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ABSTRACT: Seven-transmembrane receptors signal via G-protein- and f-arrestin- |wri-iesn °'

dependent pathways. We describe a peripheral CB|R antagonist (MRI-1891) highly T N —————
biased toward inhibiting CB,R-induced f-arrestin-2 (fArr2) recruitment over G-
protein activation. In obese wild-type and BArr2-knockout (KO) mice, MRI-1891
treatment reduces food intake and body weight without eliciting anxiety even at a high
dose causing partial brain CB;R occupancy. By contrast, the unbiased global CB;R
antagonist rimonabant elicits anxiety in both strains, indicating no SArr2 involvement.
Interestingly, obesity-induced muscle insulin resistance is improved by MRI-1891 in
wild-type but not in fArr2-KO mice. In C2C12 myoblasts, CB,R activation suppresses
insulin-induced akt-2 phosphorylation, preventable by MRI-1891, fArr2 knockdown [ =
or overexpression of CBjR-interacting protein. MRI-1891, but not rimonabant,
interacts with nonpolar residues on the N-terminal loop, including F108, and on
transmembrane helix-1, including S123, a combination that facilitates SArr2 bias.
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Thus, CB;R promotes muscle insulin resistance via SArr2 signaling, selectively mitigated by a biased CB,R antagonist at reduced risk

of central nervous system (CNS) side effects.
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he endocannabinoids anandamide (arachidonoyl ethano-

lamide, AEA) and 2-arachidonoyl glycerol (2-AG) are
ubiquitous lipid mediators generated on demand from
membrane phospholipid precursors in response to a rise in
intracellular Ca** or metabotropic receptor activation. Endo-
cannabinoids act on the same G-protein-coupled receptors
(GPCR) that recognize the psychoactive ingredient of
marijuana to produce a broad range of effects both in the
brain and the periphery.' The two main receptors involved are
CB, receptors (CB,R) that are highly expressed in the brain but
also expressed at lower yet functional levels in most peripheral
tissues, and CB,R, whose expression is more limited, primarily to
cells of the immune and hematopoietic systems.' The
endocannabinoid/CB R system (ECS) has emerged as a key
regulator of lipid and carbohydrate metabolism." Activation of
CB,R promotes energy conservation and inhibits energy
expenditure, and an overactive ECS has been found to
contribute to the development of visceral obesity and its
metabolic consequences, commonly called the metabolic
syndrome.” Indeed, the CB;R antagonist rimonabant had
shown promise as an antiobesity agent that also improved
metabolic complications, including fatty liver, insulin resistance,
and dyslipidemia,>* but ultimately, failed approval by the FDA
due to unacceptable neuropsychiatric side effects.” Dissociating
therapeutic effects from unwanted side effects is a major
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challenge in drug development. In the case of the CBR
blockade, one way to achieve such separation is to limit the brain
penetrance of the antagonist. In preclinical models of obesity/
diabetes, such antagonists were found to be devoid of centrally
mediated side effects while retaining metabolic efficacy.””
Another approach to selectively reduce side effects relies on
biased signaling, as exemplified by y-opioid agonists that do not
recruit f-arrestin-2 to the receptor and, consequently, do not
induce receptor internalization and the development of
tolerance” or respiratory depression,” although the role of j-
arrestin in opiate-induced respiratory depression and the
functional selectivity of G-protein-biased pi-receptor agonists
have recently been challenged.'” Another example is f-arrestin-
biased angiotensin II receptor-1 agonists that do not increase
blood pressure due to lack of G protein engagement but induce
beneficial cardioprotective effects via S-arrestin signaling,”
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Figure 1. (a) Chemical structure and physicochemical properties of (S)-MRI-1891 and its brain-penetrant parent compound SLV-319 (ibipinabant);
(b) binding affinity of (S)-MRI-1891 to human CB,R and CB,R as determined by displacement of a radiolabeled cannabinoid agonist and crude
membrane preparations from CHO-K1 cells stably transfected with hCB,R or hCB,R, as described in the Supporting Information, n = 3. (c) Inhibition
of CB,R-agonist-induced GTPyS binding (dotted lines) and f-arrestin-2 recruitment (solid lines) by (S)-MRI-1891 (red) or rimonabant (blue), using
hCB,R-CHO-K1 cell membrane (PerkinElmer, ES-110-M400UA) and PathHunter eXpress CNR1 CHO-K1 f-arrestin-2 assay, 93—0959E2CPOM,
as described in the Supporting Information. Values represent mean + SEM from 3—6 independent experiments. *, significant difference (P < 0.05)
from ICs values for inhibiting hCB,R-GTPYS signaling, as determined by t-test.

