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Background: Arrestin recruitment to the �-opioid
receptor (KOR) has been linked to several adverse effects
of analgesics, such as dysphoria and tolerance.
Results: We identified 6�-guanidinonaltrindole (6�-
GNTI) as a potent KOR agonist for G protein activation
that fails to recruit arrestin.
Conclusion: 6�-GNTI is an extreme G protein-biased
KOR ligand.
Significance: 6�-GNTI is a lead toward analgesics with
fewer arrestin-mediated adverse effects.

�-Opioid receptor (KOR) agonists do not activate the reward
pathway stimulated bymorphine-like�-opioid receptor (MOR)
agonists and thus have been considered to be promising nonad-
dictive analgesics. However, KOR agonists produce other
adverse effects, including dysphoria, diuresis, and constipation.
The therapeutic promise of KOR agonists has nonetheless
recently been revived by studies showing that their dysphoric
effects require arrestin recruitment, whereas their analgesic
effects do not. Moreover, KOR agonist-induced antinociceptive
tolerance observed in vivo has also been proposed to be corre-
lated to the ability to induce arrestin-dependent phosphoryla-
tion, desensitization, and internalization of the receptor. The
discovery of functionally selective drugs that are therapeutically
effective without the adverse effects triggered by the arrestin
pathway is thus an important goal. We have identified such an
extreme G protein-biased KOR compound, 6�-guanidinonal-
trindole (6�-GNTI), a potent partial agonist at the KOR receptor
for the G protein activation pathway that does not recruit arres-
tin. Indeed, 6�-GNTI functions as an antagonist to block the
arrestin recruitment and KOR internalization induced by other
nonbiased agonists. As an extremelyGprotein-biasedKORago-
nist, 6�-GNTI represents a promising lead compound in the

search for nonaddictive opioid analgesic as its signaling profile
suggests that it will be without the dysphoria and other adverse
effects promoted by arrestin recruitment and its downstream
signaling.

�-Opioid receptors (KOR)2 are widely expressed in the
periphery, the dorsal root ganglia, the spinal cord, and the
supraspinal regions associatedwith painmodulation. KORago-
nists have been shown to activate pain inhibitory pathways in
the central nervous system, and peripherally restricted KOR
agonists have been developed to target KOR located on visceral
and somatic afferent nerves for relief of inflammatory, visceral,
and neuropathic chronic pain (1, 2). The analgesic properties of
KOR agonists are attributed to their ability to activate G pro-
teins in the Gi/o family (3, 4) as the subsequent inhibition of
cAMP production (5), as well as the activation of inward recti-
fier potassium channels (6) and blockade of calcium channels
(7), has an inhibitory effect in neurons. In contrast to MOR
agonists, KOR agonists are unable to activate the reward path-
way and have therefore attracted considerable attention for
their ability to exert potent analgesic effects without high abuse
potential (1, 8).
Unfortunately, KOR agonists have been found to produce

other significant adverse effects, such as dysphoria (9). Interest-
ingly, their dysphoric effects require activation of the p38
MAPK pathway mediated by arrestin recruitment to the acti-
vated KOR (4, 10, 11). KOR-induced p38 MAPK activation has
been demonstrated in heterologous expression systems, striatal
neurons and astrocytes, spinal cord astrocytes, and in vivo (12–
14) and requires KOR phosphorylation by the G protein-cou-
pled receptor kinase 3 (GRK3) and subsequent arrestin3
recruitment (12). Based on such findings, Chavkin (11) has pro-
posed that KOR-selectiveG protein-biased partial agonists that
do not efficiently recruit arrestinwould not cause dysphoria but
would retain sufficient analgesic activity for the treatment of
pain-related disorders.
As is evident from the above, KOR and many other G pro-

tein-coupled receptors (GPCRs) couple to a number of differ-
ent downstream signaling cascades (4). It is now well accepted
that ligands can display different efficacies and/or potencies for
different signaling pathways. This phenomenon, referred to as
functional selectivity, biased agonism, or ligand-directed sig-
naling/receptor trafficking, has been widely observed (15, 16).
For example, at the level of the DOR and MOR receptors, sev-
eral compounds have been identified as agonists for G protein
coupling but as antagonists (DOR) or partial agonists (MOR)
for arrestin (17).
Interestingly, agonist-induced interactions with arrestin

have also been shown to influence opioid-induced antinocice-
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ption and tolerance in vivo. Although still an area of contro-
versy (see also the “morphine paradox” (17, 18)), it has been
proposed that the ability of an opioid agonist to promote arres-
tin-dependent desensitization and internalization in vitro is
related to the degree of tolerance that develops after long term
treatment in vivo (19, 20). Arrestin recruitment toKORhas also
been proposed to play a role in antinociceptive tolerance (20,
21), making the development of a G protein-biased agonist an
important goal for achieving analgesic efficacy without the
adverse effects triggered by arrestin (4, 11).
In exploring the pharmacological properties of 6�-guanidi-

nonaltrindole (6�-GNTI), previously proposed to be a DOR-
KOR heteromer-selective ligand (22), we have identified it as a
functionally selectiveGprotein-biasedKOR ligand, and thus, as
a promising lead compound for treating painwithout dysphoria
and other arrestin-mediated side effects.

