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Abstract

N -Substituted trans-3,4-dimethyl-4-(3-hydroxyphenyl)piperidines are a class of pure opioid 

receptor antagonists with a novel pharmacophore. This opioid receptor antagonist pharmacophore 

was used as a lead structure to design and develop several interesting and useful opioid receptor 

antagonists. In this review we describe: 1) early SAR studies that led to the discovery of 

LY255582 and analogues that are nonselective opioid receptor antagonists developed for the 

treatment of obesity; 2) the discovery and commercialization of LY246736 (alvimopan; 

ENTEREG®), a peripherally selective opioid receptor antagonist that accelerates the time to upper 

and lower GI recovery following surgeries that include partial bowel resection with primary 

anastomosis; and 3) the discovery and development of the potent and selective κ opioid receptor 

antagonist JDTic and analogues as potential pharmacotherapies for treating depression, anxiety, 

and substance abuse (nicotine, alcohol, and cocaine). In addition, the use of JDTic for obtaining 

the X-ray structure of the human κ opioid receptor is discussed.
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Introduction

In the late 1970s Zimmerman and co-workers reported N-methyl-trans-3,4-dimethyl-4-

phenylpiperidine (LY83577) to be an opioid receptor pure antagonist, the potency of which 

could be significantly increased by attachment of a phenolic group to the aromatic ring to 

give the N-methyl-trans-3,4-di-methyl-4-(3-hydroxyphenyl)piperidine (LY99335).[1–3] 

LY99335−1 (s.c.) in the gave antagonist AD50 values of 25 and 34 mg kg−1 rat-tail heat 

analgesic and mouse-writhing analgesic tests, respectively; it showed no agonist activity in 

either of these tests, and was therefore deemed a pure antagonist.[1] This discovery was 

surprising at the time, because opioid ligands with an N-methyl substituent had always been 

opioid receptor agonists. In general, at this time all opioid receptor antagonists or even 

partial agonists consistently had N-allyl- or N-cyclopropylmethyl substituents.[4]
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Prior to the discovery of LY99335, naloxone (1) and naltrexone (2) were the only 

pharmacologically pure opioid receptor antagonists (i.e., antagonists devoid of any opioid 

agonist effects) that had been well characterized.[5] Because LY99335 has a novel 

pharmacophore, it has been used as a lead compound for the discovery and development of a 

number of novel, pure opioid receptor antagonists. Herein we review the discovery and 

development of several of these compounds.

Early Studies and Discovery of LY255582

The synthesis and evaluation of a large number of racemic N-substituted trans-3,4-

dimethyl-4-(3-hy-droxyphenyl)piperidines 3 (for which R = various N substituents) further 

documented the pure opioid receptor antagonist nature of the LY99335 class of 

compounds.[6,7] Opioid receptor affinity and selectivity were determined by using 

radiolabeled opioid receptor ligands to displace opioid receptor type selective radioligands 

from receptor sites in membrane preparations from animal brain tissue. Table 1 lists the 

receptor binding data at the μ and κ receptors, opioid antagonist activity in the mouse-

writhing and rat-diuresis assays, and food-inhibition feeding activity in the obese Zucker rat 

model for a few of the more potent compounds.

The study showed that all compounds tested were pure opioid receptor antagonists 

regardless of the N substituent. The N substituent only affected opioid receptor binding 

affinity and opioid receptor antagonist potency. Optimal potency was observed if the N 

substituent was a phenyl, thiophene, or cyclohexyl group attached to the nitrogen via a three-

atom spacer (compounds 3a–d). The addition of a hydroxy group α to the phenyl, 

thiophene, or cyclohexyl groups or a keto group α to the cyclohexyl group improved 

potency (3 e–h).

A few compounds were separated into their trans-(3R,4R)-and trans-(3S,4S)-dimethyl-4-(3-

hydroxyphenyl)piperidine isomers.[7] The results for isomers of 3c and 3h are listed in Table 
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2 in comparison with the results for naloxone and naltrexone. In general, the 3R,4R isomer 

was more potent than the 3S,4S isomer in the receptor binding test, the opioid antagonist 

test, and the anorectant test. (3R,4R)-3,4-Dimethyl-1-[(3S)-3-hydroxy-3-

cyclohexylpropyl-4-(3-hydroxyphenyl)piperidine (LY255582) emerged as having the best 

activity profile, both in decreasing food consumption and as an opioid antagonist. X-ray 

crystallography studies confirmed that LY255582 has the 3R,4R,3′S configuration, in which 

3′ refers to the chiral center in the N substituent.[7] The X-ray structure showed the 

piperidine ring of LY255582 to be in a chair conformation, and the 4-(3-hydroxyphenyl) 

ring to assume an equatorial orientation. This information, along with results of studies 

using a variety of di- and trimethyl-substituted 4-(3-hydroxyphenyl)piperidines combined 

with data from NMR studies, suggested that a 3-hy-droxyphenyl equatorial piperidine chair 

conformation mediates the opioid antagonist properties of the trans-3,4-dimethyl-4-(3-

hydroxyphenyl)piperidine class of opioid antagonists.[8, 9]

Researchers at Adolor showed that trans-3,4-dimethyl-4-(3-carboxamidophenyl)piperidine 

(4 b) derived from trans-3,4-di-methyl-4-(3-hydroxyphenyl)piperidine (4a) displayed high 

affinity for cloned human μ opioid receptor and good μ selectivity relative to the κ and δ 
receptors (Table 3).[10] In addition, 4b displayed potent μ antagonist activity in a 

[35S]GTPγS assay (IC50 = 1.9 nM), similar to that of 4 a.[10] Thus, the carboxamide moiety 

in 4 b is a good bioisostere of the phenolic group present in 4a.

Although LY255582 showed exceptional potency and durability in decreasing food intake 

and body weight gain in obese Zucker rats relative to naltrexone,[11, 12] its bioavailability 

was <1 % in both rat and dog, primarily due to extensive first-pass metabolism.[13] Because 

the Eli Lilly research team suspected the problem was with the 3-hydroxyphenyl group, they 

synthesized and evaluated a number of LY255582 analogues modified at the 3-

hydroxyphenyl group with the hope that an analogue would be identified that retained the 

favorable properties of LY255582 while lacking its drawbacks.[14] To this end, the 

compounds listed in Table 4 were synthesized and evaluated for binding affinity at cloned μ, 

κ, and δ opioid receptors expressed in Chinese hamster ovary (CHO) cells using 

[3H]diprenorphine (μ and κ assays) or [3H]bremazocine (δ receptor assay). Functional 

antagonist potency (Kb) was also determined by using a [35S]GTPγS binding assay. With 

the exception of 5 h, 5i, and 5 l, all the LY255582 analogues had considerably weaker 

radioligand binding affinity and particularly [35S]GTPγS binding affinity than LY255582. 

From a structure–activity relationship (SAR) standpoint, this study showed that removal of 

the hydroxy group to give 5 c, or moving it to other positions on the phenyl ring (compounds 

5a,b) significantly decreased binding affinity (Ki) and antagonist efficacy (Kb) at all three 

opioid receptors. Replacement of the 3-hydroxy group with amino (5d), urea (5 e), 

acetylamido (5 f), or methanesulfonylamido (5 g) groups decreases binding affinity and 

antagonist efficacy relative to LY255582, but not to as large a degree as removing or 

changing the position of the 3-hy-droxy group. Replacing the 3-hydroxy with a 

carbomethoxy (5 j) or carboxylic acid (5 k) group caused a large decrease in binding affinity 

and antagonist efficacy.

Compound 5 l, with respective Ki values of 0.2, 12.7, and 6.4 nM at the μ, κ, and δ opioid 

receptors, had the best opioid binding affinity of all the compounds tested (Table 4). As 5 l 
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had Kb values of 0.1, 1.9, and 2.8 nM compared with Kb values of 0.04, 0.3, and 1.2 nM at 

the μ, κ, and δ for LY255582, it was selected for further development. Compound 5l had 

ED50 values of 0.024 mg kg−1 s.c. and 0.015 mg kg−1 p.o., compared with 0.017 mg kg−1 

s.c. and 0.26 mg kg−1 p.o. for LY255582 in the mice tail-flick assay. The oral bioavailability 

(% F) of 5 l in rats was 32 % relative to 2.5 % for LY255582.[14] The Eli Lilly group also 

showed that administration of 5 l at 3 mg kg−1 p.o. resulted in a significant decrease in the 

cumulative amounts of food consumed over periods of 1 and 2 h. In contrast, LY255582 

administered at 3 mg kg−1 p.o. was inactive over the same time period. The results from 

these studies showed that 5 l had much greater potential as a drug to treat obesity than 

LY255582.[14]

Given the favorable properties of 5 l, it is surprising that the compound was not developed. 