CB,R signal mainly via G;, proteins, resulting in inhibition of
adenylate cyclase and voltage-sensitive Ca®* channels and
activation of GIRK potassium channels and MAP kinases.'"
Similar to other GPCRs, CB,R activation results in recruitment
of f-arrestins, which not only can lead to receptor desensitiza-
tion and internalization'” but also could contribute to CB,R
signaling, such as the activation of p42/44 MAPK, which is
partially mediated by S-arrestins."* Although GPCR antagonists
are more widely used than agonists as therapeutic agents, to date
there has been no report of a biased GPCR antagonist,"*
although a recently introduced dopamine D2 receptor ligand
displayed D2R/f-arrestin antagonism and D2R/G,, agonism.15
In screening novel, peripherally restricted CB;R antagonist/
inverse agonists, we identified a compound that is highly biased
toward inhibiting CB,R-agonist-induced p-arrestin-2 recruit-
ment compared to its ability to inhibit CB;R-agonist-induced
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GTPyS binding. We further show that CB,R in skeletal muscle
signals via f-arrestin-2 to induce insulin resistance, whereas
anxiety-like behaviors elicited by CB,R blockade in the brain are
mediated entirely via G protein signaling. As a result, biased
antagonism of CB,R signaling via f-arrestin-2 improves obesity-
related insulin resistance without eliciting central nervous
system (CNS)-mediated adverse behavioral effects.

B RESULTS

MRI-1891 Is a f-Arrestin-2-Biased Peripheral CB,R
Antagonist. We modified the structure of the brain penetrant
CB,R antagonist/inverse agonist ibipinabantw in order to
reduce its ability to cross the blood/brain barrier. The
structurally modified compound (S)-MRI-1891 (referred to as
MRI-1891) has increased total polar surface area and hydrogen
bonding capacity relative to ibipinabant, predicting reduced
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Figure 2. (a) Brain penetrance of (S)-MRI-1891 upon a single (acute) dose or 28 days of chronic oral dosing in lean control male C57Bl/6J mice. Drug
levels in plasma and buffer-perfused brain were measured by LC/MS/MS 1 h after the last dose (plasma C,,,,). Free concentration in brain was
determined by equilibrium dialysis using crude membranes from the brain of CB,R-knockout (KO) mice as described and corresponded to 0.3% of
total brain levels measured. (b) In vivo binding of (S)-MRI-1891 or rimonabant to mouse brain CB|R as assessed by displacement of a positron
emission tomography (PET) radiotracer administered 1 h after acute dosing or 28 days of chronic oral administration of the CBR antagonist, as
described in the Supporting Information and in ref 7. Values represent mean + SEM from 3 to 6 independent experiments. Scans from representative
experiments are shown in the bottom. (c) Anxiogenic behavior induced by rimonabant, but not (S)-MRI-1891, as determined by the elevated plus
maze test (see the Supporting Information). Columns and vertical bars represent mean + SEM of 4—6 independent experiments.

brain penetrance (Figure la), while retaining subnanomolar (Figure 1b). In functional assays, MRI-1891 displayed very high
CB,R binding affinity and >2000-fold CB,R/CB,R selectivity bias toward inhibiting CB,R-agonist-induced J-arrestin-2
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Figure 3. Behavioral effects of rimonabant mediated by brain CB, R are similar in wild-type and fArr2-KO mice. (a) Hyperambulatory activity induced
by 3 mg/kg rimonabant in drug-naive mice, as quantified by beam disruption in an x—y box; (b) anxiogenic effect of rimonabant as tested in the
elevated plus maze. Points or columns and vertical bars represent mean + SEM from 4—6 experiments; *, significant difference (P < 0.05) from
corresponding vehicle-treated group, as determined by 2-way ANOVA followed by Dunnett’s multiple comparisons test.

(PArr2) recruitment (ICgy: 21 pM) versus inhibiting CBR-
agonist-induced G protein activation, as monitored by GTPyS
binding (ICs: 6 nM), with a potency ratio of 286. The
concentration of the CB;R agonist CP-55,940 used in these
assays corresponded to its ECg, for both G protein activation
and fArr2 recruitment. In contrast to MRI-1891, the reference
compound rimonabant was nonbiased (Figure 1c).

