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The potential, multifaceted therapeutic profile of cannabidiol (CBD), a major constituent derived from the Cannabis
sativa plant, covers a wide range of neurological and psychiatric disorders, ranging from anxiety to pediatric
epilepsy and drug addiction. However, the molecular targets responsible for these effects have been only partially
identified. In this view, the involvement of the orexin system, the key regulator in arousal and the sleep/wake cycle,
and in motivation and reward processes, including drug addiction, prompted us to explore, using computational and
experimental approaches, the possibility that CBD could act as a ligand of orexin receptors, orexin 1 receptor of
type 1 (OX1R) and type 2 (OX2R). Ligand-binding assays showed that CBD is a selective ligand of OX1R in the
low micromolar range (Ki 1.58 + 0.2 uM) while in vitro functional assays, carried out by intracellular calcium
imaging and mobilization assays, showed that CBD acts as an antagonist at this receptor. Finally, the putative
binding mode of CBD has been inferred by molecular docking and molecular dynamics simulations and its
selectivity toward the OX1R subtype rationalized at the molecular level. This study provides the first evidence that

CBD acts as an OX1R antagonist, supporting its potential use in addictive disorders and/or body weight regulation.

orexin receptors cannabidiol molecular docking molecular dynamics

calcium mobilization assay

| 1. Introduction

Cannabidiol (CBD), the main non-euphoric constituent of Cannabis sativa, exhibits a complex
neuropharmacological profile, ranging from anxiolytic, anticonvulsive, and neuroprotective properties to analgesic
and anti-inflammatory effects, all potentially useful for the treatment of several neurological and psychiatric
disorders 2, The molecular targets of CBD likely involved in its therapeutic effects have been recently reviewed
[Bll4] and include, among others, the transient potential receptor channels (TRPs) TRPV1, TRPA1, and TRPM8 &,
the G-protein coupled receptors GPR55 (€ serotonin 1A receptor [, and opioid receptors [&. Moreover, even
though CBD has a low affinity for the cannabinoid receptors, recent evidence indicated that it may act as a
cannabinoid receptor of type 1 (CB1R)-negative allosteric modulator in some circumstances [RIZOL  \ore
recently, CBD has been also proposed as a therapeutic tool for addictive disorders such as drug and alcohol abuse
(12)13124] | this view, the recent findings that the orexin system is involved in drug addiction 22!, prompted us to
investigate the orexin receptors, OX1R and OX2R, as possible targets for CBD. Both receptors are coupled with a
Gq protein and their activation induces cell responses mainly via calcium (Ca2*)- and diacylglycerol (DAG)-
mediated pathways 1817 The endogenous ligands of these G-protein coupled receptors are two hypothalamic

neuropeptides, orexin-A (OX-A) and orexin-B (OX-B), which regulate different physiological functions in mammals,
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such as sleep-wake cycles, energy metabolism, and feeding [2&]. Both peptides arise from a common precursor, the
prepro-orexin, a 130-amino-acid peptide. Orexin projections extend widely throughout the brain, innervating the
neocortex, hippocampus, and forebrain structures implicated in the processing of arousal 19, wakefulness 29,
feeding 21, emotion, and motivation (22, Defects in the orexin system induce narcolepsy and catalepsy, whereas
inhibitors of orexin receptors represent a promising therapy for the treatment of sleep disorders 23, Orexin 1 and
Orexin 2 receptors are differently distributed in the central nervous system (CNS), thus reflecting different biological
profiles—while OX2R is mainly involved in sleep and arousal, OX1R is implicated in compulsive behaviour related
to drug addiction and anxiety 24, OX1R has a higher affinity for OX-A than OX-B, whereas OX2R binds both OX-A
and OX-B with the same affinity 23], In the present study, by performing binding experiments on both orexin
receptors, we found that CBD binds OX1R selectively over OX2R. Then, by exploiting the recently-released X-ray
structures of both orexin receptors [22l28] the putative binding modes of CBD to OX1R were investigated by
molecular docking and molecular dynamics simulations. Computational data, in addition to providing a possible
structural basis for the observed binding, also allowed a rationalization of CBD selectivity toward the OX1R
subtype. Finally, functional studies based on the measurement of intracellular calcium imaging and mobilization in
OX1R-transfected Chinese hamster ovary (CHO) cells allowed the characterization of CBD as an OX1R

antagonist.

| 2. Discussion

The molecular mechanisms responsible for the complex pharmacology of phytocannabinoids in general, including
CBD, are still far from being fully understood. Since CBD has received attention for the treatment of drug addiction
(121 we considered the orexin receptors as putative molecular targets for this phytocannabinoid. Indeed,
biochemical and pharmacological studies 2728 showed that not only does a cross-talk exist between the
endocannabinoid and the hypocretinergic systems, but also that CB;R and OX1R receptors form heterodimers,
suggesting a synergistic or a mutual modulatory role in common physiopathological functions. In this study, we

investigated whether CBD acts as a ligand of orexin receptors.

