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CLASSICS IN CHEMICAL NEUROSCIENCE:

BUPRENORPHINE
Jillian L. Kyzer, Cody J. Wenthur

University of Wisconsin-Madison, School of Pharmacy, 777 Highland Avenue, Madison, W1 53705, United States

ABSTRACT: Buprenorphine has not only had an interdisciplinary impact on our understanding of key neuroscience topics like
opioid pharmacology, pain signaling, and reward processing, but has also been a key influence in changing the way that substance
use disorders are approached in modern medical systems. From its leading role in expanding outpatient treatment of opioid use
disorders to its continued influence on research into next-generation analgesics, buprenorphine has been a continuous player in the
ever-evolving societal perception of opioids and substance use disorder. To provide a multifaceted account on the enormous diversity
of areas where this molecule has made an impact, this article discusses buprenorphine’s chemical properties, synthesis and
development, pharmacology, adverse effects, manufacturing information, and historical place in the field of chemical neuroscience.
KEY WORDS: buprenorphine, opioid use disorder, Suboxone, MAT, OUD

INTRODUCTION

While all neuropsychiatric disorders present daunting
biological challenges arising from the sheer complexity of the
central nervous system, research on substance use disorder
(SUD) has historically found itself fraught by equally
challenging complexities arising from a completely different
type of system — a sociopolitical one. Throughout history,
opioids have been paraded through the intersection where
biology and politics meet, sometimes hated, sometimes
heralded. Viewed over time, one can almost see rhetorical ruts
being worn into the pavement there, as the same arguments are
repeatedly marshalled to take up their side of the cause. But in
recent decades, one opioid molecule has found itself somewhat
ill-suited to stay within the confines of these pre-defined paths,
making an impressive wake in its passage. That molecule is
buprenorphine, a mu opioid receptor (uOP) partial agonist.

Buprenorphine’s unique mechanism of action, especially its
lower risk for inducing respiratory depression as compared to
other opioids, has enabled it to form the foundation of the
office-based opioid treatment (OBOT) approach for opioid use
disorder (OUD), a therapeutic intervention that was once a legal
anathema in the United States. Furthermore, investigations
stemming from the specific pharmacological profile of
buprenorphine have been instrumental in opening the door to
investigations of next-generation opioid therapeutics. As one of
the primary treatments for OUD, this compound has already
made an enormous, life-saving impact on millions of
individuals. However, without careful study of the anomalous
pharmacologic properties of this otherwise modestly successful
opioid analgesic medication, buprenorphine’s potential to
advance both basic neuroscience and clinical psychiatry might
easily have been missed.

CHEMICAL PROPERTIES AND SYNTHESIS

The drug commonly known as buprenorphine carries the
IUPAC name N-cyclopropylmethyl-6,14-endo-ethano-7-(2-
hydroxy-3,3-dimethyl-2-butyl)-tetrahydronororipavine.

Chart 1. Structures of Buprenorphine and Opiates
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uprenorphine has / stereocenters, carries the molecular
formula of CxH11NO4, and has a molecular weight of 467.65
g/mol. The free-base has a melting point of 209 °C, though it is
commonly manufactured as the hydrochloride salt.! With 2
hydrogen bond donors, 5 hydrogen bond acceptors, 5 rotatable
bonds, a topological polar surface area of 62.16 A2, and ClogP
of 3.809, buprenorphine meets all of Lipinski’s rules of five.>™*

Buprenorphine (1, Chart 1) is a semisynthetic derivative of
the natural product thebaine (2), which is isolated from the
opium poppy, with a concentration of 41 ug/g detectable in the
Indian poppy seed.® In support of production, cultivars of the
poppy have been bred to produce a larger percentage of
thebaine (1.68% by mass of dried poppy capsules) and with no
morphine (3).° In a separate effort, Millgate and coworkers
created a mutant poppy strain that arrests the biosynthesis
pathway at thebaine and oripavine (4), preventing conversion
to codeine (5) or morphine.” Structurally, buprenorphine is
quite  different from thebaine, containing a N-
cyclopropylmethyl (CPM) instead of an N-methyl, an
additional ring, and a hydroxybutane tail. At present, each of
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Scheme 1. Bentley’s Semi-Synthesis of Buprenorphine
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In initial work by Bentley and coworkers, the synthetic
portion of the semi-synthesis began with thebaine’s diene
moiety, which readily reacted with methyl vinyl ketone in a
Diels-Alder cycloaddition to provide the endo product, with no
evidence of addition at C8 (Scheme 1).8° Following
recrystallization, it was determined that the 7o product was
obtained as the major product, 6,14-endo-etheno-7-acetyl-
tetrahydrothebaine (6), while the mother liquor contained
approximately 1.5% of the 7p product.® Following the
reduction of the internal double bond via Pd/C hydrogenation
to  6,14-endo-ethano-7-acetyl-tetrahydrothebaine  (7), a
Grignard addition of tert-butyl magnesium chloride into the 7-

acetyl group provided  6,14-endo-ethano-/-(2-nydroxy-3,3-
dimethyl-2-butyl)-tetrahydrothebaine  (8).! N-demethylation
occurred via reaction with cyanogen bromide to yield the N-
cyano-desmethyl intermediate 9, and basic hydrolysis was
utilized to provide the secondary amine 6,14-endo-ethano-7-(2-
hydroxy-3,3-dimethyl-2-butyl)-tetrahydronorthebaine ~ (10).
Acylation of the amine with cyclopropyl carbonyl chloride
provided the amide 11, which was subsequently reduced with
lithium aluminum hydride to yield N-cyclopropylmethyl-6,14-
endo-ethano-7-(2-hydroxy-3,3-dimethyl-2-butyl)-

tetrahydronorthebaine (12).! Finally, O-demethylation with
potassium hydroxide in ethylene glycol resulted in the desired
product, N-cyclopropylmethyl-6,14-endo-ethano-7-(2-
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hydroxy-3,3-dimethyl-2-butyl)-tetrahydronororipavine Q),
with an overall yield of 5%.!