The reduced brain penetrance of MRI-1891 was confirmed by
its reduced brain/plasma ratio (7%) (Figure 2a) relative to that
of ibipinabant (22%)” or rimonabant (100%, not shown)
following acute oral doses of 3 mg/kg in male, wild-type mice.
Accordingly, acute MRI-1891 treatment at doses of 1 or 10 mg/
kg did not result in significant CB;R occupancy in the brain, as
determined by CB;R positron emission tomography (PET,
Figure 2b) and did not induce anxiogenic behavior even at the
high dose of 30 mg/kg. By contrast, 3 mg/kg rimonabant caused
significant brain CB;R occupancy and was highly anxiogenic
(Figure 2c). There was a moderate increase in the brain/plasma
ratio of MRI-1891 following 28 days of chronic administration at
3 mg/kg/day (Figure 2a). Brain CB,R occupancy was significant
following a high (10 mg/kg/day) but not a low dose (1 mg/kg/
day) regimen (Figure 2b). This “leakiness” of MRI-1891 may be
related to its less efficient extrusion by ABC transporters than
that of another peripheral CB;R antagonist that does not
accumulate in the brain,'” as indicated by the smaller increase in
brain levels of MRI-1891 compared to MRI-1867 in Mdrla/b
double-knockout mice compared to those in wild-type mice
(Supplementary Figure 1). However, neither dose regimen was
anxiogenic, whereas chronic treatment with rimonabant (3 mg/
kg/day) induced strong anxiety (Figure 2c).

To test whether similar doses of MRI-1891 could engage
peripheral CBR, we tested MRI-1891 for its ability to
antagonize the CB;R-agonist-induced inhibition of upper
gastrointestinal motility, as measured by the charcoal transit
assay. As shown in Supplementary Figure 2a, the CB|R agonist
arachidonoyl chloroethylamine (ACEA) at the maximally
effective intraperitoneal dose of 10 mg/kg caused a 60%
inhibition of upper GI motility in lean wild-type mice. This effect
was antagonized in a dose-dependent manner by MRI-1891,
with 3 mg/kg causing maximal and 1 mg/kg near-maximal
antagonism. MRI-1891 increased upper GI motility at both 3
and 10 mg/kg in the absence of CB,R agonist indicating in vivo
CB|R inverse agonism. These effects were similar to those seen
with rimonabant (Supplementary Figure 2b). ACEA inhibited
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upper GI motility to the same extent in wild-type and fArr2-KO
mice, indicating that CB,R inhibition of upper GI motility is
pArr2-independent (Supplementary Figure 2c).

CB;R Blockade Induces Anxiety via G Protein Signal-
ing. The absence of anxiogenic behavior despite significant
brain CB, R occupancy following chronic dosing with 10 mg/kg/
day MRI-1891 was puzzling, because a similar level of brain
CB,R occupancy by rimonabant was associated with a strong
anxiogenic response. This raised the possibility that anxiety
induced by CB|R blockade results exclusively from signaling via
G proteins and not via f-arrestin-2. We tested this hypothesis by
analyzing the behavioral effects of central CB;R blockade in
wild-type and fArr2-KO mice. Two behavioral responses to
CB,R inverse agonists in mice are considered as good predictors
of their neuropsychiatric side effects in humans: hyper-
ambulatory activity as tested in drug-naive animals and
anxiety-like behavior in the elevated plus maze. A single oral
dose of 3 mg/kg rimonabant elicited similar, long-lasting
hyperambulatory activity in fArr2-KO mice and their wild-
type littermates (Figure 3a) and also caused identical, strong
anxiogenic responses in both strains, as indicated by near-
complete shutdown of exploratory activity in the open arm and a
parallel increase in time spent in the closed arm of the elevated
plus maze paradigm (Figure 3b). These findings indicate that
altered f-arrestin-2 signaling is not involved in these behavioral
responses to central CB,R blockade.

We next examined the involvement of SArr2 signaling on the
metabolic effects of CB;R blockade in mice with high-fat-diet-
induced obesity/metabolic syndrome (DIO). In male, wild-type
C57BL6/] mice kept on a high-fat diet for 14 weeks and then
treated daily for 6 days with different oral doses of MRI-1891,
MRI-1891 caused an acute and robust, dose-dependent decrease
in food intake that returned to normal in 5—6 days, whereas a
progressive decrease in body weight was maintained throughout
the treatment period (Supplementary Figure 3a,b). MRI-1891
also reversed in a dose-dependent manner the obesity-induced
hyperleptinemia (Supplementary Figure 3c), insulin resistance,
and glucose intolerance, as quantified using the intraperitoneal
insulin sensitivity and glucose tolerance tests (Supplementary
Figure 3d,e). Obesity was also associated with marked
hyperinsulinemia and modest hyperglycemia, which were also
dose dependently mitigated by MRI-1891 (Supplementary
Figure 3fg).
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Figure 4. Effects of (S)-MRI-1891 treatment on food intake (a), body weight (b), plasma leptin (c), nonfasting plasma insulin (d), and insulin
sensitivity (e) of male wild-type and fArr2-KO mice with high-fat diet induced obesity. Body weight at the start of treatment was 45.6 + 0.4 g. Points or
columns and vertical lines represent mean + SEM from 8—10 animals. Intraperitoneal insulin sensitivity test (ipIST) was conducted as described in the
Supporting Information. *, significant difference (P < 0.0S) within the indicated groups, as determined by 2-way ANOVA followed by Dunnett’s
multiple comparisons test. #, significant difference (P < 0.05) between wild-type and SArr-2 KO groups, as determined by 2-way ANOVA followed by

Sidaks’s multiple comparisons test.