This could have been due to the fact that the Eli Lilly researchers had discovered a new class 

of nonselective opioid receptor antagonists that were considered more favorable for 

development.[15, 16]

Discovery of LY246736 (alvimopan; ENTEREG®)

The administration of narcotics results in significant inhibitory effects on gastrointestinal 

(GI) function, including motility, secretion, absorption, and blood flow.[17] This occurs 

through activation of μ opioid receptors in the enteric nervous system, the same receptor 

type that is activated in the central nervous system (CNS) to provide analgesia. It had been 

hypothesized that a peripherally selective μ opioid receptor antagonist, when co-

administered with a narcotic, may significantly decrease or eliminate opioid-induced GI 

dysfunction while maintaining pain relief and avoiding opioid withdrawal syndrome. The 

hypothesis was supported, in part, from preclinical animal and human clinical studies with 

naloxone. Because naloxone readily traverses the blood–brain barrier, it is unsuitable as an 

adjunct to narcotic therapy. As a result, Zimmerman and coworkers explored the 

development of peripherally selective trans-3,4-dimethyl-4-(3-hydroxylphenyl)piperidine 

opioid antagonists for the treatment of GI motility disorders.[18, 19]

The 4-(3-hydroxyphenyl)-3,4-dimethylpiperidine scaffold was derivatized with functional 

groups spanning a range of sizes, polarity, and charge to achieve peripheral μ opioid receptor 

antagonism while minimizing CNS drug exposure. In vitro receptor binding and tissue 

preparations were used to determine in vitro μ receptor affinity and functional antagonism. 

Phenotypic whole-animal screening played a key role in establishing relative peripheral drug 

action and prioritizing molecules for further characterization. Central opioid activity was 

assessed by determining the AD50 for molecules to reverse a fully efficacious analgesic dose 

of morphine in the mouse-writhing assay. A specially designed assay was developed to 

assess peripheral opioid activity by determining the ED50 value required to precipitate 

diarrhea in morphine-dependent mice. The calculated AD50/ED50 ratio provided an index of 

peripheral selectivity; the higher the ratio, the greater the relative peripheral action of the 

molecule.[18] Several hundred compounds were synthesized and evaluated in these assays. 

The in vitro μ Ki, in vivo AD50, and ED50 and peripheral index (ratio) for selected analogues 

6 a–h are presented in Table 5. Naloxone (AD50 = 0.08 mg kg−1 s.c.; ED50 = 0.05 mg kg−1 

s.c.) possessed a peripheral index of 1.6, indicating little discrimination between CNS and 
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peripheral action. In contrast, compound 6 c (a mixture of eight stereoisomers: AD50 = 40 

mg kg−1 s.c.; ED50 = 0.15 mg kg−1 s.c.) had an index of ~260, indicating a high degree of 

separation between central and peripheral action. The peripheral index for compound 6 g (a 

mixture of eight stereoisomers) was >1400. Separation of its isomers yielded the 3R,4R,2′S 

antipode 6h, LY246736 (alvimopan): AD50 = 9 mg kg−1 s.c.; ED50 0.04 mg kg−1 s.c.; 

peripheral index = 225. Alvimopan’s peripheral index was confirmed through additional 

pharmacological testing, including reversal of morphine analgesia in mouse hot-plate (ID50 

= 6.0 mg kg−1 s.c.) versus the mouse small intestinal transit assay (ID50 = 0.03 mg kg−1 

s.c.).[19] The high degree of peripheral action is believed to be due, in part, to its zwitterionic 

character. In vitro binding studies showed alvimopan to be a potent, relatively nonselective 

opioid antagonist with Ki values of 0.77, 4.4, and 40 nM for the μ, δ, and κ opioid receptors, 

respectively,[19] displaying >100-fold selectivity over other aminergic G-protein-coupled 

receptors. In the isolated guinea pig ileum (μ and κ) and mouse vas deferens (δ), alvimopan 

showed pA2 values of 9.7, 7.8, and 8.7 for the μ, κ, and δ receptors, respectively. As a pure 

antagonist, alvimopan displayed no intrinsic activity in human μ and δ, and guinea pig κ, 

relative to full agonists. In 2008, alvimopan was approved by the US Food and Drug 

Administration (FDA) as the marketed product ENTEREG® for short-term (up to seven 

days) in-hospital use to accelerate return of GI function following bowel resection surgery. 

In 2013, following submission of a supplemental new drug application (NDA) in 2012, the 

FDA approved an expanded indication for ENTEREG® including any surgery that involves 

a partial bowel resection with primary anastomosis.[20] Human pharmacokinetics, 

pharmacodynamic and clinical trial data are reviewed elsewhere.[21]

More Recent SAR and Conformational Studies

To gain additional insight into the importance of the conformational flexibility of the N 

substituent of N-substituted trans-3,4-dimethy-4-(3-hydroxyphenyl)piperidines responsible 

for their opioid receptor antagonist potency and selectivity, the opioid receptor binding 
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affinity and [35S]GTPγS functional antagonist efficacy of compounds RTI-5989-1, 

RTI-5989-23, and RTI-5989-25, which have more conformationally rigid N sub-stituents 

than previously studied compounds, were compared with those of LY255582 and 

naltrexone.[22] RTI-5989-1, RTI-5989-23, and RTI-5989-25, bearing the trans-4′-aryl-2′-

butenyl N substituent, displayed binding and selectivity patterns for the μ opioid receptor 

over the δ and κ receptors similar to those of LY255582 (Table 6). With a Ki value of 0.32 

nM, LY255582, was found to be the most potent at the μ receptor. RTI-5989-1 had a Ki 

value of 0.74 nM at the μ receptor and Ki values of 322 and 122 nM at the δ and κ receptors, 

making it the most μ-selective analogue. In the [35S]GTPγS functional assay, LY255582, 

RTI-5989-1, RTI-5989-23, and RTI-5989-25 did not stimulate GTP binding at 

concentrations up to 10 μM, and are therefore, as expected, pure opioid receptor antagonists 

(Table 7). With Ke = 0.013 nM at the μ opioid receptor, RTI-5989-25 is slightly more potent 

than LY255582 (Ke = 0.021 nM). Both compounds are much more potent than naltrexone 

(Ke = 0.93 nM at μ). LY255582 and RTI-5989-25 have very similar Ke values at the δ and κ 
receptors (Table 7).

In general, these N-substituted trans-3,4-dimethyl-4-(3-hydroxyphenyl)piperidine analogues 

were more potent as inhibitors of agonist-stimulated [35S]GTPγS binding than as inhibitors 

of radioligand binding. Figure 1 shows the ratio of Ki values in the binding assay to the Ke 

values in the [35S]GTPγS assay for RTI-5989-25 and for naltrexone. The most pronounced 

differences were observed with the δ receptors, for which RTI-5989-25 was more than 400-

fold more potent in the [35S]GTPγS assay than the inhibition of radioligand binding assay. 

For comparison, naltrex-one showed little variation from near unity (Figure 1). Because the 
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[35S]GTPγS assay was not available to the Eli Lilly group at the time they developed the N-

substituted trans-3,4-dimethyl-4-(3-hydroxyphenyl)piperi-class of opioid antagonists, they 

were unaware of this unusual property difference with these compounds and naltrexone.

It is now widely accepted that GPCRs can exist in equilibrium between an active (R*) and 

an inactive (R) state.[23, 24] Even in the absence of agonist, these receptors can maintain a 

conformation that can activate G protein and thus display constitutive activity. Compounds 

that preferentially stabilize the inactive (R) form of the receptor abolish this agonist-

independent activity and are termed inverse agonists.