Alternative routes developed since this initial attempt have
shortened the synthesis from eight total steps to six (Scheme 2).
Hudlicky’s approach also has the benefit of avoiding the use of
the toxic reagent cyanogen bromide through use of a palladium-
catalyzed acylation with cyclopropanecarboxylic anhydride or
acetic anhydride, which also removes the N-methyl group.!!
Hudlicky’s group also demonstrated that it was possible to
utilize oripavine (4) as the starting material, protecting the
phenol as ethyl carbonate 13. An alternative route utilizes
(bromomethyl)cyclopropane to install the N-CPM group to
avoid an additional reduction step.'? Finally, Weber and
coworkers have modified one of Hudlicky’s routes, avoiding
the use of protecting groups to provide the desired product in 5
steps from oripavine, installing the N-CPM prior to the Diels-
Alder reaction to provide intermediate 14.2°* |In an
enzymatically-assisted approach, O-demethylation of the 3-
methoxy group has been employed to provide oripavine in one
step from thebaine.’ Despite these improvements, the route
developed by Bentley is still the method applied for the
industrial production of buprenorphine.**

PRE-CLNICAL PHARMACOLOGY

In vitro studies of buprenorphine identify it predominantly as
a partial agonist at pOP, although it also exhibits strong binding
to both the kappa opioid receptor (xOP) and delta opioid
receptor (60OP). In terms of its affinity for these targets,
buprenorphine demonstrated Kjs of 0.08 nM, 0.44 nM, and 0.82
nM against nOP, kOP, and 50P respectively, as determined by
radioligand displacement with 0.25 nM [*H]DAMGO for uOP,
1 nM [*H]U69,593 for «OP, and 0.2 nM [*H]naltrindole for
SOP in cell membranes isolated from rhesus brain tissue.'® In a
cell model expressing cloned human receptors, it exhibited a
UOP ECsp of 2.3 nM, with a maximum possible effect (MPE)
of 66% in relationship to DAMGO, and no measurable 3OP or
kOP ECss, due to low stimulation overall (<20%).1618
Additionally, buprenorphine has been shown to be a partial
agonist at the human nociceptin opioid peptide receptor
(NOP)—ECs of 35 nM with an MPE of 60% as compared to
nociceptin.®

In addition to its low intrinsic efficacy and mixed pattern of
pharmacologic activity across these major opioid receptor
types, buprenorphine’s downstream signaling bias at nOP and
effects on receptor internalization are also worth noting. In
HEK cells transfected with mouse uOP, buprenorphine was
shown to inhibit both forskolin- and morphine-induced cyclic
AMP (cAMP) formation by pOP.2° However, it does not appear
to induce p-arrestin recruitment at this same receptor. This
stands in contrast to other opioid analgesics like morphine and
fentanyl, which recruit p-arrestin to pnOP at sub-micromolar
concentrations, as determined in a bioluminescence resonance
energy transfer (BRET) assay in HEK cells transfected with
uOP.2t  Furthermore, buprenorphine antagonizes the
recruitment of B-arrestin by DAMGO, suggesting it may act as
an antagonist in the assay.?! Buprenorphine’s apparent bias
against this pathway is particularly notable because B-arrestin
recruitment to nOP has been closely studied as a potential
mediator of opioid-induced respiratory depression, although
this hypothesis has recently been called into question.??2*
Using a FLAG-tagged pOP (mouse), treatment with
buprenorphine resulted in a 10% increase in cell-surface pOPs,
in contrast to morphine which led to a 17% decrease in cell-
surface pOPs; the increase caused by buprenorphine could be
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further potentiated by pertussis toxin (PTX) treatment after 18
hours.?® This element of its profile has also been a source of
significant interest, as opioid-induced receptor internalization
has been proposed as an important mediator of tolerance.?
Amongst these various in vitro effects of buprenorphine on
opioid signaling, rodent studies have predominantly identified
pOP activity as the key mediator of buprenorphine’s
antinociceptive and reward effects in vivo. In pOP knockout
mice buprenorphine-mediated antinociception is blunted, while
S0P, kOP, and NOP knockouts produce no differentiation from
wild-type animals in tail-flick assays.?” Furthermore, mice
lacking pOP exhibit reduced conditioned place preference
(CPP) in response to buprenorphine.?8?° However, activity at
kOP also appears to have relevance to some of buprenorphine’s
psychoactivity, particularly in regard to classical tests of
antidepressant-like and anxiolytic effects such as the forced
swim test, sucrose preference test, and dark/light emergence
test. Using these behavioral metrics, buprenorphine generally
decreases stress response in wild-type animals, pOP knockout
mice, and 3OP knockout mice, while kOP knockout mice do
not show these altered stress behaviors.*®3! The relevance of
these effects to stress-induced drug-seeking is less clear; while
buprenorphine has been found to reduce such behavior during
extinction conditions following acute cocaine or heroin
injections, it has not prevented reinstatement of drug-seeking
following footshock stress.®? Furthermore, buprenorphine
administration does not recapitulate the increased stress
response phenotypes exhibited by 0P knockout mice, possibly
due to buprenorphine’s lower in vivo efficacy at rodent 3OP as
compared to rodent pOP or xOP.*>%* Nevertheless, SOP and
KOP have been proposed to be relevant contributors to the
rewarding effects of buprenorphine itself, as pOP knockout

Table 1. Transcription Pattern Following Treatment with
Buprenorphine or Morphine (From Belkai et al.)
Drug Buprenorphine Morphine
Time Point 30 min 1h 4h 30 min 1h 4h
c-Fos 0.76* 1 1 1 1 2.02*
pOP 1 1 0.9 il 1 0.9
xkOP 13 AL 0.8 i3 iz 1
Nucleus 30P 0.9 1 1 11 11 1
Accumbens
POMC
PENK 1.4* 12 1 1 1.3* 1
PDYN 1 1 1 1 1 1
c-Fos 1 1 14 1 1 2.13*
pOP 1 1 AL iz 1 0.8
xkOP 1 12 AL 1 1.56* 0.6
D(.)rsal S0P 0.9 0.9 AL 1.28* 1 il
Striatum
POMC 0.8 1 0.53* 1 11 0.8%
PENK 1 12 0.8 1 1.47* 0.55%
PDYN 1 1 1 1 1 0.53%
c-Fos 1.1 145%  1.89* 1 11 1.91*
pOP 11 11 11 1 11 11
kOP 1.1 13 0.6 1.2 1 0.9
Thalamus 30P 14 - 11 13 - 11
POMC
PENK 0.6 1 0.6 0.9 0.8 0.8
PDYN
Transcription of each gene is determined for each brain region via quantitative real-time polymerase chain reaction
Value provided in table is the ratio of the change compared to saline at the indicated time poim.32
Red text indicates an increase compared to saline while blue text indicates a decrease compared to saline.
-2 not determined
*significant change compared to saline (p < 0.05)
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mice exhibit naloxone-sensitive CPP in response to
buprenorphine administration, a finding consistent with the
proposed role of 30OP to facilitate association of reward with
drug stimulus conditions.®*** Finally, in a study of nonhuman
primates, NOP was implicated in alcohol use disorder (AUD)
as both buprenorphine and an NOP agonist were both able to
reduce ethanol self-administration without decreasing food
intake.®® This stands in contrast to naltrexone, an opioid
antagonist commonly prescribed for AUD, which decreased
both ethanol and food intake in this model.*®