CB;R Promotes Skeletal Muscle Insulin Resistance via
PArr2. We next compared the effects of MRI-1891 in DIO wild-
type and DIO pArr2-KO mice. Daily treatment with 3 mg/kg
MRI-1891 reduced food intake and body weight nearly
identically in the two strains (Figure 4ab). The reversal of
hyperleptinemia was also similar in the two strains (Figure 4c),
which is compatible with resensitization to endogenous leptin
being responsible for the appetite and weight reducing effects, as
proposed earlier.” In contrast, the marked hyperinsulinemia of
wild-type DIO mice was completely reversed by 7 days of
treatment with 3 mg/kg/day MRI-1891, whereas a more
moderate level of hyperinsulinemia in fArr2-KO DIO mice
was unaffected by the same MRI-1891 treatment regimen
(Figure 4d). Similarly, wild-type DIO mice developed profound
insulin resistance, which was completely reversed by MRI-1891
treatment, whereas fArr2-KO DIO mice remained insulin-
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sensitive, which was not significantly affected by MRI-1891
(Figure 4e).

Tissue-specificity of glycemic control was analyzed using the
hyperinsulinemic—euglycemic insulin clamp that also included
2-deoxyglucose infusion near the end of the clamp. Hepatic
glucose production significantly increased in DIO versus lean
wild-type mice, and this effect was attenuated by a single oral
dose of 1 mg/kg MRI-1891 similarly in wild-type and fArr2-KO
mice (Figure 5a). However, the obesity-induced reduction of
glucose clearance was partially reversed by MRI-1891 in wild-
type but not in $Arr2-KO mice (Figure Sb), which was reflected
by a similar differential effect of MRI-1891 on glucose infusion
rate (Figure Sc). Further analysis indicated that the tissue
responsible for the differential effect of MRI-1891 on glucose
clearance was skeletal (soleus) muscle, in which the obesity-
induced inhibition of 2-deoxyglucose uptake was reversed by a 1
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mg/kg dose of MRI-1891 in wild-type mice but was unaftected
by the same treatment in fArr2-KO mice (Figure 5d).

2-Deoxyglucose uptake was also tested in the absence of a
hyperinsulinemic clamp, in wild-type, fArr2-KO, and fArr1-KO
mice. In both wild-type and fArr1-KO mice, the high-fat-diet
(HFD)-induced marked suppression of 2-deoxyglucose uptake
into soleus muscle was reversed by a single dose of 1 mg/kg
MRI-1891, whereas similar treatment of HFD-fed SArr2-KO
mice again failed to affect muscle glucose uptake (Figure 6a),
suggesting that CB;R signaling in skeletal muscle is SArr2-
dependent but not SArrl-dependent. Because of the very high
potency of MRI-1891 to inhibit CB;R-induced BArr2 signaling,
we tested whether 7 days of treatment with a low dose of 0.1 mg/
kg/day MRI-1891, which does not significantly affect body
weight or food intake, can influence muscle glucose uptake. In
wild-type DIO mice, such treatment caused a partial, but
significant, reversal of the HFD-induced 2-deoxyglucose uptake
into soleus muscle, whereas no such effect was evident in fArr2-
KO DIO mice (Figure 6b).

The role of fArr2 in CB,R inhibition of insulin signaling was
further analyzed in C2C12 mouse muscle myotubes. Exposure
of cultured C2C12 cells with 100 nM insulin caused a robust
increase in Akt-2 phosphorylation, which was inhibited in the
presence of 5 yuM CP-55940, a CB,R agonist. This inhibition
was prevented by simultaneous exposure of the cells to 100 nM
MRI-1891 or in cells with siRNA-mediated knockdown of fArr2
(Figure 6c¢).

Crip1a Regulates CB;R Signaling via fArr2 in Skeletal
Muscle. It has been recently reported that Cripla, a CB,R distal
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C-terminal associated protein,'® competes with fB-arrestins for
binding to CBR distal and central C-terminal domains that
could affect CB,R signaling via P-arrestins.'”?’ We therefore
overexpressed Cripla in C2C12 cells and analyzed CBR-
mediated inhibition of insulin signaling in mock-transfected and
Cripla-transfected cells. As illustrated in Figure 6d, exposure of
the mock-transfected control cells to 100 nM insulin triggered
robust Akt-2 phosphorylation, which was significantly inhibited
by the CB;R agonist CP-55940. Preincubation of the cells with
100 nM of MRI-1891 alone did not affect the insulin response
but completely abrogated the inhibitory response to CP-55940.
In sharp contrast, in cells transfected with Cripla, CP-55940
failed to inhibit insulin-induced Akt-2 phosphorylation either in
the absence or presence of MRI-1891. In contrast, siRNA-
mediated Cripla knock-down potentiated the inhibitory effect
of CP-55940 on insulin-induced Akt-2 phosphorylation (Figure
6e).