EXPERIMENTAL PROCEDURES

Constructs for Expression Vectors and Transfection—The
cDNA for human KOR (hKOR) was obtained from the Mis-
souri S&T cDNA Resource Center. For arrestin recruitment
experiments, full-length Renilla luciferase 8 (RLuc8, provided
by S. Gambhir) was fused in-frame to the C terminus of hKOR
in the pcDNA3.1 vector. The following human G protein con-
structs usedwere provided byC.Gales (23, 24): untaggedG�oA;
G�oB with RLuc8 inserted at position 91 (G�oB-RLuc8);
untagged G�1 (�1); untagged G�2 (�2). The human �2 subunit
was fused to full-length mVenus at its N terminus (mVenus-
�2), and we used the fusion construct human arrestin3-m-
Venus previously described (25). All the constructs were con-
firmed by sequencing analysis. A total of 20 �g of plasmid
cDNA (e.g. 0.2 �g of hKOR-RLuc8, 15 �g of arrestin3-mVenus,
and 4.8 �g of pcDNA3.1) was transfected into HEK-293T cells
using polyethylenimine (Polysciences Inc.) in a 1:3 ratio in
10-cm dishes. Cells were maintained in culture with DMEM
supplemented with 10% FBS. The transfected ratio among
receptor, G�, �1, and �2, or arrestin was optimized by testing
various ratios of plasmids encoding the different sensors.
Experiments were performed 48 h after transfection.
BRET—BRET was performed as described (26). Briefly, cells

were harvested, washed, and resuspended in a phosphate-buff-
ered saline (PBS) solution. Approximately 200,000 cells/well
were distributed in 96-well plates, and 5 �M coelenterazine H
(luciferase substrate) was added to each well. Fiveminutes after
the addition of coelenterazine H, ligands were added to each
well, and after 2min for G protein activation or 5min for arres-
tin recruitment, the BRET signal was determined by quantify-
ing and calculating the ratio of the light emitted bymVenus, the
energy acceptor (510–540 nm), over that emitted by RLuc8, the
energy donor (485 nm). The drug-induced BRET signal was
normalized, taking the Emax of the ethylketocyclazocine (EKC)-
induced response as 100%. Formeasuring cAMPaccumulation,
we used a BRET-based cAMP sensor using the YFP-Epac-RLuc
(CAMYEL) assay previously described (27). G�oA, �1, and �2
were co-expressed to enhance the signal-to-noise ratio, and the
cells were treated for 5 min with 100 �M forskolin prior to
stimulation (27). The data were normalized and represented as

the percentage of forskolin-stimulated cAMP accumulation
with 0 defined as the maximal inhibition triggered by EKC.
Surface Expression Determination by FACS Analysis—FACS

was performed to determine the surface expression of FLAG-
tagged hKOR stably expressed in CHO cells with a C6 flow
cytometer (BD Accuri Cytometers). After stimulation of the
cells with the corresponding drugs for 30 min at 37 °C, the cells
were placed on ice and resuspended in PBS containing 0.5%
BSA and 0.1% NaN3. The cells were then incubated with a
mouse FLAG-specific M2 (Sigma) antibody (dilution 1:500) for
30 min, washed, and incubated with secondary mouse-specific
antibody labeled with Alexa Fluor 647 (Invitrogen). The fluo-
rescence signal at 647 nMwas determined using the appropriate
filter set (675 � 25 nM) on the C6 flow cytometer.
Drugs—Pharmacological reagents were obtained from the

National Institute on Drug Abuse Drug Supply Program
(U50488), from Sigma (6�-GNTI), and from James Woods
(EKC).