In regard to functional modification of reward responsivity
in rodent models, significant differences between
buprenorphine and pOP full agonists have appeared when
evaluating changes in neuronal activation, opioid receptor gene
expression, and gene expression of proopiomelanocortin
(POMC), proenkephalin (PENK), and prodynorphin (PDYN)
across various rat brain regions (Table 1).%® Briefly, morphine
increased c-Fos gene expression (a marker of neuronal
activation) in the nucleus accumbens, dorsal striatum, and the
thalamus. In contrast, buprenorphine decreased expression of c-
Fos in the nucleus accumbens and increased c-Fos expression
in both the thalamus and dorsal striatum.%® Morphine
administration also resulted in increased expression of kOP and
S0P in the dorsal striatum, whereas buprenorphine did not alter
expression of pOP, 80P, or «OP in any of the regions
analyzed.® When considering endorphin-related transcription,
both morphine and buprenorphine decreased expression of
POMC in the dorsal striatum, while morphine temporarily
increased, then decreased, PENK in the dorsal striatum and
buprenorphine increased PENK in the nucleus accumbens.®
Morphine also caused a decrease in PDYN in the dorsal
striatum, while there was no change in the buprenorphine
condition.® One additional transcriptional change worth noting
is that buprenorphine administration can increase expression of
tyrosine hydroxylase, which catalyzes the rate-limiting step in
the biosynthesis of dopamine.®” This alteration is consistent
with independent observations of buprenorphine-induced
increases in dopamine concentrations in rodent brain tissue.

MANUFACTURING AND INDICATIONS

Buprenorphine-containing products are currently available
as both monotherapy options and formulations in combination
with naloxone (Table 2). Buprenorphine monotherapy is
available as a buccal film, IV/IM injectable, and transdermal
patch for use as an analgesic for severe chronic pain that does
not respond to typical non-opioid or immediate-release opioid
treatments. The approved products for this indication are
Belbuca, Butrans, and Buprenex.*** Sublocade and
Probuphine are buprenorphine-only extended release (XR)
subcutaneous injectables and subdermal implants, respectively,
indicated for use as maintenance therapies for OUD;
buprenorphine-only sublingual tablets are available generically
for this application as well.*>*> Zubsolv is a combination
sublingual tablet containing a 4:1 ratio of buprenorphine:
naloxone and can be used for induction or maintenance therapy
in OUD.* Bunavail, a buccal film, contains a 6:1 ratio of
buprenorphine: naloxone and can be used for induction or
maintenance therapy for OUD.* Due to its formulation as a
buccal film, smaller doses of buprenorphine are used in
Bunavail than in equivalent sublingual formulations. Suboxone
is provided as a sublingual film, has a 4:1 ratio of
buprenorphine: naloxone, and is indicated for maintenance
therapy of OUD.

Table 2. Commercially Available Formulations of Buprenorphine
Name . Strengths Available
Formulation Uses
Manufacturer Buprenorphine Naloxone
75 ug n/a
150 pg n/a
300 pg n/a
Belbuca . .
BioDelivery Systems Buccal Film Analgesic 450 pg n/a
600 pg n/a
750 pg n/a
900 pg n/a
5 ugh n/a
Butrans Transdermal Analgesic 7.5 pg/h n/a
Purdue Pharma Patch 9 10 pg/h nia
20 ug/h n/a
Buprenex IV or IM )
Reckitt Benckiser Injection Analgesic 0.3 mg/mL. n/a
sc 100 mg nla
Sublocade Extended- ouD
Indivior Release Maintenance 300 mg nia
Injection
Probuphine ouD . a
Titan Pharmaceuticals Implant Maintenance 80 mg/implant nia
0.7mg 0.18 mg
1.4mg 0.36 mg
OouD
Zubsolv Sublingual Induction 2.9mg 0.71mg
Orexo Inc Tablet ) and 57mg 14mg
Maintenance
8.6 mg 21mg
11.4mg 29mg
ouD 21mg 0.3mg
Bunavail . Induction
BioDelivery Systems Buccal Film and 4.2mg 0.7mg
Maintenance 6.3mg 1mg
2mg 0.5mg
Suboxone Sublingual ouD 4mg 1mg
Indivior Film Maintenance 8mg 2mg
12mg 3mg
2Four probuphine implants are typically implanted at once

EXPERIMENTAL APPLICATIONS AND INFLUENCES
Beyond the well-established and approved applications of
buprenorphine in treatment of OUD and chronic pain, the
unique pharmacology of this molecule also continues to
provide inspiration to individuals seeking to expand its
potential range of applications, as well as those endeavoring to

discover the next generation of improved opioid therapeutics.
In terms of expanding the clinical applications of
buprenorphine itself, several clinical trials have investigated
buprenorphine’s effect on stimulant use disorders. In a double-
blind study combining Suboxone (buprenorphine/naloxone)
with naltrexone, while the addition of Suboxone did not achieve
its primary outcome of number of days of cocaine use during
the evaluation period, there was an effect on the number of
patients who were greater than 75% abstinent during the study
compared to naltrexone alone.*” A separate randomized,
double-blind study comparing buprenorphine and bupropion
showed a greater decrease in methamphetamine craving when
given buprenorphine.®® Furthermore, buprenorphine has also
been studied in patients with severe depression who did not
have an SUD diagnosis. In one approach, ultra-low doses of
buprenorphine (<0.8 mg) were shown to significantly reduce
suicidal ideation after 2 weeks, as compared to placebo in a
double-blind trial.*® In an randomized, unblinded trial, a single
high dose of buprenorphine was shown to reduce suicidal
ideation in patients with co-morbid OUD and suicidal
tendencies.® Intriguingly, buprenorphine’s reduction in
depressive symptoms was even found to persist when given in
combination with a pOP antagonist, suggesting an alternative
4
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mechanism of action for this application.®* Finally, in a double-
blind study of patients with obsessive compulsive disorder,
patients who augmented their existing treatment with
buprenorphine showed a decrease in symptoms compared to
placebo after 9 weeks.