The above findings suggest that Cripla is a functional
antagonist of endocannabinoid/CB,R/SArr2 signaling in
skeletal muscle, and loss of this function in DIO mice may
contribute to the CB;R-mediated insulin resistance. We
therefore measured the expression of Cnripl, the gene encoding
Cripla, in skeletal muscle and found that Cnripl is robustly
downregulated in wild-type DIO compared to lean control mice,
without a similar diet-induced change being detectable in fArr2-
KO mice (Figure 6f).

Computational Study of MRI-1891/CB,R Interaction.
To identify the residues of CB,R that give rise to f-arrestin
biased antagonism by MRI-1891, molecular dynamics (MD)
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Figure 6. Analyses of the role of fArr2 in CB,R-induced, obesity-related muscle insulin resistance. (a) 2-Deoxyglucose was infused into anesthetized
wild-type, fArr2-KO or fArr1-KO mice and its uptake measured in soleus muscle from lean mice or mice with diet-induced obesity 1 h following
treatment with a single oral dose of 1 mg/kg (S)-MRI-1891 or vehicle. (b) 2-Deoxyglucose uptake measured as in panel (a), except that treatment with
(S)-MRI-1891 was for 7 days at 0.1 mg/kg/day. (c) Insulin-induced Akt phosphorylation and its CB;R-mediated inhibition were analyzed in mock-
transfected and SArr2-siRNA-transfected C2C12 myotubes. Each treatment was tested in duplicate aliquots of cells, analyzed by Western blot using -
actin as loading control, and quantified by densitometry. The level of SArr2 knockdown is illustrated by the bar graph on the right. Note that the
inhibition of insulin-induced akt-phosphorylation by the CB,R agonist is inhibited by MRI-1891 and is absent in cells with fArr2 knockdown. (d)
CB,R-mediated inhibition of insulin-induced Akt phosphorylation is absent in C2C12 myotubes with Cripla overexpression and (e) is enhanced in
myotubes with Cripla knockdown. (f) High-fat diet-induced obesity results in downregulation of Cripla expression in soleus muscle from wild-type
but not from SArr2-KO mice. ¥, significant difference (P < 0.05) within the indicated groups, as determined by 2-way ANOVA followed by Dunnett’s
multiple comparisons test. #, significant difference (P < 0.05) between the groups, as determined by 2-way ANOVA followed by Sidaks’s multiple
comparisons test. Columns and vertical bars represent mean + SEM from 8—10 animals.

simulations were carried out using the X-ray structure of CB;R The simulations indicate that Arms 1 and 2 of MRI-1891
cocrystallized with taranabant.”’ The MD simulations were (Figures 7 and 8) are well-stabilized by aromatic residues deep in
performed with a set of conformers of MRI-1891 (cf. the the binding pocket, as seen in the X-ray structures of CB;R
Supporting Information) and with the unbiased antagonist bound to taranabant”’ or rimonabant-like AM6538.”* The Cl
rimonabant and ibipinabant as controls. atom of Arm 1 interacts electrostatically with several nonpolar H
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Figure 7. Left: persistent, statistically significant MRI-1891/CB R interactions in the most favorable binding mode (conf. 1; cf. Figure 8 and in the
Supporting Information). Residues in blue indicate electrostatic interactions (through nonpolar H) with Cl or F of MRI-1891; in green, N-terminal
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(TMHs 1-3), and with Arm 4 in purple (mainly the N-terminal loop). The interactions of CF; of Arm 3 with TMH1 and CH; of Arm 4 with the N-

term affect the movement of TMHI (red arrow).

atoms, but most strongly with W279. Although all the MRI-1891
conformers (cf. the Supporting Information and Figure 8a)
remained stable throughout the simulations and interconver-
sions were observed, only one conformer (conf. 1) had optimal
interactions with the receptor in the orientations shown, as
determined by the number and frequency of favorable contacts
(cf. Methods) and was consistent with the mutation data. In this
mode, Arm 3 of MRI-1891 spans the region of Arm 3 of both
taranabant and rimonabant (Figure 8b), whereas Arm 4 is
oriented in the opposite direction, interacting with residues not
in contact with either rimonabant or taranabant (Figures 7 and
8b).