RESULTS

In a recent study, 6�-GNTI was shown to produce a pro-
longed antinociceptive response in a rat behavioral model of
thermal allodynia (28). The effect was even more robust than
that previously reported for another selective KOR agonist,
U50488 (29). Although 6�-GNTI has been proposed to act as a
potent DOR-KORheteromer-selective ligand (22) and only as a
weak agonist at KOR (22), in vivo studies showed only a small
decrease in its potency in a radiant heat tail-flick assay of noci-
ception in DOR knock-out mice (30). Thus, 6�-GNTI can acti-
vate KOR in the absence of DOR, consistent with its original
description as a KOR agonist (31).We sought to investigate this
controversy by assessing the ability of the compound to activate
KOR when it is expressed alone.
6�-GNTI Is a Potent Partial Agonist at KOR for G Protein

Activation—TomeasureG protein activation, we used a BRET-
based assay (23). The hKOR receptor was co-expressed in
HEK293T cells with G�oB-RLuc8, �1, and mVenus-�2 (Fig.
1A). The drug-induced BRET signal corresponds to a dissocia-
tion of and/or conformational change within the G��� com-
plex, and thus, to the activation of the co-expressed G protein.
EKCandU50488were found to be full agonists atKOR (Fig. 1A)
with potencies of 2.5� 1.6 and 43� 24 nM, respectively (n� 6).
Interestingly, 6�-GNTI robustly activated G protein with a
potency of 1.6� 1.3 nM and anEmax of 64� 6% that of EKC (n�
6) (Fig. 1A). The BRET results with the G protein biosensor
were essentially identical to our results measuring drug-in-
duced inhibition of cAMP in a BRET-based CAMYEL sensor
assay (27) (Fig. 1B). EKC and U50488 were similarly efficacious
(IC50 values of 1.4 � 1.1 and 38 � 30 nM, respectively), whereas
6�-GNTI had a relative Emax of 69 � 4% (IC50 of 1.1 � 1.2 nM)
(n � 3). Although the co-expression of DOR was previously
reported to enhance the efficacy of 6�-GNTI for activation of a
chimericGqi5 protein (22), we did not observe an increase in the
efficacy or potency of 6�-GNTI for G�o�� activation or cAMP
inhibition by KOR upon co-expression of DOR (supplemental
Fig. 1, A and B).
6�-GNTI Is a Functional Antagonist for the Arrestin Pathway—

We used a BRET-based assay to measure the recruitment of
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arrestin3 fused to mVenus to KOR fused to RLuc8 (25). In con-
trast to EKC and U50488 (Fig. 2A), which both robustly
recruited arrestin toKOR (EC50 of 17� 10 nM and 2.0� 1.2�M,
respectively), 6�-GNTI was without significant effect (Fig. 2A),
even after 30 min (supplemental Fig. 2A). To ensure that the
absence of signal was not due to a sensitivity limit of the assay
given that 6�-GNTI was shown to be a partial agonist for G
protein activation, we co-expressed the G protein-coupled
receptor kinase, GRK3, to enhance the arrestin BRET signal.
GRKs, and more specifically GRK2 and GRK3, are known to
enhance arrestin recruitment to various GPCRs, thereby pro-
moting desensitization and internalization of the receptors
(32). In the presence of GRK3, we observed a more than 2-fold
increase in maximal EKC- and U50488-induced arrestin
recruitment to KOR (Fig. 2B). In contrast, the signal triggered
by 6�-GNTI was not significantly increased by GRK3, confirm-
ing the virtual absence of arrestin3 recruitment to KOR by this
compound. 6�-GNTI was also unable to recruit arrestin2 (sup-
plemental Fig. 2B), and the co-expression of DOR with KOR
also did not lead to 6�-GNTI-induced recruitment of arrestin3
(supplemental Fig. 1B). These results suggested that 6�-GNTI,
although a potent agonist for G protein activation and the
cAMP pathway, has such low efficacy for arrestin recruitment
that it functions as an antagonist for this pathway. Indeed,
6�-GNTI effectively inhibited EKC-induced arrestin3 recruit-
ment to KOR (Fig. 2A). To confirm the lack of arrestin recruit-
ment triggered by 6�-GNTI by probing its downstream effects,
we measured drug-induced internalization. Both EKC and
U50488 led to robust receptor internalization, whereas
6�-GNTI led to minimal internalization that did not reach sig-
nificance (Fig. 2C). Consistent with our arrestin recruitment
measurements, 6�-GNTI also potently inhibited EKC-induced
KOR internalization (Fig. 2C).