When considering buprenorphine’s influences on future
analgesic therapies, one of the most prominent efforts to
broaden the therapeutic window for opioid analgesics has
focused on the generation of G-protein biased agonists at
pOP.% In a double-blind clinical trial, the biased pOP agonist
TRV130 was found to be significantly different from morphine
regarding induction of respiratory depression at low doses,
while higher doses did cause transient respiratory depression
that appeared to resolve somewhat more rapidly than that
caused by morphine.> TRV130 also caused decreased nausea
compared to morphine.5* However, TRV130 was judged to lack
clinical differentiation from current opioid analgesics in terms
of safety, and was narrowly denied approval by FDA. Other
analgesic development efforts have focused on the importance
and utility of generating a mixed opioid efficacy profile like that
of buprenorphine.%® This low-selectivity approach is currently
being explored using both multifunctional ligands and multi-
component mixtures.%

ANALOGUE DEVELOPMENT AND STRUCTURE-
ACTIVITY RELATIONSHIPS

Following on the synthesis of buprenorphine, multiple
structural analogues of buprenorphine have been developed
(Chart 2), including several that have resulted in
commercialized products. These compounds have rarely been
compared head to head and have often been evaluated using
differing cell lines and species-specific receptors, making direct
comparisons  difficult. A  didehydro  derivative of
buprenorphine, HS-599 (15), is a potent and long-acting
antinociceptive that possesses significantly higher affinity for
pnOP compared to «kOP and 8OP, and also does not induce CPP,
indicating that HS-599 may lack the rewarding properties of
buprenorphine and morphine.>” In the hot plate assay, HS-599
was 130x more effective than morphine, reaching 100% MPE
at 0.2 pmol/kg but only reached 55% MPE under more intense
nociceptive stimulation (up to 10 umol/kg at 55 °C).%® Another
didehydro analogue of buprenorphine, etorphine (16), has an n-
propyl group in place of the tert-butyl as well as an N-methyl
instead of N-CPM. Unlike buprenorphine and HS-599,
etorphine is a full uOP agonist, and is approved for veterinary
use.17:185960 Approximately 1000x more potent than morphine,
its effects are apparent rapidly (within 10 min when given IM)
and has a short duration of action (less than 2 hours) and thus
was predicted to be “particularly liable for abuse.”® Unlike
morphine, etorphine causes rapid receptor internalization (ti, =
6 min) as demonstrated in a model system using HEK cells
transfected with a FLAG-tagged pOP receptor.®? Its rapid onset
and high potency/efficacy, however, makes it an appealing
choice for sedation of large animals, such as elephants and
rhinoceros. Dihydroetorphine (17), which possesses a reduced
internal C18-19 bridge as opposed to the alkene of its parent
molecule, is approved for use in China for the treatment of pain
relief. Like etorphine, dihydroetorphine is extremely potent
(1000-12000x stronger than morphine), and was initially
considered as potentially less prone to development of OUD as
compared to morphine.t"5%6 Unfortunately, it has still been
diverted for its ability to mitigate heroin-withdrawal symptoms
and was subsequently restricted for use.
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In contrast to the partial or full agonism associated with many
other buprenorphine analogues, diprenorphine (18) is a potent
pan-opioid antagonist, with sub-nanomolar activity at pOP,
«kOP, and 5OP.% As it is the strongest commercially-available
opioid antagonist approved for veterinary use, it is used to block
the effects of etorphine and is commonly supplied alongside it.
Though diprenorphine is not approved for therapeutic use in
humans, [*'C]diprenorphine is occasionally used for PET scan
studies to image opioid receptors due to its high affinity.55

Several additional analogues have pharmacologic profiles
that make them attractive candidates for development as human
therapeutics. BU10119 (19) has a phenyl group in place of the
tert-butyl group and is a potent pOP, kOP, and NOP antagonist
with minimal partial agonist activity.®”®® Interestingly, this
pharmacological profile appeared supportive of anxiolytic and
antidepressant-like activity in mouse models, and further pre-
clinical development of BU10119 is anticipated in regard to
these efforts.5” Despite its low efficacy at pOP, it does produce
CPP that is blocked by a pOP antagonist.” Thienorphine (20)
has an ethyl-2-thienyl group in place of the tert-butyl group and
is a partial kOP agonist and poor uOP agonist (20% MPE).1%6°
It is currently in Phase Il clinical trials for OUD treatment.”
Thienorphine has a long duration of action, with
antinociceptive effects observed at 8 hours following
subcutaneous administration.” Its closely related analogue,
TH-030418 (21), likewise possesses a thienyl substituent
(ethyl-3-thienyl) but has an N-methyl instead of N-CPM and.
induces severe respiratory depression in mice (LDsy = 6.77
mg/kg).mz

Several other buprenorphine analogues which are not used
commercially or being considered for therapeutic use are
nevertheless noteworthy for the insights they have provided
into structure-activity relationships at opioid receptors. The
compounds UMB94 (22) and UMB97 (23) have hydroxylated
C18-19 bridges, with a hydrogen in place of the tert-butyl group
as well as an N-methyl instead of N-CPM. The placement of the
hydroxyl provides either partial- or full-uOP agonist activity,
with C19 hydroxylation (22) associated with partial pOP-
agonism, full SOP agonism, and weak partial agonism of «OP.*°
In contrast, C18 hydroxylation (23) imparts full agonism at
pOP, full agonism at OP, and weak partial agonism of «OP.°

In another set of structure-activity relationship (SAR)
experiments, Husbands and Lewis set out to determine the
effect of the conformation of buprenorphine’s C20 tert-butyl
group through generating ring-constrained analogues. Instead
of methyl vinyl ketone, the Diels-Alder reaction was performed
with 2-methylenecyclopentanone and either N-methyl or N-
CPM to form the spirocycle, reducing the ketone with lithium
aluminum hydride to form 24 and 26, or dialkylating at the
alpha-keto position then reducing the ketone to form 25 or 27,
the generated alkylated analogue 25 possessed minimal nOP
agonist activity (20% MPE) and some «kOP/60P agonist
activity (~40% MPE) while the unalkylated versions (24, 26)
were a potent agonist for both «OP and 3OP.8 Similarly, ring-
fused analogues BU46 (28) and BU47 (29) are also active,
though the alpha-hydroxy analogue is an pOP antagonist while
the beta-hydroxy analogue is a full fOP agonist as well as 12x
more active at kOP than the alpha-hydroxy compound based on
in vivo efficacy studies.”

Despite the lack of consistency in the in vitro assays, some
SAR trends can be identified (Table 3). One primary theme in
the analogues is the importance of the identity of the N-alkyl
group for pOP activity—N-methyl analogues appear to be full
agonists of nOP while N-CPM leads to partial pOP agonism.
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Table 3. Activity of Buprenorphine and Related Compounds at Opioid Receptors