RTI-5989-23 and RTI-5989-25 were shown to be a new class of potent δ opioid inverse 

agonists[25] (Table 8). RTI-5989-25 was 27-fold more potent as an inverse agonist at the δ 
opioid receptor than reference standard ICI174864 (ICI; N,N-diallyl-Tyr-Aib-Aib-Leu). The 

change in surface receptors elicited by the inverse agonists RTI-5989-25 and ICI was 

compared with the effects of neutral antagonists naltrindole (NTD) and H-Tyr-Tic-Phe-Phe-

OH (TIPP) and several other compounds (Figure 2). RTI-5989-23, RTI-5989-25, and ICI 

caused a significant up-regulation of surface receptors, the neutral antagonists TIPP and 

NTD caused no changes in surface receptor numbers, and etorphine, fentanyl, morphine, and 

buprenorphine all caused a decrease in surface receptors.[25] This was the first demonstration 

that ligand treatment is able to increase δ opioid cell-surface receptor population.

RTI-5989-25 was also an inverse agonist in HEK293 FLAG-μ cells.[26] RTI-5989-25 was 

shown to have a higher affinity (0.011 nM) for the receptor in basal state (no Na+) and 0.062 

nM for the activated receptor (R*G; high Na+/GTP), whereas the neutral antagonist 

naltrexone showed very little difference (Table 9). RTI-5989-25 also increased μ opioid 

receptor expression in HEK293 FLAG-μ cells[26] by 41 %, relative to 11 % for the peptide 

H-(D-Phe)-Cys-Tyr-(D-Trp)-Arg-Thr-Pen-Thr-NH2 (CTAP; Figure 3).

After learning that the N-substituted trans-3,4-dimethyl-4-(3-hydroxyphenyl)piperidines 

displayed inverse agonist activity, Eli Lilly scientists showed the in vitro inverse agonist 

efficacy and affinities in the presence of Na+ with their trans-3,4-dimethyl-4-(3-

hydroxyphenyl)piperidine antagonist correlated with data obtained in their obese rat 

studies.[27] They had previously found no other in vitro/in vivo data correlation.

Because the relative potency increase was greater for the δ and κ receptors, the compounds 

did not show μ selectivity in the [35S]GTPγS test. Comparison of the μ, δ, and κ binding 

affinity Ki values of 0.74, 322, and 122 nM, respectively, for RTI-5989-1 with those for the 

cis isomer RTI-5989-2 of 11.4, 931, and 298 nM suggest that the conformational orientation 

of N substituents is important for binding potency (Table 6). These findings suggest that the 

high binding affinity, selectivity, and antagonist potency of analogues with N-phenylpropyl 

or N-cyclohexylpropyl (3b, R = C6H5(CH2)3 and 3 a, R = C6H11(CH2)3, respectively; Table 

1) are achieved through a conformation wherein the constricting chains of the N substituents 

are extended away from the piperidine nitrogen atom with the appended ring system rotated 

out of plane relative to the connecting-chain atoms. This conformation is quite similar to that 

observed in the solid state for LY255582, as determined by single-crystal X-ray analysis.[7]
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To provide information concerning the antagonist bioactive conformation of N-

phenylpropyl-trans-3,4-dimethyl-4-(3-hy-droxyphenyl)piperidine (4a), researchers at Adolor 

synthesized each of the four stereoisomers of general structures 7 and 8. They compared 

their potencies in blocking the binding of the nonselective opioid antagonist 

[3H]diprenorphine to cloned human μ, κ, and δ opioid receptors and in inhibiting agonist 

(loperamide)-stimulated [35S]GTPγS binding to membranes containing the cloned μ opioid 

receptor.[28]

Of the eight constrained 4 a analogues studied, only 7 a and 8 a, with respective Ki values of 

0.62 and 0.90 nM, showed μ binding affinity similar to the μ affinity of 4 a (Ki = 1.8 nM; 

Table 10).[29] Compound 7 a also had an IC50 value of 0.54 in the [35S]GTPγS functional 

assay at the μ receptor. Surprisingly, 8 a showed no antagonist activity in the μ receptor 

functional assay. The compound was a full agonist, with EC50 = 53 nM (Table 10). A 

modeling study showed low-energy conformations of 4a and 7 a to be very similar to each 

other.[28, 29] These structures are quite similar to the X-ray structure of LY255582.

Adolor researchers also synthesized a series of octahydro-1H-pyrido[1,2-a]pyrazine 

derivatives and evaluated them for their opioid receptor binding and functional activity.[30] 

Compound 9, which is a bioisostere of 7a with the methylene group at position 6 of 7 a 

replaced with an NH function, had Ki values of 3.6, 18, and 89 nM at the μ, κ, and δ opioid 

receptors, respectively, and Ke = 1.1 nM at the μ receptor in the [35S]GTPγS functional test 

(Table 10).[30] The most potent compound was obtained by adding an N-3-chlorobenzyl 

group to 9 to yield 10.[28] Compound 10 had Ki values of 0.47, 16, and 57 nM at the μ, κ, 

and δ opioid receptors, respectively, and Ke = 1.8 nM at the μ receptor in the [35S]GTPγS 

functional assay.[30]

Discovery of JDTic

Even though the Eli Lilly group synthesized and evaluated hundreds of N-substituted 

trans-3,4-dimethyl-4-(3-hydroxyphenyl)-piperidines for their opioid receptor properties, no 

selective antagonist for the κ opioid receptor was identified. As a strategy for obtaining a 

selective κ opioid receptor antagonist, general structure 11 was subjected to two iterations of 

synthesis of libraries and opioid receptor property evaluation.[31, 32] The study led to the 

identification of JDTic as a potent and selective κ opioid receptor antagonist. Table 11 lists 

the results from studies by three different laboratories showing JDTic to be a more potent 

and selective κ opioid receptor antagonist than nor-BNI in [35S]GTPγS binding assays. In 

the studies, JDTic and nor-BNI were evaluated for their ability to antagonize opioid receptor 

agonist stimulated binding in a [35S]GTPγS assay using cloned human μ, δ, and κ receptors 

(Table 11). In one study, conducted under the NIDA Opioid Treatment Discovery Program 
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(OTDP), JDTic had a Ke value of 0.01 nM at the κ receptor and was 341- and 7930-fold 

selective for the κ receptor relative to the μ and δ opioid receptors, respectively (Table 11). 

In a study conducted at RTI, JDTic was found to have Ke = 0.02 nM and was 1255- and 

3830-fold selective for the κ receptor relative to the μ and δ opioid receptors, respectively 

(Table 11).[33] For comparison, nor-BNI had Ke = 0.04 and 0.05 nM in the OTDP and RTI 

studies and was 475- and 115-fold (OTDP study) and 520- and 580-fold (RTI study) 

selective for the κ relative to the μ and δ opioid receptors, respectively.[31, 33] In a study 

conducted at Lilly Research Laboratories, JDTic had a Ke value of 0.098 nM and was 67- 

and 1718-fold selective for the κ relative to the μ and δ opioid receptors, respectively.[34] In 

comparison, nor-BNI had Ke = 0.80 nM and 41-and 18-fold selectivity for the κ relative to 

the μ and δ opioid receptors, respectively (Table 11).

Table 11 also lists the results from a study conducted by the NIDA Intramural Research 

Program (IRP), which showed that JDTic to have a Ke value of 0.02 nM compared with 

0.038 nM for nor-BNI at the κ receptor. JDTic was 108- and >15 000-fold selective for the κ 
relative to the μ and δ opioid receptors, respectively, and nor-BNI was 440- and 268-fold 

selective in the same regard. JDTic was more potent as an antagonist of [35S]GTPγS binding 

at the κ receptor in all four assays. Both compounds were very selective for the κ relative to 

the μ and δ receptors in all tests.