The sulfonamide group of Arm 3 is stabilized by water
entering the pocket, creating short chains that bridge these
groups to the receptor. The CF; group interacts electrostatically
with several residues, particularly S123, whereas the aryl ring is
well-packed against several nonpolar residues, including 1119
(transmembrane helix-1 [TMH1]), F170 and F174 (TMH2),
M384 (TMH?7), and with 1105 and M109 in the N-terminal
segment, forming a relatively compact cluster. Mutations
M384S, 1105A, and M109A resulted in suppression of CP-
55940-induced SArr2 recruitment, suggesting a key role of this
cluster in CB;R agonism by CP-55940 (Supplementary Figure
4). These interactions involve residues at the top of the TMH]1,
i.e, where the N-terminal segment connects with the helix
(Figure 7, right panel) and may help modulate the movement or
stabilize the conformation of TMH1 (red arrow in Figure 7).
Several cocrystals of CB R reported recently” suggest that
conformational changes of TMHI1 may be associated with
differences in agonist/antagonist activity, presumably because of
its proximity to TMH?7, the movement of which affects the
intracellular C-terminal helix, and possibly B-arrestin recruit-
ment.”* We focused on $123 (TMH1) due to its interaction

1182

with the CF; group of MRI-1891 (Figure 8b, lower right panel);
Arm 3 of both ibipinabant and rimonabant do not interact with
this residue. The S123A mutation resulted in a 4-fold reduction
of inhibitory potency of MRI-1891, but not of rimonabant,
toward fArr2 signaling (Figure 9c). However, the mutation did
not alter either CB;R binding affinity (Figure 9a) or CB;R
inhibitory potency toward G protein signaling (Figure 9b) of
either MRI-1891 or rimonabant compared to that of wildtype.
All the polar groups of Arm 4 are stabilized mainly by water,
although the NH, of guanidine also forms transient H-bonds
with $383 of TMH?7. Notably, the methyl group of Arm 4
interacts hydrophobically with several residues on the N-
terminal segment, including F102, M103, and, more persis-
tently, with F108 (Figure 7). These interactions appear to be
critical for the biased activity of MRI-1891, since Arm 4 of
ibipinabant (SLV319) lacks the acyl group (Figure 8b), which
may account for the negligible bias of SLV319 (G/fArr ~2).

B DISCUSSION

The present study provides the first example of a biased
orthosteric GPCR antagonist. The CB;R antagonist/inverse
agonist MRI-1891 is highly potent in suppressing CB;R-agonist-
stimulated fArr2 recruitment with an IC, of 21 pM and is about
300 times less potent in inhibiting CB,R-agonist-induced
activation of G protein activation (ICsy: 6 nM). Importantly,
this bias results in functional selectivity, as we found that CB;R
modulate anxiogenic behavior, body weight, appetite, and
hepatic glucose production predominantly via G protein
activation, whereas CB;R modulation of muscle insulin
sensitivity is predominantly via fArr2 signaling. Furthermore,
the cannabinoid receptor interacting protein la (Cripla)
competes with SArr2 for binding to CBR in skeletal muscle
where its expression is downregulated in DIO/insulin resistance,
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and persistent interactions with the receptor throughout the simulations and is consistent with all the mutation studies. (b) Top: overlay of agonist
AMS841 and antagonist taranabant (left), as they appear in their relative positions in the crystal structures (SXR8 and SU09, respectively); comparison
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ring as a common docking point (right). Each arm plays a distinct role and interacts with a different region of the receptor. MRI-1891 combines in a
single scaffold the arms distribution of agonists and antagonists, a property that may be essential to impart biased property in general. Bottom: detail of
the $123 (TMH1) position relative to the trifluoromethyl group of MRI-1891 and four nearby nonpolar residues on adjacent TMHs (snapshot of the

simulation; 1119 omitted for clarity).

suggesting its involvement in the physiological control of insulin
sensitivity.

Recent findings suggest that different conformations of
GPCRs mediate agonist-induced G protein activation and j-
arrestin recruitment™ and that a specific phosphorylation
pattern at the C terminus of GPCRs, induced by GPCR kinases
(GRKs), determines f-arrestin recruitment to GPCRs and
regulates their intracellular functions.”>*® Another receptor
domain, an Asp—Arg—Tyr (DRY) motif in the second
intracellular loop is critical for G protein binding, but is also
involved in f-arrestin recruitment.”” Biased agonists preferen-
tially activate conformations linked to G protein or B-arrestin
signaling, respectively. Although there is no published evidence
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for a biased orthosteric GPCR antagonist, pregnenolone was
proposed to be a biased allosteric CB;R antagonist,”® based on
its inability to compete with ligand binding to the CB,R, but its
ability to inhibit certain behavioral responses to A’-tetrahy-
drocannabinol (THC) by selectively interfering with THC-
induced ERK1/2M*PX phosphorylation without affecting the
parallel inhibition of cAMP accumulation.”® However, others
reported that pregnenolone displaced radiolabeled rimonabant
from CB;R binding sites but failed to affect THC-induced
ERK1/2 phosphorylation.*’
appears to bind to a domain distinct from the ligand binding