nOP S0P KOP
Compound ECso (NM) MPE (%) Ki(nM) ECso (nM) MPE (%) Ki(nM) ECso (nM) MPE (%) Ki(nM)
Buprenorphine (1) 0.08 £0.01 38+8 0.08 £0.02 NS 127 0.42 £0.04 0.04 £0.01 10+4 0.11£0.05
HS-599 (15)'7 0.57 +0.08 - 32.0+4 - - 85+0.9
etorphine (16)°*¢ 0.31+0.05 109 £2 0.362 +0.003 10.0 (6.2-16.1) 74 +4 1.62£0.01 0.4+03 90 3.75+0.74
dihydroetorphine (17)* 0.26 +0.07 112 +3 0.00969 + 0.00045 8.3 (5.1-13.5) 81+5 3.23+1.15 - - 2.24 +0.93
diprenorphine (18)* NS 8+2 0.072 113 (34-375) 36+4 0.23 - - 0.017
BU10119 (19)° NS 2+4 0.10 £0.02 NS 0+4 0.25+0.18 NS 2+1 0.04 £0.01
thienorphine (20)" 19+04 19+4 0.22 £0.07 NS 2%2 0.69 +0.03 0.3+0.2 75+5 0.14 £0.06
TH-030418 (21)' 0.56 + 0.05 - 0.73+0.20 - - 0.60 +0.28
UMBY4 (22)" 43+12 63+14 20+37 88+24 130+8 25+4.6 2405 75+24 26+10
UMBY7 (23)" 12+1 97 +11 43+28 57+18 140 + 26 120+ 16 720+ 8 47+19 230+170
24 28+11 32+19.0 0.32 +0.05 03+0.1 1045 £12.5 0.69 +0.15 0.04 +0.0 89.0+3.0 1.04 +0.01
25 42+14 21.0+1.0 0.59£0.03 11+0.2 455+25 542 +0.54 0.1+0.04 40.0£6.0 3.12 £0.20
26/ 3.7+0.50 87 +£14.0 0.26 £0.16 6.1+18 111.0+6.0 5.52+0.25 10.5+3.0 88.0+1.0 0.87£0.13
27 0.8+0.03 99.5+18.5 0.50 +0.11 18.6 +5.2 100 £ 1.5 8.47 +0.51 1.6+04 21.0+1.0 1.28+0.01
BU46 (28) 0.21+0.04 49.4+15 0.60 +0.05 - 0.86 +0.08 0.18 +0.04 779+6.5 1.02+0.10
BU47 (29)¢ 0.40 £0.07 51.0+1.6 0.88£0.20 - 1.45+0.19 2.02£0.52 54.2+3.2 2.75+0.10

NS: nonstimulatory

—: not determined

“ECsos and MPE determined via measurement of [*°S] GTPyS binding to membranes of CHO cells transfected with nOP (rat), 5OP (mouse), or kOP (human) and compared to full agonism by DAMGO (1OP), DPDPE (30P), or
U50,448H (xOP). Kis determined by competltlon with [° H]dlprenorphlne 1

"Kis determined by competition with [ H]DAMGO for pOP, [ H]deltorphin 11 for 5OP, and [*H]U-69593 for kOP in rat brain membrane preparatlons (nOP and 5OP) or guinea pig brain membrane preparations for kOP.”’

“Kis determined by competition with [* H]DAMGO for OP, [’H]DPDPE for 0P, and [°H]U-69593 for OP in rat brain homogenate membranes.”

“ECsos and MPE determined via measurement of [*SJGTPyS binding to membranes of C6 glioma cells transfected with rat wOP or 5OP compared to full agonism by 10 uM fentanyl for fOP or 10 uM SNC-80 for OP."

°KOR ECso and MPE determined via determination of inhibition of forskolin-stimulated adenylyl cyclase activity in HEK cells expressing mouse OP. MPE expressed as percent activity of endogenous ligand, dynorphin.®

'Kis determinseAd by competition with [P’H]DAMGO for pOP, [*H]naltrindole for 3OP, and [*H]U-69593 for xOP in transfected cells expressing either rat (OP in COS-7 cells) or mouse receptors (30P in CHO cells and kOP in
PC-12 cells).

9Kis determinseéil by competition with [*H]diprenorphine in cells expressing rat (WOP and 3OP) or human (xOP) receptors. ECso and MPE determined via [*S]GTPyS binding compared to DAMGO (uOP), DPDPE (SOP), or U-
69593 (KOP).

"Kis determined by competition with ["HJDAMGO for nOP, [°H]DPDPE for 0P, and [*H]U-69593 for kOP in cloned receptors. ECsos and MPEs determined in [*S]GTPyS binding assay compared to DAMGO, SNC-80, or
dynorphin A for nOP, SOP, or kOP, respectively.®

'Kis determined by competition with [*H]diprenorphine in cells expressing cloned pOP, 3OP, or kOP.™

IKis determined by competition with [P(HIDAMGO for nOP, [°H]DPDPE for 5OP, and [*H]U-69593 for kOP in CHO cells expressing human receptors. ECso and MPE determined in [*S]GTPyS binding assay in CHO cells
compared to DAMGO for uOP, DPDPE for S0P, and U-69593 for xOP.*®

“Kis determined via ligand displacement of [*HJDAMGO for nOP, [*H]DPDPE for 5OP, and [°H]CI977 for kOP in mouse brain homogenates. ECsos and MPE determined via [*S]GTPyS binding assay compared to 10 uM
fentanyl in SH-SY5Y cells (1OP) and compared to U-69593 in CHO cells transfected with xOP (human).”

Chart 2. Selected Analogs of Buprenorphine Demonstrating the Structure Activity Relationships
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Furthermore, modeling studies have supported the concept that
steric bulk adjacent to C20 prevents full stimulation of kOP.
For example, the spirocyclic methyl groups of 25 have been
shown to closely mimic the arrangement of buprenorphine’s
tert-butyl group, resulting in partial agonism at xOP. In

ACS Paragon

contrast, analogue 24, which lacks these methyl groups, acts as
a full agonist at «OP.

DRUG METABOLISM AND PHARMACOKINETICS
Buprenorphine is most commonly administered sublingually,
as its oral bioavailability is approximately 15%.7* When given
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sublingually in either an ethanolic solution or as a tablet,
bioavailability increases to 28-51%.7* Compton and coworkers
noted that when given as a tablet, patients experienced fewer
“opioid effects” than when provided as an ethanolic solution.™
Sublingual combination products containing naloxone
generally report no differences from monotherapy due to the
low sublingual bioavailability of naloxone.”s"

Buprenorphine’s half-life is approximately 20 hours.”™ Cpax
and tmax vary from patient to patient, but drug concentrations
remain consistently elevated for 12 hours following dosing.”
Notably, this long half-life is not seen when buprenorphine is
administered IV, suggesting that the terminal elimination rate
is limited by absorption from the oral mucosa.” Although
buprenorphine is not readily bioavailable through the dermis,
patches for use in chronic pain patients incorporate the drug into
an adhesive matrix for extended release.” Following
administration, buprenorphine is extensively protein-bound to
alpha- and beta-globulins (96%) and has a large volume of
distribution (188 L when given 1V, which is increased
approximately tenfold when given sublingually).”® The
clearance following 1V administration is calculated to be 62.5
L/h.™

Several preclinical studies have indicated that buprenorphine
is not a substrate for p-glycoprotein. Hassan and coworkers
generated mdrla/b knockout mice, which showed no change in
buprenorphine’s maximal antinociceptive response and area
under the curve (AUC) compared to wildtype mice in a hot
plate assay.®’ Furthermore, buprenorphine’s brain to plasma
ratio is high in rodents, ranging from 3.0 (at 15 min) to 10.5 (at
6 h) and there is a definitive difference in drug half-life in blood
and brain (30 min and 1.1 h, respectively), indicating that
buprenorphine is effectively retained in rat brain tissue.®
Buprenorphine’s apparent lack of affinity for Pgp has been
observed in humans as well; cancer patients with upregulated
Pgp demonstrated no difference in buprenorphine response as
compared to controls.®?