AstraZeneca Pharmaceuticals also reported a comparison of the opioid receptor antagonist 

properties of JDTic and nor-BNI in a [35S]GTPγS binding assay. However, they only 

reported IC50 values, and the data are not directly comparable with those of the other four 

studies.[35]

JDTic and nor-BNI have also been tested in three different opioid receptor binding assays, 

and the results are listed in Table 12. In a comparison of the opioid receptor binding 

affinities for JDTic and nor-BNI using rat brain for the μ and δ receptors and guinea pig 

brain for the κ receptor, with [3H]DAMGO, [3H]DADLE, and [3H]U69,593 as the 

respective radioligands for μ, δ, and κ receptors, the Ki values for JDTic are 3.73, 301, and 

0.32 nM at μ, δ, and κ receptors compared with 65, 86, and 1.09 nM for nor-BNI.[31] In a 

separate study using human cloned μ, δ, and κ opioid receptors and using [3H]DAMGO, 

[3H]DPDPE, and [3H]U69,593 as radioligands, JDTic had Ki values of 0.96, 29.6, and 0.41 

nM compared with 21, 5.7, and 0.2 nM for nor-BNI.[31] In a third study, which also used 

human cloned μ, δ, and κ opioid receptors, but with [3H]diprenorphine as the radioligand for 

all three receptors, JDTic showed Ki values of 11.5, 188, and 0.059 nM relative to 32.4, 

6.56, and 0.15 nM for nor-BNI.[34] Results from these three studies show that JDTic has a 

higher affinity for the κ receptor than nor-BNI in the brain tissue test, nor-BNI has greater 

affinity than JDTic in one of the cloned opioid receptor tests, and JDTic had higher affinity 

than nor-BNI in the other study using cloned human receptors. nor-BNI is more selective for 
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κ relative to the μ opioid receptor in all three of the radioligand binding tests. In contrast, 

JDTic is more selective for the κ receptor than the δ receptor in all three tests.

The following discussion makes it apparent that results from various animal behavioral 

pharmacology studies correlate better with data from [35S]GTPγS studies than they do with 

those of the radioligand binding studies. JDTic is a potent κ receptor antagonist of selective 

κ opioid agonist-induced antinociception in mouse, rat, and monkey assays and rat diuresis 

studies following administration of the selective κ opioid receptor agonist U50,488 for the 

rat and monkey studies and enadoline for the mouse studies. JDTic has ED50 values of 4.1 

(s.c.) and 27.3 mg kg−1 (p.o.) for its ability to antagonize an ED50 dose of the selective κ 
opioid receptor agonist enadoline in the mouse tail-flick test.[36] In contrast, JDTic, at doses 

of 1, 3, 10, 30, and 100 mg kg−1 (s.c.), was without effect when given 24 h before an ED80 

dose of the μ opioid receptor selective agonist sufentanil.[36] A time course study of JDTic 

(p.o. administration) in combination with enadoline showed significant antagonist activity at 

24 h, 7 d, and 28 d relative to the 2 h effect. In a more recent study, JDTic administered i.p. 

in mice showed significant antagonism of U50,488 up to 21 d in a warm-water tail-

withdrawal test.[37] In another more recent study, JDTic (10 mg kg−1 s.c.) at a 2 h 

pretreatment time-point blocked U50,588-induced antinociception, but had no effect on 

morphine-induced antinociception in a rat tail-flick test.[38]

JDTic was also evaluated for its κ opioid receptor antagonist effect in the squirrel monkey 

shock titration antinociception test.[36] A cumulative dose–effect curve for the κ-selective 

agonist U50,488, alone and in combination with JDTic, was obtained in three monkeys 

(Table 13). When administered alone, U50,488 increased median shock levels dose-

dependently, with peak increases occurring between 5.6 and 10 mg kg−1. JDTic (1.0 mg 

kg−1) was administered intramuscularly (i.m.), and the U50,488 dose–effect curve was re-

determined 2 h and 3, 7, and 10 d later. The results from the U50,488/JDTic combinations 

are presented in Figure 4. JDTic shifted the U50,488 dose–effect curve to the right, with 

shifts apparent up to 7 and 10 d following administration of JDTic. ED50 values for U50,488 

antinociception are listed in Table 13.

JDTic was compared with nor-BNI for its ability to antagonize U50,488-induced diuresis. 

During the first 5 h immediately following the administration of JDTic +U50,488 (week 0), 

JDTic significantly decreased the polyuria at 3, 17, and 100 mg kg−1 (s.c.) with AD50 = 2.81 

mg kg−1 (see Table 14 and Figure 5 A).[36] The antagonism was still present one week after 

administration, with all doses (0.3, 1, 3, 17 and 100 mg kg−1 (s.c.)) significantly decreasing 

polyuria, ED50 = 0.41 mg kg−1. The antagonism remained at 2 and 3 weeks, with AD50 

values of 1.64 and 73 mg kg−1, respectively. Thus, similar to the antinociception study in 

mice, JDTic also has a long duration of action in this rat diuresis study.

The antagonism of U50,488-induced diuresis by nor-BNI was significant at week 0 with 1 

and 3 mg kg−1 (s.c.) doses and at weeks 1 and 2 at 3 mg kg−1 (s.c.).[36] Due to the restricted 

range of doses in the study, no AD50 values were determined (Figure 5 B). JDTic at 0.3 and 

3 mg kg−1 (s.c.) produced greater antagonism than nor-BNI at the same mg kg−1 (s.c.) doses.
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Depressive disorders are reported to be the most common co-morbid conditions among 

individuals with cocaine abuse.[39] In addition, cocaine abusers with depressive symptoms 

may be especially vulnerable to relapse.[40, 41] Because commonly used antidepressants have 

not proven very useful in treating cocaine abuse, compounds with antidepressant activity 

that operates through a new mechanism are of particular interest. As central administration 

of the κ opioid receptor nor-BNI was reported to have antidepressant-like effects in the 

Porsolt forced swim test (FST) in rats,[42] an FST study was conducted in which JDTic was 

compared with nor-BNI and the common antidepressant despiramine.[43] The results from 

the study are given in Table 15. The top and bottom of Table 15 show results obtained during 

the initial FST and retest one week later, respectively. Scores for immobility, swimming, and 

climbing for a 60 min period are listed in the table. Values in boldface are scores that differ 

significantly from those of vehicle. Desipramine changed immobility with all doses less than 

vehicle, swimming with 5.6 mg kg−1 (i.p.) greater than vehicle, and climbing, with all doses 

greater than vehicle. nor-BNI changed immobility with 1 and 10 mg kg−1 (s.c.) less than 

vehicle and swimming, with 1 and 10 mg kg−1 (s.c.) greater than vehicle but not climbing. 

JDTic changed immobility with the three lower doses less than vehicle, swimming with the 

three lower doses greater than vehicle, and climbing, although no dose differed from vehicle. 

At 10 mg kg−1, JDTic did not differ from vehicle on any of the three measures, an indication 

that the dose was beyond the behaviorally relevant range.

Results during FST retest are listed at the bottom of Table 15. Desipramine did not differ 

significantly from vehicle on any measure. nor-BNI did not differ significantly from vehicle 

on any measure either; however, there was a trend toward decreased immobility and 

increased swimming. JDTic changed immobility with the two highest doses less than 

vehicle, swimming with 1 mg kg−1 (s.c.) greater than vehicle, and climbing with 10 mg kg−1 

greater than vehicle.

Because depression and anxiety are often co-morbid in humans, and as selective serotonin 

re-uptake inhibitor (SSRI) antidepressants are angiogenic, it was of interest to study JDTic 

in animal models of anxiety. Thus, JDTic was tested to determine if it would affect 

unlearned fear (anxiety) in the elevated plus maze (EPM) and open field (OF) tests and 

learned fear in the fear-potentiated startle (FPS) test.[44] Similar to known anti-anxiety 

drugs, JDTic affected behavior in the EPM test in a dose-dependent manner. Rats spent more 

time in the open arms and made more entries into the open arms of the maze after treatment 

with 10 mg kg−1 (Figure 6 A). JDTic did not affect closed-arm entries or maze crosses. The 

effects of JDTic on behavior in the EPM are qualitatively similar to those observed with the 

benzodiazepine drug chlordiazepoxide; they contrast with the effects of the antidepressant 

fluoxetine, which in this paradigm at 10 mg kg−1 i.p., decreased the percentage time in open 

arms and open-arm entries (though not significantly). nor-BNI showed a profile almost 

identical to that of JDTic when evaluated in the EPM test. When evaluated in the OF test 72 

h after i.p. JDTic administration, JDTic did not affect locomotor activity at any dose, 

regardless of whether the data were analyzed as 5 min time bins or total activity over the 

entire 1 h test sessions, nor did it affect the distance rats traveled in the interior of the OF.[44]

Five and seven days after the EPM and locomotor tests, the rats were trained [to a condition 

stimulus (CS)] and tested in the FPS paradigm.[44] Animals that have learned to associate 

Carroll and Dolle Page 12

ChemMedChem. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



light, which is a CS with the foot-shock, typically exhibit a greater startle response (sound) 

in the presence of the light relative to the dark due to increased fear elicited by the CS. 