DISCUSSION

We have found that the naltrindole derivative 6�-GNTI is a
potent partial agonist for G protein activation at the KOR
receptor. Moreover, 6�-GNTI is extremely G protein-biased as
it failed to recruit arrestin and functioned as an antagonist for
arrestin recruitment by other KOR agonists. This functional
selectivity was manifested downstream as well because
6�-GNTI potently inhibited cAMP activation but functioned as
an antagonist of agonist-mediated internalization. This
extreme biased agonism is consistent with the potent and effi-

cacious analgesic efficacy of 6�-GNTI observed in vivo (22, 28,
30) and also suggests that 6�-GNTI would not cause dysphoria
because of its inability to activate the arrestin pathway. Thus,
6�-GNTI seems to be an ideal lead candidate that establishes the
feasibility of an extremely G protein-biased KOR agonist satis-
fying the design features hypothesized by Chavkin (11). To our
knowledge, no other such extreme G protein-biased KOR ago-
nists have been identified to date, although there has been a
report of an arrestin-biased KOR ligand (33). Interestingly,
although not KOR-selective, etorphine and levorphanol were
shown to reduce KOR internalization (34), and their potential
functional selectivity at the level of arrestin recruitment merits
further investigation.
It is also possible that the extremeGprotein bias exhibited by

6�-GNTI would lead to less desensitization and tolerance at
KOR. As mentioned above, although not without controversy
(17, 18), the KOR-mediated arrestin pathway has been sug-
gested to influence the development of antinociceptive toler-
ance in vivo (20, 21). It is noteworthy that arrestin3 KO mice
display enhanced and prolonged antinociception after short
term treatment with morphine and heroin in the hot plate test,
amodel of thermal antinociception (35). Thus, we hypothesize
that after prolonged activation with 6�-GNTI, the KOR
receptor would undergo less arrestin-mediated desensitiza-
tion, which would result in enhanced rather than diminished
efficacy over time through persistent G protein activation. In
fact, the antiallodynic effect of U50488 was shown to
decrease at high concentrations (29), and it was suggested
that this might result from rapid desensitization of KOR.
Interestingly, we found that EKC and U50488 were both
more potent at G protein activation than at recruiting arres-
tin (7- and 47-fold, respectively) (see above). This could
explain the dramatically blunted antinociceptive response to
U50488 observed in vivo at high concentrations of the drug
as at high concentrations of agonist, arrestin recruitment
would be expected to severely limit G protein signaling and
hence to limit the analgesic response. Based on our findings,
we would predict the absence of such a U-shaped curve for
6�-GNTI analgesia in vivo. Nonetheless, further experiments
investigating the desensitization properties of KOR will be
necessary to test this hypothesis and to establish that KOR
remains functional on the cell surface after prolonged acti-
vation by 6�-GNTI.

FIGURE 1. 6�-GNTI is a potent partial agonist at hKOR for G protein activation and for inhibition of cAMP accumulation. A, the hKOR receptor was
co-expressed with G�oB-RLuc8, �1, and mVenus-�2 to assay G protein activation (23). B, the hKOR receptor was co-expressed with a BRET-based CAMYEL
sensor to assay inhibition of forskolin-stimulated cAMP accumulation. Error bars in A and B indicate S.E.
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Our data challenge the notion that 6�-GNTI is DOR-KOR
heteromer-selective as we observe robust activation of G pro-
tein and inhibition of cAMP in HEK cells in which we only
expressed KOR. This is consistent with the quite small altera-
tion in the potency of 6�-GNTI described in a tail-flick assay in
DOR KO mice (30). The original study suggesting decreased
efficacy of 6�-GNTI in KOR relative to DOR-KOR used a chi-
meric Gqi5 aequorin signaling assay (22), which may read out
differently for G protein activation. It is also possible that
enhanced cell surface expression of KOR by co-expression of
DOR impacted these results. Although it seems clear that DOR
is not essential for 6�-GNTI function, either in HEK cells or in
vivo (30), we do not rule out a role of DOR in modulating KOR
signaling in vivo, through either a heteromer or a downstream
cross-talk mechanism, as proposed by recent studies (28).
Nonetheless, the profound functional selectivity of the com-
pound seems likely to dominate its pharmacological properties.
Although functional selectivity/biased agonism was first

described almost 20 years ago (36), it has emerged only recently
as a key concept for the development of therapeutic drugs (37).
GPCRs ligands can activate both G protein-dependent and G
protein-independent signaling pathways, which differentially
regulate their therapeutic actions and side effects. Understand-
ing which signaling pathways contribute to therapeutic efficacy
and which contribute to side effects will enable the design of
better drug candidates and lead to safer andmore effective ther-
apies. For example, several novel compounds exhibiting antip-
sychotic-like activity in vivo were shown recently to be antago-
nists at dopamine D2 receptor of Gi-mediated inhibition of
cAMP production but partial agonists for recruitment of arres-
tin3 to the dopamine D2 receptor (38). These functionally
selective arrestin-biased ligands represent valuable chemical
probes for investigation of the signaling pathways that are asso-
ciatedwith antipsychotic efficacy and side effects. Similarly, the
extremeG protein-biased functional selectivity of 6�-GNTI has
great potential for effective analgesia with reduced liability for
dysphoria and tolerance.
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