2.1. Radioligand Binding Assay

The affinity of CBD for both OX1R and OX2R was tested on CHO cells overexpressing either receptor. As
described by the four-parameter logistic fit (Figure 1), CBD displaced [*2°]] OX-A binding at the OX1R in a
concentration-dependent manner with a K; of 1.58 £ 0.2 uM. However, at OX2Rs, CBD was able to only partially
(28.0 +/- 8.3%) (n = 3) displace such binding at the highest concentration examined (10 uM). Thus, radioligand
binding assay showed that CBD selectively binds to OX1R with a K; of 1.58 + 0.2 uM, a value very close to the
clinically achieved concentration (healthy volunteers who received CBD oral solution ~21.4 mg/kg/day for six days

achieved a plasma Cmax of 330.3 ng/mL, which equates to 1.04 pM) 22,
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Figure 1. Competition for [12°] orexin-A binding to OX1R-CHO cells (filled circle) and OX2R-CHO cells (filled

square) by CBD. Data are the mean of three independent experiments; vertical lines show standard deviation.
2.2. Calcium Mobilization Assay

Ca?* elevations in OX1-CHO cells were measured using the fluorescent Ca2* indicator Fluo-4. Preincubation (5
min) of OX1R-CHO cells with different doses of CBD, followed by incubation with OX-A (100 nM) in 1.5 mM of
extracellular Ca2*, caused inhibition of the Ca2* elevation due to OX1R response to OX-A. The corresponding
dose-inhibition curve is reported in Figure 2 and showed an ICsq value of 4.2 + 0.2 pM (n = 5). The OX1R
antagonist SB334867 at 10 uM was used as a reference compound to assess the specificity of the antagonist
activity of CBD and the inhibition graph is shown in Figure 3. We also tested CBD and OXA in not-transfected
CHO cells. In both transfected and not transfected CHO cells CBD caused a slight but significant elevation of
intracellular calcium. This effect has been previously reported in several cell types and appears to be independent
of direct interaction with Gq BYE1,
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Figure 2. Effect of CBD on Ca?* elevation induced by 100 nM OX-A in CHO cells overexpressing OX1R. Data
(mean £ SEM of five independent experiments) are expressed as a percent of the maximal effect observed with

OX-A alone (see Figure 3); vertical lines show SEM.
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Figure 3. Effect of the OX1R antagonist SB334867 (10 uM) on the Ca?* elevation induced by OX-A (100 nM) in

CHO cells overexpressing OX1R. Data are expressed as means £ SEM, (n = 4). ** p < 0.01.
2.3. Calcium Imaging

2.3.1. OX-A Increases Intracellular [Ca2*]; in CHO Cells Stably Expressing OX1R or OX2R

OX1R-CHO or OX2R-CHO cells were used for [Ca?']; measurements with fFura-2 fluorescence imaging. OX-A
was used at a concentration of 200 nM (chosen according to the effective doses used in our previous study [28),
This concentration of OX-A induced a [Ca®*]; increase with a peak of [Ca?*]; significantly higher than the basal
[Ca?*];, both in OX1R-CHO (peak [Ca?*];: 81.5 + 6.1 nM vs. basal [Ca?*];: 7.3 + 1.6 nM; p < 0.001) and OX2R-CHO
(peak [Ca®*];: 80.1 + 5.7 nM vs. basal [Ca?*];: 9.1 + 1.8 nM; p < 0.001) cells. OX-A-induced [Ca?*]; increase took
place in a fast manner (50-60 s), as shown in a representative graph referred to a randomly recorded single CHO
cell stably expressing OX1R (Figure 4A) or OX2R (Figure 5A). The CHO cells stably expressing OX1R did not
show [Ca?*]; increases in response to 200 nM OXA applied for 180 s after 180 s of treatment with the OX1R
antagonist SB334867 (10 uM) in the cell medium (Figure 4B). These results indicate that OX-A directly targets