In humans, buprenorphine’s primary metabolite is
norbuprenorphine (30), formed through N-dealkylation by

Scheme 3. Predominant Metabolic Pathway of Buprenorphine

CYP3A4
CYP3AS

M eO"'H“)( WV Mao"-"}:\
H N H £
Me" oH" Me" pH"
buprenorphine (1) norbuprenorphine (30)
uOR: Ki=2.7 pM HOR: K, = 1.8 pM
50R: Ki = 33 nM BOR: K;=1.3uM
kOR:Ki=2.1pM xOR: K, =13pM
UGT 2B7 UGT 1A3
UGT 1A1 UGT 1A1.1

norbuprenorphine-3-glucuronide (N3G, 32)
wOR: K, = inactive
80R: K; = inactive
xOR: K, = 300 nM

buprenorphine-3-glucuronide (B3G, 31)
pOR: K, = 4.9 pM
S0R: K, =270 nM
kOR: K, = inactive

Ki determined in human opioid receptors in CHO membrane preparations via ligand displacement of [*H]-
diprenorphine.®

Blue text indicates less affinity compared to buprenorphine while red text indicates more affinity compared to
buprenorphine.
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CYP3A4 and CYP3A5 (with some contributions from as
CYP2C8 and CYP2C9) (Scheme 3).8 Norbuprenorphine also
possesses opioid activity, with 1/3rd the antinociceptive
activity as buprenorphine as determined pre-clinically in an
acetic acid writhing assay.®® Unlike buprenorphine,
norbuprenorphine is considered a full pOP agonist (81% MPE
compared to DAMGO in CHO cells expressing rat pOP).%®
Norbuprenorphine is also a partial kOP agonist (60% MPE).16:83
Also unlike buprenorphine, norbuprenorphine is a substrate for
Pgp.8* Perhaps most importantly, animal studies and some
human reports suggest norbuprenorphine carries a greater risk
of respiratory depression than the parent molecule.?¥°Both
buprenorphine and norbuprenorphine can be glucuronidated,
buprenorphine by UGT2B7 and UGT1Al and
norbuprenorphine by UGT1A3 and UGT1A1.1.% The
glucuronide metabolites are typically considered inactive,
Brown and coworkers demonstrated that both buprenorphine-
3-glucuronide (31, B3G) and norbuprenorphine-3-glucuronide
(32, N3G) have some opioid activity.B3G showed some
antinociceptive effects (20% MPE) and N3G showed slight
antinociceptive effects (10% MPE) in a tail-flick assay; N3G
also caused a decrease in tidal volume compared to saline in
rodent models.®® B3G’s effects were mediated through pOP,
80P, and NOP, but not «OP, while N3G did not bind pOP or
SOP, but did bind OP and NOP.2% Norbuprenorphine and N3G
both displayed sedative effects, whereas B3G did not.%

Other drugs metabolized by CYP3A4 include several HIV
protease inhibitors (e.g. ritonavir, saganavir, indinavir),
antifungals such as ketoconazole, SSRIs like fluoxetine and
fluvoxamine, and several benzodiazepines (diazepam and
flunitrazepam), which could prevent N-dealkylation of
buprenorphine. Though one study reported that no alterations
in N-dealkylation were observed in patients taking both
buprenorphine and flunitrazepam, a separate study showed that
ritonavir and indinavir did inhibit N-dealkylation of
buprenorphine.”™ Conversely, individuals taking inducers of
CYP3A4, such as phenobarbital and rifampicin, should be
monitored closely for the development of opioid withdrawal
symptoms at the end of the dosing interval.™

Most buprenorphine is eliminated through the feces, with less
than 30% being excreted in the urine.™ In the feces,
buprenorphine and norbuprenorphine exist as the
unglucuronidated forms, suggesting that B3G and N3G enter
the bile, are secreted into the intestines, and hydrolyzed back to
the parent forms before being eliminated.” No alterations were
seen in AUCs of buprenorphine in renally-impaired patients,
though increases in B3G and norbuprenorphine were
observed.” Patients with impaired liver function should be
monitored closely, given that buprenorphine metabolism is
predominately mediated by liver enzymes.” In one study of
patients with hepatitis, patients who received buprenorphine
showed increases in alanine aminotransaminase (ALT) and
aspartate transaminase (AST), both of which are biomarkers of
liver distress.™

DOSING, CLINICAL
ADVERSE EFFECTS
Buprenorphine dosing is dependent on both the formulation
used and the condition being treated. When used for treatment
of pain, buccal and transdermal buprenorphine doses should be
determined based on prior opioid history, using lower initial
doses for opioid naive patients, and applying product-specific
conversions from oral morphine equivalents for opioid-tolerant
patients.®*-4! When used for treatment of pain, buprenorphine
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doses should be titrated for analgesic efficacy and
tolerability.®! When used for treatment of OUD, patients can
be induced on a dose of 2-4 mg, increasing the dose in 2-4 mg
increments every 60-90 min up through stabilization of
withdrawal symptoms.®® Because buprenorphine’s partial
agonism at uOP can lead to pharmacologically-precipitated
withdrawal, induction is recommended to begin once mild-to
moderate withdrawal symptoms have appeared.®® Once dose
stabilization has been achieved, during maintenance therapy for
OUD, daily buprenorphine doses typically range from 8-24
mg.%! Combination therapies with buprenorphine and naloxone
are typically preferred for maintenance treatment of OUD since
the presence of the opioid antagonist naloxone dissuades 1V
use.

