearity of PK below 10 mg/kg, Cmax(brain) @t an EDsg analgesic dose (3 mg/kg) is expected to be ~
49 nM, which matches very well the in vitro KOR activation potency (ECso= 41 nM in BRET assay,
ECso=49 nM, in [3°S]GTPyS assay). Oxa-noribogaine (i.p. 40 mg/kg) PK in male Wistar rats, e total
and f estimated free concentrations. Rat plasma protein and brain tissue binding data were used
to estimate free drug fractions in mice. The Cmax and area under the curve (AUC, drug exposure)
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values for estimated free drugs are much smaller for oxa-noribogaine in comparison to
noribogaine which is relevant for interpreting the oxa-noribogaine’s superior efficacy in addiction
models. g, Rat and human plasma protein binding and h rat brain tissue binding data of
noribogaine and oxa-iboga analogs. Data are presented as mean + SEM.


https://doi.org/10.1101/2021.07.22.453441

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.22.453441; this version posted July 23, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a I Oxa-noriboga (10 mg/kg)
100 a Oxa-noriboga (10 mg/kg)
75 + Naltrindole (0.5 mg/kg)
Oxa-noriboga (10 mg/kg)
E 50 ., Naloxone (10 mg/kg)
X 25 = Oxa-noriboga (10 mg/kg)
+ Naloxone (1 mg/kg)
07 [ OXa-noriboga (10 mglkg)
-100 = + Cyprodime (10 mg/kg)
T T T .
. . . Oxa-noriboga (10 mg/kg)
Oxa-noriboga Antagonist Vehicles X
g Pre-trgatment = + Aticaprant (0.1 mg/kg)
E Saline
=] Tween80
C
125 125
S g 100-  Vehicle S % 100-
‘3 = Oxa-noriboga ag =
E¢ 75 3 mglkg ge 75 * Vehicle
S Oxa-noriboga Qe Epi
) ] o0 i pi-oxa
S= 50 54 mgfkg S 50 1.9 mg/kg
251 ?;;—;ﬁ(;lboga 25; Epi-oxa
0 0 B — -~ 5.2 mg/kg
01 2 3 45 6 01 2 3 456
Time Bins Time Bins
(in intervals of 10 min) (in intervals of 10 min)

Extended Data Fig. 4 | In vivo characterization of oxa-noribogaine analogs by tail-flick test
before and after pre-treatment with opioid antagonists. a, Effect of pre-treatment with
antagonists naltrindole (DOR selective), naloxone (non-selective at 10 mg/kg, MOR preferring at
1 mg/kg), cyprodime (MOR selective) and aticaprant (KOR selective) on oxa-noribogaine induced
nociception. b, Escalating dose effect of oxa-iboga analogs on locomotion in OF test. Oxa-
noribogaine (3.0 mg/kg = EDso, 5.4 mg/kg = EDgo and 10 mg/kg > EDgs) and ¢ epi-oxa-noribogaine
(1.9 mg/kg = EDsp and 5.2 mg/kg = EDsgo). Data are presented as mean + SEM, specific statistical
tests, information on reproducibility, and P values are reported in Methods and in Supplementary
Statistics Table, *P < 0.05, **P < 0.01, ***P < 0.001.
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Extended Data Fig. 5 | Pro-arrhythmia risk of noribogaine and oxa-iboga analogs examined in
human primary cardiomyocytes. Noribogaine, a, was compared to oxa-noribogaine, b, using
cardiomyocytes isolated from the same donor heart. ¢, Comparable and concentration-
dependent pro-arrhythmia risk was detected for noribogaine across 2 donors. d, Epi-oxa-
noribogaine shows no risk of pro-arrhythmia. e, Anemone toxin, ATX-1l, was used as a positive
control. f, Donor information.
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Extended Data Fig. 6 | Morphine self-administration in rats. a, Morphine intake for one test
subject that showed a profound and lasting morphine intake suppression (>14 days) after a single
dose of oxa-noribogaine before session 1 (40 mg/kg, i.p.). The mean response of the entire cohort
is shown for comparison. b, Experimental design of the repeated dosing regimen in morphine SA
initiated by 40 mg/kg (“psychedelic reset dose”), followed by 10 and 5 mg/kg doses
(“maintenance doses”) of oxa-noribogaine. ¢, Cumulative effect of the regimen of reset (40
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mg/kg) and maintenance (10 and 5 mg/kg) doses of oxa-noribogaine resulted in sustained
suppression of morphine intake. Individual data points are visualized with mean values depicted
using solid lines. d, Food maintained responding observed after a 40 mg/kg dose followed by four
repeated 10 mg/kg doses of oxa-noribogaine. While the administration significantly suppresses
food responding acutely (40 mg/kg: P < 0.0001, responses vary for repeated 10 mg/kg doses),
the response of test subjects was no different than the control group subjects on the days after
administration. No significant deviation of responding was observed between the test and the
control group subjects over a 7 day period after the treatment was completed. e, Treatment
response of individual subjects in the morphine SA study. Subjects #376, #381 and #384 strongly
responded to the initial 40 mg/kg reset doses leading to a lasting suppression of morphine intake.
Subject #401 required multiple doses to subdue morphine intake and induce a long term
suppression, while subject #398 responded to the treatment and showed lasting effects, but
started to return toward basal morphine responding in the last 10 days of the experiment. Data
are presented as mean + SEM, specific statistical tests, information on reproducibility, and
P values are reported in Methods and in Supplementary Statistics Table, *P < 0.05, **P < 0.01,
**%p <0.001, ****P < 0.0001.
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