OX1R to regulate [Ca?*], increase in CHO cells stably expressing OX1R. As shown in Figure 5B, and in agreement
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with its partial antagonistic effect on OX2R, incubation of OX2R-CHO cells with SB334867 10 pM in the calcium-
containing buffer solution was able to only partially block the [Ca?*]; elevation induced by 200 nM OX-A (peak
[Ca?*]: 25.7 + 3.4 nM vs. basal [CaZ*];; 7.1 + 2.6 nM; p < 0.05).
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Figure 4. CBD prevents the OX-A-induced [Ca?*]; response in CHO cells expressing OX1R. Representative traces
of single-cell [Ca®*]; response in Fura-2- loaded CHO cells stably expressing OX1R treated with 200 nM OXA,
alone or in combination with 10 yM SB334867 or with 10 uM or 20 uM CBD, and finally with ionomycin (2 pM).
Images, collected continuously for 420 s (A,B) or 600 s (C,D), were analyzed by the Leica MetaMorph software for
calcium imaging to quantify the intracellular [Ca?*]; increase expressed as 340/387 nm excitation ratio between
calcium-bound Fura-2 (green cells) and calcium-free Fura-2 (red cells). (A) 200 nM OX-A increases [Ca?"]; in cells.
(B) The OX1R antagonist SB334867 prevents the OX-A-induced [Ca?']; enhancement in the cells. OX-A-
responsive cells became partially (C) or completely (D) unresponsive to 200 nM OXA after treatment with 10 uM or
20 uM CBBD, respectively.
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Figure 5. CBD does not alter the OX-A-induced [Ca?']; increase in CHO cells stably transfected with OX2R.
Representative traces of single-cell [Ca?*]; response in Fura-2- loaded CHO cells stably overexpressing OX2R and
treated with 200 nM OXA, alone or in combination with 10uM SB334867 or with 10 uM or 20 yM CBD lonomycin (2
MM) was added at the end of the experiment. Images, collected continuously for 420 s (A,B) or 600 s (C,D), were
analyzed by the Leica MetaMorph software for calcium imaging to quantify the intracellular [CaZ*]; increase
expressed as 340/387nm excitation ratio between calcium-bound Fura-2 (green cells) and calcium-free Fura-2 (red
cells). (A) 200 nM OX-A increases [CaZ']; in cells. (B) The OX1R antagonist SB334867 prevents the OX-A-induced
[Ca?*]; enhancement in the cells. (C,D) Treatment with 20 uM or 10 uM CBD, respectively, has no effect on the
increase of [Ca?*]; induced by OX-A.

2.3.2. CBD Inhibits the Ca?* Response Induced by OX-A in OX1R, but Not in OX2R
Transfected CHO Cells

The presence of CBD 10 yM or 20 uM for ~3 min in the calcium-containing extracellular solution (see methods
section) of CHO cells stably expressing OX1R caused a slight enhancement of [Ca2*]; and was able to reduce (10
uM) or prevent (20 uM) the [CaZ*]; increase induced by 200 nM OX-A (Figure 4C,D). As shown in Figure 4C, 10
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UM CBD induced a slight [Ca?']; peak ([Ca2*];: 18.1 + 2.7 nM vs. basal [Ca?*];: 6 + 1.2 nM; p < 0.05) and reduced
the increment of [Ca2"] induced by subsequent treatment with OX-A ([Ca2*];: 30.5 + 3.6 nM vs. basal [CaZ"];: 6 =
1.2 nM; p < 0.05). Pretreatment with 20 pM CBD increased the [Ca2*] (peak [Ca?*];: 23.7 + 2.9 nM vs. basal [Ca%*];:
8.9 + 1.3nM; p < 0.05), but the [Ca?*]; recorded in cells with 200 nM OX-A after CBD treatment was similar to the
basal levels (10.8 £ 2.2 nM for OX-A vs. 8.9 + 1.3 nM for the vehicle-treated cells; p > 0.05) (Figure 4D). These
results suggest that CBD acts as OX1R antagonist.