The efficacy of buprenorphine in treatment of OUD
compares favorably to other OUD treatment approaches,
including potentially lower rates of all-cause mortality as
compared to treatment with methadone, as found in a meta-
analysis of cohort studies.®? In an open-label randomized,
controlled trial comparing use of buprenorphine/naloxone with
extended release naltrexone (another major outpatient
treatment approach for OUD) buprenorphine/naloxone
demonstrated higher rates of successful initiation (94% vs.
72%), lower risk of relapse at 24 weeks (57% vs. 65%), higher
rates of opioid-negative urine samples and opioid-abstinent
days, and similar rates of opioid craving and adverse effects
overall.®

As a partial agonist at pOP, buprenorphine induces a side
effect profile qualitatively similar to that of other pOP agonists,
albeit with a frequently reduced degree of severity.% Patients
typically report symptoms of constipation and sedation
especially during treatment induction, with prospective studies
suggesting 1-5% of patients on buprenorphine report
constipation.®*®  In a double-blind, cross-over study of
buprenorphine used for chronic back pain, transdermal
buprenorphine did not cause significantly more constipation-
related adverse events than placebo.%

When considering euphoric effects and abuse liability
buprenorphine/naloxone did not produce any significant
differences compared to placebo on a visual analog scale, (for
‘high’, ‘good effect’, ‘bad effect’, ‘liking,” or ‘sick”), nor did
buprenorphine alone, in a double-blind, laboratory human
subjects study.®” However, a risk of abuse and diversion is still
present, as illustrated in a survey of individuals using illicit
opioids. In this study, 76% reported using diverted
buprenorphine. Interestingly, the majority reported using the
drug for treatment of withdrawal symptoms or to stop using
other opioids.% Injection drug users were more likely to obtain
buprenorphine in order to stop using other opioids than non-
injection drug users (80% vs 47%) while non-injection drug
users were more likely than injection drug user to obtain the
drug in order to get high (69% vs 32%). A separate secondary
data analysis of individuals in residential recovery centers
likewise indicated mixed motivations for buprenorphine
diversion, with more than 80% of those obtaining illicit
buprenorphine reporting use for its euphoric effects.%

In regard to effects on the cardiovascular system, IM
buprenorphine/naloxone caused slightly higher blood pressure
readings, though the effect was not clinically significant.®’
Buprenorphine has been reported to block hERG channel
activity in vitro; however, multiple human studies, both
prospective and double-blind, have concluded that at clinically-
relevant doses of buprenorphine, no significant effect is
observed.1®1% At sypraclinical doses (4x and 8x typical doses)

QTc elongation is observed, though not enough to be
considered a likely cause of arrhythmia. 10010

Notably, buprenorphine’s decreased risk of respiratory
depression has led to a clinical preference for its use compared
to methadone.’%21% However, when combined with CNS
depressants such as benzodiazepines or alcohol, the risk of
severe respiratory depression returns due to an enhanced effect
of these two compounds.t®1% |n a post-mortem analysis of
buprenorphine related deaths, benzodiazepines and alcohol
were found in 82% and 58% of cases, respectively.!® In a
separate survey of patients on medication assisted therapy
(MAT), 36% of buprenorphine patients reported daily use of
benzodiazepines and 67% of patients reported some
benzodiazepine use during treatment.1®? Patients were more
likely to experience opioid toxicity when combining
benzodiazepines with methadone than with buprenorphine, but
1.2% of buprenorphine patients did report experiencing an
overdose. 1%

The use of buprenorphine during pregnancy invokes several
additional considerations. In a meta-analysis of buprenorphine
and methadone exposure and neonatal outcomes, use of opioids
by a pregnant mother was associated with negative outcomes in
the child, such as low birthweight, small head circumference,
and preterm birth as well as neonatal abstinence syndrome.'%
However, discontinuation of opioid use during pregnancy is not
recommended due to the effect of stress on the fetus. Use of
MAT (buprenorphine or methadone) during pregnancy is thus
associated with improved outcomes with respect to birthweight,
head circumference, gestational age, and the mother’s
abstinence from illicit opioid use.’®* The long-term effects of
the mother’s use of MAT on the child are still unclear, but some
studies suggest possible disruptions in the drug-reward pathway
as well as potential hyperactivity and impaired memory
processing.1%

When comparing the use of methadone with buprenorphine
in pregnant mothers with OUD, significant differences between
the two drugs are observed.% A prospective study on opioid-
dependent pregnant women revealed that neonatal abstinence
syndrome occurred in 62.5% of infants born to mothers using
methadone, compared to 41.2% born to mothers using
buprenorphine.® Furthermore, the withdrawal symptoms were
significantly worse in the methadone group, with 80% vs 57%
of infants requiring morphine treatment.% Expectant mothers
on methadone were also more likely to have used heroin during
their pregnancies (35% vs 12.9%).1% A separate double-blind
study observed that infants exhibiting symptoms of neonatal
abstinence syndrome required less morphine and required a
shorter duration of treatment if exposed to buprenorphine
compared to methadone.’%” Finally, neonatal outcomes with
respect to birthweight, length, and head circumference were
improved when mothers were treated with buprenorphine
versus methadone, despite similar rates of premature delivery
in both prospective and double-blind studies.®1%

HISTORY AND IMPORTANCE IN NEUROSCIENCE
The long history of opiates, their use in medicine, and their
attendant risks have been well-documented in this series.108-110
Overall, due to the side effects of morphine use, much research
was performed throughout the 20th century to design a new
therapeutic which would retain morphine’s analgesic properties
avoid its associated risks. Initial research focused on
simplification of the morphinan structure, but this strategy did
not lead to an improved compound.® Ultimately, buprenorphine
was developed in subsequent work at Reckitt and Colman (now
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Reckitt Benckiser) in the 1960s.!'! In this effort, Bentley and
coworkers postulated that more complex and more rigid
structures would allow for biased activity as the new structures
would fail to access certain receptor pockets and thus exhibit
more selective effects.®

Following positive initial data, trials on human patients
began in 1971, leading to the UK approving buprenorphine in
1978 as a treatment for severe pain.™! It was initially provided
as an 1V injection, but a sublingual formulation was released in
1982.111 Buprenorphine (Buprenex, a low-dose injectable
solution) was approved for use in treating chronic pain in the
United States in 1985 and distributed by Norwich-Eaton.

While initially indicated for pain  management,
buprenorphine has become far better known for its role in
treating OUD. In France, approximately half of the
buprenorphine supply was used off-label for treatment of OUD
in the 1980s.M! France became the first country to approve
buprenorphine for treatment of OUD in 1995.1'! However, in
the US, formal FDA approval of buprenorphine as an agent for
OUD treatment did not occur 2002.1* While certainly notable,
the long gap between initial synthesis and application of
buprenorphine as MAT for treatment of OUD is only the latest
saga in a long-standing debate over the appropriate scope of
opioids for use in SUD treatment in the US.

A useful point to pick up this debate is around the turn of the
20th century, following morphine’s isolation from the opium
poppy and the concomitant development of the hypodermic
needle in the 1800s.%° In the early 1900s, the use of opiates had
become so commonplace that heroin (initially intended as a
treatment for opium addiction) could be obtained from the
Sears Roebuck catalog. Patent medicines, too, were a common
source of opiates.'’® Women were commonly prescribed
opiates as a treatment for feminine complaints as well as for
pain-relief during labor.*® Around 1914, an estimated 0.4% of
the population was addicted to opioids.2 In an attempt to curb
the rising rates of addiction, the Harrison Narcotics Tax Act
was passed — this legislation, in conjunction with the Supreme
Court cases U.S. v Doremus, Webb v U.S., and US. v
Behrman, confirmed the ability of the government to regulate
opiate prescribing for treatment of addiction, especially in
regard to prohibition of the use of maintenance doses of opiates
for this purpose.!*?