Furthermore, as pregnenolone

pocket of CB R,*® the receptor conformation it promotes is

https://doi.org/10.1021/acsptsci.1c00048
ACS Pharmacol. Transl. Sci. 2021, 4, 1175-1187


https://pubs.acs.org/doi/10.1021/acsptsci.1c00048?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00048?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00048?fig=fig8&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.1c00048/suppl_file/pt1c00048_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00048?fig=fig8&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00048?rel=cite-as&ref=PDF&jav=VoR

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

a hCB,R binding

2 120

£

_'g 1004

m

o 801

<

Q3 604

wn

g 40-{

= -o- wild-type

I 204

= -+ S123A

° 0 T T T T T 1
o 1 10 9 -8 -7 -6

Log [MRI-1891], M

b GTPyS binding

S 120

g 1008

o 801

‘s 604

5 404

% 204-©- wild-type

'_E 04 S123A

e -20- 11 10 9 -8 -7 A

Log [MRI-1891], M

c B-arrestin 2 recruitment assay
120+

25+9pM

- wild-type
- S123A

% inhibition of CP55940

o_
0 -1817-1615141312-11-10-0 -8 -7
Log [MRI-1891], M

103 +25 pM

hCB,R binding

.E’ 1204

E 100+

m

o 804

3

3 601

n

E; 40-

= -©- wild-type

& 20

= -+ S123A

° G T T T T T 1
o 10 9 -8 -7 -6 -5

log [Rimonabant], M
GTPyS binding

g 120+

5 100%

o 807

‘s 604

§ 49

5 201 -o- wild-type

< 0 S123A 5

220 41 40 9 8 7 b

Log [Rimonabant], M
B-arrestin 2 recruitment assay

S 120+

[=2]

8 100-

o

&_’ 80+

o

c 604

o

F 404

= 20- -©- wild-type

£ -+ S123A

‘7\ 0 T T T T T
11 10 -9 -8 -7 -6

Log [Rimonabant], M

Figure 9. S123A mutation of hCB,R results in a selective decrease in the inhibitory potency of MRI-1891 against CB,R-agonist-induced SArr2
recruitment (c) but not G protein activation (b), without causing a similar change in the effects of rimonabant (right panels) or affecting the binding
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conducted using human CB, receptor cDNA (hCNRI, NM_016083) in the pCI vector (Promega) for GTPyS and radioligand binding assays, and in
the pPCMV-hCNR1-PK vector (Eurofins/DiscoverX) for f-arrestin-2 recruitment assays via the PathHunter system as described in the Supporting
Information. Points and vertical bars represent mean + SEM from 8 independent experiments. Numbers indicate Ky values calculated using

computerized curve fitting and the Cheng—Prusoft equation.

likely different from the conformation of the CB;R/MRI-1891
complex.