Treatment with JDTic before FPS training affected the expression of the conditioned 

response. Percentage of FPS =[(startle in the presence of light)−(startle in the dark)]/(startle 

in the dark) 0 100. At a dose of 10 mg kg−1, JDTic decreased FPS (Figure 6 B). As was the 

case in the EPM, nor-BNI also decreased conditioned fear in the FPS paradigm.

Because stress has often been implicated in relapse to cocaine abuse, JDTic was tested for its 

ability to block foot shock-induced stress reinstatement of extinguished responding 

previously reinforced by cocaine in rats (a cocaine relapse model).[43] The results are 

summarized in Figure 7, which plots the number of lever presses seeking cocaine against the 

oral dose of JDTic. The dotted horizontal lines indicate the range of the average number of 

active lever presses emitted across groups of rats during the last extension sessions 

immediately proceeding the last session. Responding was not significantly affected by the 3 

mg kg−1 dose of JDTic relative to the vehicle group. However, the 10 and 30 mg kg−1 doses 

of JDTic significantly decreased levels of reinstatement responding relative to levels of the 

vehicle-treated group: 39 and 22.75 responses, respectively, relative to 64.75 active 

responses for vehicle pre-treatment group. The AD50 was 19.95 mg kg−1.

JDTic was also evaluated for its ability to block cocaine-induced reinstatement in rats.[43] 

This test is thought to be a model of a slip back to cocaine-taking relapses in humans. As 

JDTic did not prevent reinstatement of cocaine seeking in this model, it is selective for 

stress-induced reinstatement of cocaine seeking.

JDTic was evaluated for its ability to block nicotine physical (somatic signs and 

hyperalgesia) and affective (anxiety-related behavior and conditioned place aversion [CPA]) 

nicotine withdrawal signs in mice.[45] Anxiety-related behavior (affective), somatic signs, 

and hyperalgesia (physical) were measured in mice following 18–24 h withdrawal from 

chronic nicotine and treatment with either JDTic or its vehicle. The results showed that 

nicotine withdrawal alone significantly increased anxiety-related behavior in the plus maze, 

increased expression of somatic withdrawal signs, and decreased response latencies in the 

hot-plate test (Figure 8). Eighteen-hour pretreatment with JDTic (8 mg kg−1 s.c.) 

significantly blocked all of these nicotine withdrawal signs. JDTic-treated mice exhibited a 

loss of anxiety-related behavior, attenuation of somatic signs, and an increased latency on 

the hot plate. The doses of JDTic used in this assessment did not significantly affect 

behavioral responses in saline-infused mice in any withdrawal test and did not precipitate 

significant nicotine withdrawal signs in nicotine-dependent mice at 1, 8, or 18 h after 

administration.

A place-conditioning procedure was used to measure effects of JDTic on expression of a 

CPA associated with nicotine withdrawal.[45] Mice receiving chronic infusions of nicotine or 

saline via a minipump were exposed to conditioning sessions with mecamylamine (a 

nicotinic acetylcholine receptor antagonist) or its vehicle, and JDTic was administered 18 h 

prior to testing. Figure 9 shows that mecamylamine treatment alone (3.5 mg kg−1 s.c.) 

resulted in a significant CPA in chronic nicotine-exposed mice pretreated with vehicle. 

Pretreatment with JDTic (16 mg kg−1 s.c.) 18 h prior to the test day blocked expression of 
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the mecamylamine-induced CPA. The doses of JDTic used did not produce significant 

responses in saline-infused mice. In summary, JDTic attenuated the expression of both the 

physical (somatic signs, hyperalgesia) and affective (anxiety-related behavior, CPA) signs of 

nicotine-induced withdrawal.

JDTic was evaluated for its effect on alcohol abuse using several different animal models. 

Pretreatment with JDTic decreased alcohol-withdrawal-induced anxiety (hangover anxiety) 

using an elevated plus maze test, decreased cue-induced rein-statement of alcohol seeking, 

but had no effect on stress-induced reinstatement of alcohol seeking in male Wistar rats.[38] 

In another study, pretreatment with JDTic was effective at decreasing alcohol seeking and 

alcohol relapse in P-rats using the Pavlovian spontaneous recovery (PSR) and alcohol 

deprivation effect (ADE) models, respectively.[46] In contrast to the self-administration study 

in male Wistar rats, JDTic did not decrease alcohol maintenance responding in P-rats.[46] In 

2012, JDTic completed pre-IND safety assessment and was advanced into phase I human 

clinical trials. The results of clinical evaluation have not yet been published.

JDTic analogues and pharmacology

Early SAR studies revealed that the potent and selective κ opioid receptor antagonist activity 

resulted from: 1) the isoquinoline amino group and the 7-hydroxy group held in a rigid 

orientation by the 1,2,3,4-tetrahydroisoquinoline structure in its 3R attachment to the amide 

carboxyl; 2) an S configuration of the 2-methylpropyl group in the spacer between the 

piperidine ring and the D-hydroxy-Tic acyl group; and 3) the lack of a substituent on the 

amide nitrogen atom.[31, 32, 47]

Several JDTic analogues have since been developed that have sub-nanomolar Ke values for 

the κ opioid receptor and are >100-fold selective for the κ opioid receptor relative to the μ 

and δ opioid receptors (Table 16).[33, 48] Methylation of the phenols in the 7-hydroxy-D-Tic 

or the 4-(3-hydroxyphenyl) portions to give RTI-5989-212 and RTI-5989-241, respectively, 

changing the isopropyl substituent adjacent to the amide nitrogen to a sec-butyl group to 

give RTI-5989-194, and adding a methyl group adjacent to the carbonyl group or to the 

isoquinoline nitrogen to give RTI-5989-240 and RTI-5989-97, respectively, all result in 

compounds with high potency and selectivity for the κ opioid receptor. Moreover, adding a 

second methyl substituent to RTI-5989-241 to give RTI-5989-251, replacement of the 

isopropyl group in RTI-5989-241 with a sec-butyl group, and replacement of the hydroxy 

group in the 4-(3-hydroxyphenyl) portion of JDTic with a carboxamide group led to 

antagonists with high potency and selectivity for the κ opioid receptor.

RTI-5989-194, RTI-5989-212, and RTI-5989-230 were evaluated for their ability to block 

U50,488-induced diuresis, and RTI-5989-194 was also evaluated for its ability to prevent 

foot-shock-induced reinstatement of cocaine self-administration.[49] RTI-5989-194 

attenuated U50,488-induced diuresis through s.c., i.p., or p.o. administration, and similar to 

JDTic effectiveness, increased one week following administration. RTI-5989-230 blocked 

U50,488-induced diuresis at 24 h and 8 d at doses of 1, 10, and 30 mg kg−1 i.p.; 15 d at 

doses of 10 and 30 mg kg−1 i.p.; and 22 and 29 d at 30 mg kg−1 i.p. However, unlike JDTic 

and RTI-5989-194, it was ineffective at oral doses of 3, 10, and 30 mg kg−1. RTI-5989-212 

Carroll and Dolle Page 14

ChemMedChem. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was ineffective in blocking U50,488-induced diuresis when administered at 0.3, 1, 3, or 10 

mg kg−1 s.c. or 30 mg kg−1 i.p. Although RTI-5989-194 was not as effective as JDTic, it did 

decrease foot-shock-induced cocaine reinstatement of self-administration to the level of 

responding on the last day of extension.

In another study, JDTic, RTI-5989-97, RTI-5989-194, RTI-5989-212, RTI-5989-240, and 

RTI-5989-241 were tested for their ability to antagonize U50,488-induced antinociception in 

C57BL/6 wild-type mice over a 28 day period using a warm-water tail-withdrawal assay,[37] 

and JDTic and all five analogues antagonized the U50,488-induced antinociception. JDTic 

as well as RTI-5989-97, RTI-5989-194, and RTI-5989-241 had long durations of action (>7 

d), and RTI-5989-212 and RTI-5989-240 had durations of action <1 d. Interestingly, JDTic 

and the three analogues that had long durations of action in the warm-water tail-withdrawal 

assay stimulated JNK, whereas the two short-acting analogues, RTI-5989-212 and 

RTI-5989-240, failed to activate JNK.[37]

A very recent paper reported in vitro and in vivo studies of BU09059 (mixture of 

diastereomers), an analogue of JDTic, which differs from JDTic by having an ester function 

in place of the isopropyl group in JDTic.[50] Using [3H]diprenorphine as the radioligand 

along with cloned κ, μ, and δ receptors, the compound had Ki values of 1.72, 26.5, and 1060 

nM at the κ, μ, and δ receptors, respectively. In an in vitro efficacy determination using an 

isolated guinea pig tissue and mouse vas deferens assays, BU09059 had a KB value of 2.39 

nM at the κ receptors and had no significant effects on the Emax values of DAMGO (μ) and 

DPDPE (δ). BU09059 blocked U50,488-induced antinociception in a warm-water tail-

withdrawal assay 1 h post-injection in mice (i.p. administration). The maximal effect was at 

24 h; however, some activity remained 7 and 14 d post-injection.