This prohibitive stance remained the status quo for decades,
until methadone made the first significant shift toward
normalization of maintenance therapy. Methadone had
originally been developed in the late 1930’s as an analgesic
alternative to morphine. As early as the 1940’s, investigators
noted a development of tolerance to methadone’s analgesic and
sedative effects along with methadone’s ability to reduce
symptoms of morphine withdrawal.'** By 1965, Dole and
Nyswander reported on the use of oral methadone as a treatment
for heroin dependence—in the article, they noted that unlike
other opioids, methadone could be given once daily and result
in a complete remission from drug craving.*** Eventually, in the
1970’s, concerned that Vietnam veterans would return
dependent on heroin , the Nixon administration passed the
Comprehensive Drug Abuse Prevention and Control Act of
1970, which was designed to repeal parts of the Harrison Act
that made it illegal to treat narcotic addiction. Ultimately, this
reform permitted the approval of methadone as a maintenance
therapy in 1972. At that time, additional regulations were
passed to allow the dispensing of methadone to addicts through
Opioid Treatment Programs (OTPs), which consisted of
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hospital pharmacies and physicians licensed by the DEA and
FDA.MS

These intensive programs, often requiring daily visits to the
OTP site, remained the dominant model for treatment until the
20th century came to a close. The passage of the Drug
Addiction Treatment Act of 2000 (DATA2000) finally allowed
for buprenorphine to be legally administered, prescribed, or
dispensed for SUD treatment.!® However, unlike methadone,
this legislation allowed for buprenorphine to be provided
outside the restrictions placed on OTPs, such that patients could
more easily access this therapy in outpatient settings,
potentially including their usual doctor’s office. Although
buprenorphine is a schedule 111 drug, qualified physicians must
still obtain a waiver to prescribe buprenorphine through OBOT,
due to the strict requirements of the Narcotic Addict Treatment
Act of 1974. This waiver under DATA2000 is commonly
known as an “X waiver” due to the physician being provided
with a prescriber number beginning with an X, following the
physician’s approval to participate in the program once they
have taken an 8-hour training course.!t” Non-physician
prescribers can now also register for a waiver to provide
buprenorphine through OBOT, with an additional 16 hours of
training required for gaining approval.''’

Interestingly, despite the loosened restrictions affording by
DATAZ2000, Reckitt & Colman received orphan disease status
for OUD treatment after arguing that they wouldn’t be able to
recoup costs, thus receiving protection from generic
competition for 7 years.!'! In 2009, Reckitt & Colman released
a new formulation of Suboxone, formulated in a film to prevent
a decrease in profits due to generics.*** With current examples
of clinical and commercial successes in this arena being all too
rare, buprenorphine continues to demonstrate its value, as more
than 750,000 prescriptions of buprenorphine were filled in the
United States in the fourth quarter of 2012 and over 22 tons of
buprenorphine were consumed globally in 2017107118

Although regulatory challenges to expand opioid-based
OUD treatment were a point of real concern during
development, achieving commercial and clinical success of
buprenorphine once these barriers had been addressed was
perhaps less difficult than initially assumed. A recent National
Survey on Drug Use and Health (NSDUH) estimated that 1.9
million civilian, non-institutionalized adults (0.8%) met the
criteria for OUD while a further 11.5 million adults (4.7%) had
misused opiates.'® In patients with an opioid prescription, these
rates are even higher, with 12.5% reporting misuse and 16.7%
reporting an OUD diagnosis.''® These elevated rates for opioid
misuse and OUD diagnosis secondary to prescription opioid
use, alongside the ongoing overdose crisis associated with long-
term opioid use in chronic non-cancer pain, seem likely to make
buprenorphine a continuing source of clinical value throughout
the near future.

Nevertheless,  several outstanding concerns  with
buprenorphine provide space for innovation and successful
translation of fundamental neuroscience and
neuropharmacologic investigations into improved therapeutic
approaches for OUD. Most saliently, although the risk is
diminished as compared to full opioid agonists, buprenorphine
still carries with it the class-wide risk for fatal respiratory
depression upon overdose, alone and in combination with other
CNS depressants.8” Furthermore, the optimal approach for
treatment of acute pain in the context of chronic buprenorphine
therapy for OUD remains an area of active concern and
debate.’®2! Similarly, patients, providers, and payers have
widely divergent opinions on the desirability of lifetime
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treatment with buprenorphine, highlighting ongoing tensions
regarding indefinite use of MAT for OUD 1221

If any of these issues are to be solved by a hypothetical future
intervention, buprenorphine will likely have significant
influence on its own obsolescence as SAR studies around
buprenorphine have provided a great deal of insight into what
structural features are required for modifying the efficacy and
bias of signaling through pOP . Furthermore, the relationship
between partial pOP agonism and receptor internalization,
receptor desensitization, and B-arrestin recruitment has also
been a valuable contribution to the field of neuroscience by
improving our understanding of opioid-mediated reward and
influencing  next-generation  approaches to analgesic
therapy.1?12” Whether the next generation of analgesics and
OUD therapeutics can further optimize outcomes through
modifying the magnitude, duration, and relative effect on
opioid receptor intracellular signaling pathways, or by avoiding
direct action at opioid receptors altogether is a topic of great
interest for the future of neuropsychiatry —and one that will not
be answered without reference to the unique pharmacologic
insights and novel therapeutic models that buprenorphine has
generated.

ABBREVIATIONS

SUD, substance use disorder; OBOT, office based opioid
treatment; ouD, opioid use disorder; CPM,
cyclopropylmethyl; pOP, mu opioid receptor; «OP, kappa
opioid receptor; 0P, delta opioid receptor; MPE, maximum
possible effect; NOP, nociceptin opioid peptide receptor;
BRET, bioluminescence resonance energy transfer; CPP,
conditioned place preference; cAMP, cyclic AMP; AUD,
alcohol use disorder; POMC, proopiomelanocortin; PENK,
proenkephalin; PDYN, prodynorphin; SAR, structure-activity
relationship; 1V, intravenous; IM, intramuscular; SC,
subcutaneous; Pgp, p-glycoprotein; AUC, area under the curve;
CNS, central nervous system; MAT, medication assisted
therapy; XR, extended release; DEA, Drug Enforcement
Agency; FDA, Food and Drug Administration; OTP, opioid
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Chart 1. Structures of Buprenorphine and Opiates
Produced by Opium Poppy
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Chart 2. Selected Analogs of Buprenorphine Demonstrating the Structure Activity Relationships
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Scheme 1. Bentley's Semi-Synthesis of Buprenorphine
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Scheme 2. Improved Synthetic Routes to Buprenorphine
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Scheme 3. Predominant Metabolic Pathway of Buprenorphine
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