The MD simulations suggest that the presence of Arms 3 and
4 in a single molecular scaffold, with each arm playing a distinct
and largely independent role (Figure 7), may be important to
impart biased CB,R antagonism. In particular, Arm 4 is absent in
the unbiased inverse agonists rimonabant and taranabant and
too short in ibipinabant to interact effectively with the receptor.
Moreover, the structure of MRI-1891 suggests that Arm 3 spans
a region common to antagonists, and Arm 4 spans a region
common to agonists, as illustrated in Figure 8b. This
combination may affect G protein and SArr2 signaling pathways
separately. There seems to be a direct and an indirect effect of
the S123A mutation (Figures 8b and 9) on the structure/
dynamics of CB|R and its interactions with MRI-1891 that
explain the similar affinities of the wt and S123A mutant and
their differences in potency. The CF; group of Arm 3 engages
S$123 directly but also can develop electrostatic interactions with
the nonpolar H atoms of A123 or other nonpolar residues
nearby (Figure 7 and 8b). It is noted that Arm 3 of rimonabant
does not interact with S123. Also, S123 is at the center of a group
of nonpolar residues, namely 1119 in TMH1, F170 and F174 in
TMH2, and M384 in TMH7 (Figure 8b) that can form a
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relatively compact cluster once the methyl group of Al123 is
introduced. These interactions make TMHI less flexible when
compared to the wild-type CB R, and consequently, the N-
terminal segment becomes less effective in modulating the
TMHI1 movement in response to the action of Arm 3 or 4
(Figure 7). The mobility and adaptability of the N-terminal/
TMH1 motif appears to be important for activity, judged by the
differences observed in the crystal structure of the agonist-
bound versus the antagonist-bound receptor.”” The X-ray
structure of rimonabant-like”* and taranabant crystallized with
CB,R*" show that this region changes significantly to
accommodate Arm 3 of either ligand, with TMHI1 moving
away from the receptor core and the N-terminal tail pushed
inwardly. It is plausible that the movement of TMH1 modulated
by the N-terminal residues potentiates the JArr2 bias of MRI-
1891, particularly via Arm 4. This interpretation is in line with
the A123S mutant having a 4-fold lower inhibitory potency of
MRI-1891 toward fArr2 signaling but not G-protein signaling,
without affecting either parameter for rimonabant (Figure 9).
f-Arrestins not only play a key role in GPCR internalization
and desensitization but also can serve as scaffolds for signaling
complexes involved in various cellular responses.”® CBR has
affinity for fArr2 higher than that for fArrl. fArr2 has been
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implicated in agonist-induced internalization of CB,R,*
whereas fArrl was shown to mediate CB,R-agonist-induced
ERK1/2 phosphorylation.”* To analyze the functional con-
sequences of biased orthosteric antagonism of CB;R by MRI-
1891, we first sought to determine the involvement of f-arrestin
signaling in CB;R-mediated behavioral and metabolic effects of
endocannabinoids. The anxiogenic effect of rimonabant,
thought to reflect a blockade of CB;R in the dopaminergic
reward pathway,”® was identical in wild-type and BArr2-KO
mice, suggesting the lack of significant fArr2 involvement in
mediating this effect. This may also explain the lack of a similar
anxiogenic response to chronic treatment of mice with 10 mg/
kg/day of MRI-1891 that caused significant CB,R occupancy in
the CNS, as revealed by CBR PET studies. The free
concentration of MRI-1891 in the brain following chronic
treatment with daily doses of 10 mg/kg (1.7 nM) exceeded its
CB,R binding K; of 0.3 nM but remained below its ICy, of 6 nM
for inhibiting CB,R-agonist-induced G protein activation, thus
providing a therapeutic window. This finding supports the
concept that functional inhibitory potency of the G protein
pathway rather than binding affinity is the parameter that best
predicts the neuropsychiatric side effects of CB;R antagonist/
inverse agonists.

In contrast to the G protein signaling bias of CBR in
modulating anxiogenic behavior, the diabetogenic effect of
CB,R in skeletal muscle, due to inhibition of insulin-induced
glucose uptake, occurs via fArr2 signaling. First, whole-body
glucose clearance and muscle 2-deoxyglucose uptake during a
hyperinsulinemic clamp were significantly higher in both lean
and obese SArr2-KO mice than in their respective wild-type
littermates, indicating increased insulin sensitivity in the absence
of pArr2. This is in agreement with a significant increase in
glucose tolerance in skeletal-muscle-specific fArr2-KO mice**
but opposite an earlier report of decreased insulin sensitivity in
global BArr2-KO mice.”® One possible reason for the discrepant
results is that the genetic background of the mice used in the
latter studies was different. Second, the HFD-induced
suppression of 2-deoxyglucose uptake into skeletal muscle was
largely reversed by MRI-1891 treatment in wild-type and fArr1-
KO mice, whereas it remained unaffected in fArr2-KO mice.
Third, in C2C12 mouse myoblasts, inhibition of insulin-induced
Akt phosphorylation by the CB;R agonist CP-55940 was
abrogated by either siRNA-mediated knockdown of SArr2 or by
MRI-1891. The dominant role of fArr2 in CB,R signaling
appears to be unique to skeletal muscle, as other metabolic
effects of CB,R blockade in obese animals, including reductions
in appetite, body weight, plasma leptin levels, and hepatic
glucose production and increased glucose uptake into adipose
tissue, were similar in wild-type and SArr2-KO mice. One
consequence of the high signaling bias of MRI-1891 is its greater
apparent in vivo potency for improving insulin sensitivity
compared to its potency to induce other metabolic effects or
unwanted CNS-mediated side effects, which has therapeutic
implications for the treatment of insulin resistance and diabetes.

Finally, the present findings reveal a possible novel
physiological function of cannabinoid receptor interacting
protein la (Cripla). Cripla was previously demonstrated to
compete with fArr2 for binding to the phosphorylated central or
distal C-terminal peptides of CB;R' and as a result can
attenuate agonist-induced CB;R downregulation20 and cellular
signaling.”® The present observation, that overexpression of
Cripla in C2C12 myotubes abrogates fArr2-mediated CB;R
signaling whereas its knockdown potentiates it, is fully
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compatible with the above findings and suggests that Cripla
and, possibly, other CB, R interacting proteins such as SGIP1,”
are involved in glycemic control in diabetes and related
metabolic disorders with altered energy balance.*® Indeed, the
observed robust downregulation of CRIPla expression in
skeletal muscle of DIO compared to lean mice is compatible
with a protective role of Cripla in maintaining muscle insulin
sensitivity.
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