X-ray Crystallography

One of the holy grails of opioid receptor research has been to obtain X-ray structures of the 

κ, μ, and δ opioid receptor subtypes. In 2012 the crystal structure of the human κ opioid 

receptor in complex with JDTic was determined at 2.9 & resolution.[51] The crystal structure 

showed a tight fit of JDTic forming ionic, polar, and hydrophobic interactions with the 

receptor. Figure 10 shows a few of the more important interactions. The protonated amines 

of both the piperidine and isoquinoline moieties of JDTic form salt bridges with the Asp138 

side chain. This strong ionic interaction with the two amino groups holds JDTic in the 

inverted V shape as shown in Figure 10. This conformation was also found in the X-ray 

structure of JDTic.[51] The isopropyl group of JDTic reaches deep into the orthosteric pocket 

to form a hydrophobic interaction with the Trp287 side chain. Even though the crystal 

structure does not show receptor interactions for either of the phenolic groups, the structure 

does show several structured water molecules (shown as red spheres in Figure 10) that could 

mediate their polar interactions. The binding pocket is partially capped by the ELC.2 hairpin 

and the conserved disulfide shown at the bottom left of Figure 10. In addition to the X-ray 

structure of JDTic bound to the κ opioid receptor in the inactive state, the X-ray structures 

for the μ, δ, and ORL-1 receptors bound to inhibitors of these receptors in the inactive state 

were reported.[52–54] These X-ray structures provide a highly useful tool to better understand 
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opioid ligand receptor interactions and, thus, valuable information for the design of new κ, 

μ, δ, and ORL-1 opioid receptor antagonists and agonists.

Summary

This review celebrates the discovery and rich history of the N-substituted trans-3,4-

dimethyl-4-(3-hydroxyphenyl)piperidine class of pure opioid antagonists. Zimmerman’s 

publication of the pharmacophore in 1978 spawned three decades of research in academic 

and pharmaceutical laboratories investigating the pharmacophore as a lead structure. The 

antagonist activity of the class is a consequence of the equatorial orientation of the 4-aryl 

ring, mandated by the diaxially disposed trans-3,4-dimethyl groups. This fact is supported 

by numerous studies using flexible and constrained analogues and is corroborated by the 

recently published X-ray crystal structure of JDTic in complex with the κ opioid receptor. 

Early SAR studies revealed the importance of the 3-hydroxyphenyl substitution, as found in 

LY255528, for receptor affinity and antagonist potency. This substitution was carried 

forward into all future analogue designs. Derivatization of the piperidine ring nitrogen atom 

permitted “fine tuning” of the pharmacophore’s physicochemical and other drug-like 

properties, culminating in the discovery and development of ENTEREG®, a peripheral μ 

antagonist for the treatment of post-operative ileus and most recently, the clinical candidate, 

JDTic, a selective, centrally acting potent and selective κ opioid receptor antagonist. The 

observation that both N-substituted trans-3,4-dimethyl-4-(3-hydroxy-phenyl)piperidines, 

JDTic and RTI-5989-194, prevented foot-shock-induced reinstatement of cocaine seeking in 

rats suggests the implication of the dynorphine–κ opioid receptor system in cocaine relapse.

Acknowledgments

This work was supported in part by the US National Institute on Drug Abuse grants DA09045 (to F.I.C.) and 

DA021002 (to F.I.C.). The authors thank Hernán A. Navarro and Scott P. Runyon for helpful suggestions, and S. 

Wayne Mascarella for the frontispiece image, the structure for the graphical abstract and Figure 10, Chris Evans for 

Figure 2, and Patrick M. Beardsley for Figure 8. R.D. is an employee of Cubist, which commercializes alvimopan 

(ENTEREG®). This Review article was developed independently of Cubist.

References

1. Zimmerman, DM., Nickander, R. 39th Annual Scientific Meeting of the committee on Problems of 

Drug Dependence; Cambridge, Massachusetts (USA). 1977; p. 252-261.

2. Zimmerman DM, Nickander R, Horng JS, Wong DT. Nature. 1978; 275:332– 334. [PubMed: 

692714] 

3. Zimmerman, DM., Smits, S., Nickander, R. Proceedings of the 40th Annual Scientific Meeting of 

the Committee on Problems of Drug Dependence, National Institute on Drug Abuse; Rockville, 

MD, USA. 1978; p. 237-247.

4. McCurdy, CR., Prisinzano, TE. Burger’s Medicinal Chemistry, Drug Discovery and Development, 

CNS Disorders. 7. Abraham, DJ., Rotella, DP., editors. Vol. 8. Wiley; Hoboken: 2010. p. 569-735.

5. Blumberg, H., Dayton, HB. Narcotic Antagonists, Advances in Biochemical Psychopharmacology. 

Braude, MC.Harris, LS.May, EL.Smith, JP., Villarreal, JE., editors. Vol. 8. Raven; New York: 1973. 

p. 33-43.

6. Zimmerman DM, Leander JD, Cantrell BE, Reel JK, Snoddy J, Mendelsohn LG, Johnson BG, 

Mitch CH. J Med Chem. 1993; 36:2833–2841. [PubMed: 8410998] 

Carroll and Dolle Page 16

ChemMedChem. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Mitch CH, Leander JD, Mendelsohn LG, Shaw WN, Wong DT, Cantrell BE, Johnson BG, Reel JK, 

Snoddy JD, Takemori AE, Zimmerman DM. J Med Chem. 1993; 36:2842– 2850. [PubMed: 

8410999] 

8. Casy AF, Dewar GH, Al-Deeb OAA. Chirality. 1989; 1:202– 208. [PubMed: 2561991] 

9. Casy AF, Dewar GH, Al-Deeb OAA. Magn Reson Chem. 1989; 27:964– 972.

10. Le Bourdonnec B, Belanger S, Cassel JA, Stabley GJ, DeHaven RN, Dolle RE. Bioorg Med Chem 

Lett. 2003; 13:4459– 4462. [PubMed: 14643346] 

11. Shaw WN. Pharmacol Biochem Behavior. 1993; 46:653– 659.

12. Shaw WN, Mitch CH, Leander JD, Mendelsohn LG, Zimmerman DM. Int J Obes. 1991; 15:387– 

395. [PubMed: 1653188] 

13. Swanson SP, Catlow J, Pohland RC, Chay SH, Johnson T. Drug Metab Dispos. 1995; 23:916– 921. 

[PubMed: 8565781] 

14. D%az N, Benvenga M, Emmerson P, Favors R, Mangold M, McKinzie J, Patel N, Peters S, 

Quimby S, Shannon H, Siegel M, Statnick M, Thomas E, Woodland J, Surface P, Mitch CH. 

Bioorg Med Chem Lett. 2005; 15:3844– 3848. [PubMed: 15993591] 

15. Takeuchi K, Holloway WG, McKinzie JH, Suter TM, Statnick MA, Surface PL, Emmerson PJ, 

Thomas EM, Siegel MG, Matt JE, Wolfe CN, Mitch CH. Bioorg Med Chem Lett. 2007; 17:5349– 

5352. [PubMed: 17720493] 

16. Takeuchi K, Holloway WG, Mitch CH, Quimby SJ, McKinzie JH, Suter TM, Statnick MA, Surface 

PL, Emmerson PJ, Thomas EM, Siegel MG. Bioorg Med Chem Lett. 2007; 17:6841– 6846. 

[PubMed: 17980586] 

17. De Luca A, Coupar IM. Pharmacol Ther. 1996; 69:103– 115. [PubMed: 8984506] 

18. Cantrell, BE., Zimmerman, DM. US Pat No. 525042. 1993. 

19. Zimmerman DM, Gidda JS, Cantrell BE, Schoepp DD, Johnson BG, Leander JD. J Med Chem. 

1994; 37:2262– 2265. [PubMed: 8057274] 

20. [accessed March 28, 2014] Cubist Announces FDA Approval for Expanded Use of ENTEREG. 

www.cubist.com/news/110-cubist_announces_fda_approval_for_expanded_use_of_entereg_r

21. Bream-Rouwenhorst HR, Cantrell MA. Am J Health-Syst Pharm. 2009; 66:1267– 1277. [PubMed: 

19574601] 

22. Thomas JB, Mascarella SW, Rothman RB, Partilla JS, Xu H, McCullough KB, Dersch CM, 

Cantrell BE, Zimmerman DM, Carroll FI. J Med Chem. 1998; 41:1980– 1990. [PubMed: 

9599247] 

23. Bond RA, Bouvier M. Drugs Pharm Sci. 1998; 89:363– 377.

24. Neilan CL, Akil H, Woods JH, Traynor JR. Br J Pharmacol. 1999; 128:556– 562. [PubMed: 

10516632] 

25. Zaki PA, Keith DE Jr, Thomas JB, Carroll FI, Evans CJ. J Pharmacol Exp Ther. 2001; 298:1015– 

1020. [PubMed: 11504798] 

26. Divin MF, Bradbury FA, Carroll FI, Traynor JR. Br J Pharmacol. 2009; 156:1044– 1053. [PubMed: 

19220294] 

27. Emmerson PJ, McKinzie JH, Surface PL, Suter TM, Mitch CH, Statnick MA. Eur J Pharmacol. 

2004; 494:121– 130. [PubMed: 15212965] 

28. Goodman AJ, Le Bourdonnec B, Dolle RE. ChemMedChem. 2007; 2:1552– 1570. [PubMed: 

17918759] 

29. Le Bourdonnec B, Goodman AJ, Michaut M, Ye HF, Graczyk TM, Belanger S, Herbertz T, Yap 

GP, DeHaven RN, Dolle RE. J Med Chem. 2006; 49:7278– 7289. [PubMed: 17149858] 

30. Le Bourdonnec B, Goodman AJ, Graczyk TM, Belanger S, Seida PR, DeHaven RN, Dolle RE. J 

Med Chem. 2006; 49:7290– 7306. [PubMed: 17149859] 

31. Thomas JB, Atkinson RN, Vinson NA, Catanzaro JL, Perretta CL, Fix SE, Mascarella SW, 

Rothman RB, Xu H, Dersch CM, Cantrell BE, Zimmerman DM, Carroll FI. J Med Chem. 2003; 

46:3127– 3137. [PubMed: 12825951] 

32. Thomas JB, Atkinson RN, Rothman RB, Fix SE, Mascarella SW, Vinson NA, Xu H, Dersch CM, 

Lu Y, Cantrell BE, Zimmerman DM, Carroll FI. J Med Chem. 2001; 44:2687– 2690. [PubMed: 

11495579] 

Carroll and Dolle Page 17

ChemMedChem. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



33. Cueva JP, Cai TB, Mascarella SW, Thomas JB, Navarro HA, Carroll FI. J Med Chem. 2009; 

52:7463– 7472. [PubMed: 19954245] 

34. Mitch CH, Quimby SJ, Diaz N, Pedregal C, de La Torre MG, Jimenez A, Shi Q, Canada EJ, Kahl 

SD, Statnick MA, McKinzie DL, Benesh DR, Rash KS, Barth VN. J Med Chem. 2011; 54:8000– 

8012. [PubMed: 21958337] 

35. Brugel TA, Smith RW, Balestra M, Becker C, Daniels T, Hoerter TN, Koether GM, Throner SR, 

Panko LM, Folmer JJ, Cacciola J, Hunter AM, Liu R, Edwards PD, Brown DG, Gordon J, 

Ledonne NC, Pietras M, Schroeder P, Sygowski LA, Hirata LT, Zacco A, Peters MF. Bioorg Med 

Chem Lett. 2010; 20:5847– 5852. [PubMed: 20727752] 

36. Carroll FI, Thomas JB, Dykstra LA, Granger AL, Allen RM, Howard JL, Pollard GT, Aceto MD, 

Harris LS. Eur J Pharmacol. 2004; 501:111– 119. [PubMed: 15464069] 

37. Melief EJ, Miyatake M, Carroll FI, Beguin C, Carlezon WA Jr, Cohen BM, Grimwood S, Mitch 

CH, Rorick-Kehn L, Chavkin C. Mol Pharmacol. 2011; 80:920– 929. [PubMed: 21832171] 

38. Schank JR, Goldstein AL, Rowe KE, King CE, Marusich JA, Wiley JL, Carroll FI, Thorsell A, 

Heilig M. Addict Biol. 2012; 17:634– 647. [PubMed: 22515275] 

39. Brown RA, Monti PM, Myers MG, Martin RA, Rivinus T, Dubreuil ME, Rohsenow DJ. Am J 

Psychiatry. 1998; 155:220– 225. [PubMed: 9464201] 

40. Nunes EV, McGrath PJ, Quitkin FM, Ocepek-Welikson K, Stewart JW, Koenig T, Wager S, Klein 

DF. Drug Alcohol Depend. 1995; 39:185–195. [PubMed: 8556967] 

41. Carroll KM, Nich C, Rounsaville BJ. J Nerv Ment Dis. 1995; 183:251–259. [PubMed: 7714514] 

42. Mague SD, Pliakas AM, Todtenkopf MS, Tomasiewicz HC, Zhang Y, Stevens WC Jr, Jones RM, 

Portoghese PS, Carlezon WA Jr. J Pharmacol Exp Ther. 2003; 305:323– 330. [PubMed: 12649385] 

43. Beardsley PM, Howard JL, Shelton KL, Carroll FI. Psychopharmacology. 2005; 183:118– 126. 

[PubMed: 16184376] 

44. Knoll AT, Meloni EG, Thomas JB, Carroll FI, Carlezon WA Jr. J Pharmacol Exp Ther. 2007; 

323:838– 845. [PubMed: 17823306] 

45. Jackson KJ, Carroll FI, Negus SS, Damaj MI. Psychopharmacology. 2010; 210:285– 294. 

[PubMed: 20232057] 

46. Deehan GA Jr, McKinzie DL, Carroll FI, McBride WJ, Rodd ZA. Pharmacol Biochem Behavior. 

2012; 101:581– 587.

47. Thomas JB, Fix SE, Rothman RB, Mascarella SW, Dersch CM, Cantrell BE, Zimmerman DM, 

Carroll FI. J Med Chem. 2004; 47:1070–1073. [PubMed: 14761209] 

48. Cai TB, Zou Z, Thomas JB, Brieaddy L, Navarro HA, Carroll FI. J Med Chem. 2008; 51:1849– 

1860. [PubMed: 18307295] 

49. Beardsley PM, Pollard GT, Howard JL, Carroll FI. Psychopharmacology. 2010; 210:189– 198. 

[PubMed: 20372878] 

50. Casal-Dominguez JJ, Furkert D, Ostovar M, Teintang L, Clark MJ, Traynor JR, Husbands SM, 

Bailey SJ. ACS Chem Neurosci. 2014; 5:177– 184. [PubMed: 24410326] 

51. Wu H, Wacker D, Mileni M, Katritch V, Han GW, Vardy E, Liu W, Thompson AA, Huang XP, 

Carroll FI, Mascarella SW, Westkaemper RB, Mosier PD, Roth BL, Cherezov V, Stevens RC. 

Nature. 2012; 485:327– 332. [PubMed: 22437504] 

52. Granier S, Manglik A, Kruse AC, Kobilka TS, Thian FS, Weis WI, Kobilka BK. Nature. 2012; 

485:400– 404. [PubMed: 22596164] 

53. Manglik A, Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara RK, Pardo L, Weis WI, 

Kobilka BK, Granier S. Nature. 2012; 485:321– 326. [PubMed: 22437502] 

54. Thompson AA, Liu W, Chun E, Katritch V, Wu H, Vardy E, Huang XP, Trapella C, Guerrini R, 

Calo G, Roth BL, Cherezov V, Stevens RC. Nature. 2012; 485:395– 399. [PubMed: 22596163] 

Carroll and Dolle Page 18

ChemMedChem. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biographies

F. Ivy Carroll received his BS degree in chemistry from Auburn University (Alabama, USA) 

and his PhD in chemistry from the University of North Carolina. He joined RTI in 1961 as a 

Research Chemist and rose steadily to the position of Vice President of the Chemistry and 

Life Sciences Group, 1996–2001. Dr. Carroll also served as Director of the Center for 

Organic and Medicinal Chemistry from 1975 to 2007. He is presently a Distinguished 

Fellow for Medicinal Chemistry. Dr. Carroll has varied research interests, but since 1990, a 

major thrust of his research efforts has involved the development of pharmacotherapies for 

substance abuse (cocaine, nicotine, methamphetamine, opioids, and ethanol) and other CNS 

disorders. Dr. Carroll has published 475 peer-reviewed publications, 34 book chapters, and 

36 patents.

Roland E. Dolle is currently Senior Director of Medicinal Chemistry at Cubist. After earning 

his PhD in organic chemistry from the University of Pennsylvania in 1985, Dr. Dolle began 

his career in drug discovery at Smith-Kline Beckman (now GSK). He has since held 

research positions of increasing responsibility at several bio-pharmaceutical companies. His 

research teams have advanced 18 drug candidates into preclinical and clinical development. 

Dr. Dolle has published 245 abstracts/articles and is an inventor on 70 issued US patents. Dr. 

Dolle’s interest in opioid chemistry and pharmacology started in 2000 at Adolor 

Corporation, where he directed discovery research in the design and synthesis of novel μ, κ, 

and δ opioid receptor agonists and antagonists as medicines for pain management.

Carroll and Dolle Page 19

ChemMedChem. Author manuscript; available in PMC 2017 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 

Comparison of radioligand binding and functional assays for RTI-5989-25 and naltrexone.
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Figure 2. 

Change in surface receptors after 24 h treatment of HEK293 DOR cells with RTI-5989-23, 

RTI-5989-25, and several other opioids.
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Figure 3. 

Cell-surface receptor levels in HEK293 FLAG-μ cells treated with 6β-naltrexol (6β-N), 

naltrexone (NTX), RTI-5989-25 (RTI), or CTAP. (Modified from Ref. [26]; reprinted with 

permission, Copyright 2009, British Journal of Pharmacology.)
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Figure 4. 

Effects of intramuscular U50,488 alone and for U50,488 antinociception in combination 

with 1.0 mg kg−1 intramuscular JDTic on median shock level in three individual monkeys. 

(Data taken from Ref. [36]; reprinted with permission, Copyright 2004, European Journal of 

Pharmacology.)
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Figure 5. 

Antagonism of U50,488-induced urine output by various doses (mg kg−1) of A) JDTic and 

B) nor-BNI. JDTic and nor-BNI were only administered once at Week 0. (Data taken from 

Ref. [36]; reprinted with permission, Copyright 2004, European Journal of Pharmacology.)
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Figure 6. 

Effect of JDTic on A) elevated plus maze behavior and B) fear-potentiated startle (FPS); 

VEH =vehicle. (Data taken from Ref. [44]; reprinted with permission, Copyright 2007, 

Journal of Pharmacology and Experimental Therapeutics.)
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Figure 7. 

Effect of JDTic on stress-induced reinstatement of cocaine-reinforced lever pressing. V 

=vehicle.
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Figure 8. 

Physical and somatic nicotine withdrawal is blocked by pretreatment with JDTic. Mice 

chronically infused with nicotine for seven days (36 mg kg−1 d−1) were withdrawn from 

nicotine for 18–24 h. A significant A) anxiety-related response, B) increase in somatic 

withdrawal signs, and C) hyperalgesia response were observed in nicotine-withdrawn mice. 

Treatments: [a] saline MP-vehicle, [b] saline MP-JDTic 8 mg kg−1, [c] nicotine MP-vehicle, 

[d] nicotine MP-JDTic 8 mg kg−1; *p <0.05 versus saline and JDTic control groups, and 

versus nicotine–JDTic group; MP =minipump. (Data taken from Ref. [45]; reprinted with 

permission, Copyright 2010, Psychopharmacology.)
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Figure 9. 

Nicotine withdrawal conditioned place aversion is blocked by pre-treatment with JDTic. 

Expression of aversion was blocked by an 18 h pre-treatment with JDTic (16 mg kg−1, s.c.). 

Treatments: [a] saline-saline, [b] saline-JDTic 16 mg kg−1, [c] nicotine-mec (3.5 mg kg−1)-

vehicle, [d] nicotine-mec-JDTic 16 mg kg−1; *p <0.05 versus saline groups and nicotine-

JDTic; mec =mecamylamine. (Data taken from Ref. [45]; reprinted with permission, 

Copyright 2010, Psychopharmacology.)
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Figure 10. 

Binding of JDTic in the human κ opioid receptor crystal structure.
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Table 6

Radioligand binding results from assays with guinea pig brain membranes.

Compd Ki ± SD [nM] [a]

[3H]DAMGO [3H]DADLE [3H]U69,593

LY255582 0.32 198 28.0

RTI-5989-23 1.12 168 35.8

RTI-5989-25 0.86 142 38.9

RTI-5989-1 0.74 322 122

RTI-5989-2 11.4 931 298

naltrexone 1.39 94.9 4.71

[a]
Data taken from Ref. [22]
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Table 7

Comparison of inhibition of [35S]GTPγS binding in guinea pig caudate stimulated by selective opioid receptor 

agonists by N-substituted trans-3,4-dimethyl-(3-hydroxyphenyl)piperidine analogues.

Compd Ke [nM] [a]

µ (DAMGO) δ (SNC-80) κ (U69,593)

naltrexone 0.930 19.3 2.06

LY255582 0.021 0.312 0.330

RTI-5989-1 0.039 1.48 1.04

RTI-5989-23 0.026 1.07 0.567

RTI-5989-25 0.013 0.355 0.170

[a]
Data taken from Ref. [22].
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Table 8

Comparison of potencies and efficacies of RTI-5989-25 and RTI-5989-23 with ICI174864 inverse agonists in 

[35S]GTPγS binding assays in HEK293 DOR cells.[a]

Compd IC50 [nM] Stimulation [35S]GTPγS
Binding/Control [%]

ICI174864 176 75

RTI-5989-23 8.2 65

RTI-5989-25 6.6 66

[a]
Data taken from Ref. [25].
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Table 9

Opioid antagonist affinities for μ opioid receptor in C6 glioma cells.

Compd Competitive Binding

Tris +Na+, GTPγS Ki [nM][a] (pKi )

naltrexone 0.38 ± 0.08 (9.42) 0.46 ± 0.21 (9.33)

RTI-5989-25 0.062 ± 0.024 (10.21) 0.011 ± 0.005* (10.96)

[a]
Ki values were determined by competitive displacement of [3H]diprenorphine (0.2 nM) binding in 50 mM Tris buffer (pH 7.4) in the presence 

and absence of 100 mM NaCl and 10 μM GTPγS;

*
p <0.05 compared with Tris buffer. Data taken from Ref. [26].
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Table 10

Opioid receptor (μ, κ, and δ) binding data and in vitro antagonist activity (μ) of 4 a, 7 a, 8 a, 9, and 10.

Compd IC50 [nM] [a] Ki [nM] [b]

µ µ κ δ

4a 1.1 1.8 17 33

7a 0.54 0.62 9.0 31

8a –[c] 0.90 65 2.1

9 1.1 3.6 18 89

10 1.8 0.47 16 57

[a]
Antagonist potencies were assessed by the ability to inhibit agonist (loperamide)-stimulated [35S]GTPγS binding to membranes containing the 

cloned human μ opioid receptor.

[b]
Compound potencies were determined by testing the ability of each compound, at a range of concentrations, to inhibit binding of the 

nonselective opioid antagonist, [3H]diprenorphine, to cloned human μ, κ, and δ opioid receptors, expressed in separate cell lines; Ki values are 

geometric means and 95 % confidence intervals computed from at least three separate determinations.

[c]
Compound 8 is an agonist: EC50 (μ) = 53 nM, 95 % C.I. = 31–93. Data taken from Ref. [28].
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Table 14

AD50 values to block U50,488 antagonism by JDTic in rat diuresis assays.

Week AD50 [mg kg −1][a]

0 2.81

1 0.41

2 1.64

3 >3

[a]
5 h data, taken from Ref. [36].
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