On the contrary, pretreatment with 10 uM or 20 uM CBD of CHO cells stably expressing OX2R did not inhibit the
Ca?* response induced by 200 nM OX-A. As shown in Figure 5C,D, CBD induced elevation of [Ca*]; in a
concentration-dependent manner (12.2 £ 1.3 nM for CBD 10 pM vs. basal level: 5.8 £ 1.6 nM; 17.9 £ 2.3 nM for
CBD 20 pM vs. basal level: 7.9 £ 1.9 nM; p < 0.05), whereas the addition of OX-A in the same cell medium after
180 s of CBD treatment induced a [Ca?']; enhancement with a peak of [Ca?*]; significantly higher than the basal
[Ca?']; ([Ca?'];: 82.3 £ 5.9 nM after CBD 10uM vs. basal level: 5.8 + 1.6 nM; 77.5 + 6.3 nM after CBD 20 uM vs.
basal level: 7.9 + 1.9 nM; p < 0.001). The elevation of [Ca?']; induced by CBD, as already observed in calcium

mobilization assay, is not due to OXRs, since it also occurs in non-transfected cells (see Figure 6).
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Figure 6. CBD induces a slight [Ca®"); increase in not-transfected CHO cells. Representative traces of single-cell
[Ca?*]; response in Fura-2- loaded not-transfected CHO cells. lonomycin (2 uM) was added at the end of the
experiment. Images, collected continuously for 390 s, were analyzed by the Leica MetaMorph software for calcium
imaging to quantify the intracellular [Ca?*]; increase expressed as 340/387 nm excitation ratio between calcium-

bound Fura-2 (green cells) and calcium-free Fura-2 (red cells).

Collectively, the functional assays carried out by both intracellular Ca?* measurements and Ca?* imaging showed

that CBD is an OX1R antagonist at low micromolar concentrations and is selective for OX1R over OX2R.
3.4. OX1RI/CBD Theoretical Complex

Next, a comparative study of molecular docking and molecular dynamics simulations (MD) in membrane
environment (up to 200 ns) of CBD in complex with either OX1R or OX2R was undertaken to shed light on the
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binding mode of CBD in the binding site of OX1R and to rationalize CBD selectivity toward this receptor over
OX2R. From docking runs of CBD into the OX1R binding site, four starting poses were selected for the subsequent
MD on the basis of binding energy and ability to interact with residues known to be relevant for receptor binding
and, among these, three final poses, termed I, I, and Ill, were stable to MD in terms of root-mean-square-deviation
(rmsd). The first two poses shared a similar arrangement, only differing for a slight rotation of the CBD aromatic
ring. However, since only pose | formed a stable H-bond with Ser103%61, pose Il was discarded from subsequent
analysis. In pose I, the terpenoid ring interacted with Pro12332°, a residue involved in ligand interactions also in
experimentally determined complex structures, while the pentanoyl chain pointed toward Phe219%42. In pose I
CBD adopted a reverse orientation with respect to pose I, with the pentanoyl chain pointing toward the receptor N-
terminal end and the terpenoid ring pointing toward Ala127333, Tyr215°38 and Phe219°42. Pose | and llI,
representative of the possible binding modes of CBD within the orthosteric binding site of OX1R, are shown in
Figure 7, panel a and b, respectively. It is noteworthy that OX1R residues interacting with CBD have been

previously characterized as being important for antagonist binding to this receptor 23],

Figure 7. Representative frames from MD of CBD/OX1R complexes: Pose | (A) and lll (B). A ball and stick
representation is used for heavy atoms plus polar hydrogens of ligand, whereas a stick representation was used for

protein sidechains within 5 A from the ligand. Protein carbon atoms are colored in tan according to ribbon for
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protein and olive drab for the ligand. Hydrogen, nitrogen, oxygen, and sulfur atoms are painted white, blue, red and
yellow, respectively. A transparent surface for ribbons is used whenever they hide the ligand. A “green spring” style

is adopted for H-bonds involving ligand atoms.

A best-fit superposition of protein backbones between CBD poses l/lll and the x-ray structure of the OX1R in
complex with the antagonist suvorexant (Figure 8, panels A and B, respectively) shows that, when overlapping the
two ligand poses, CBD globally spans the same spatial region occupied by suvorexant, each pose filling about one-
half of the volume of the bulkier suvorexant. Hence, the reduced occupancy of the binding site and the higher

flexibility of CBD in comparison to suvorexant account for CBD’s lower potency vs. suvorexant (K; 0.55 nM) 82,

A B

Figure 8. Best-fit superposition of protein backbones between CBD poses | (A)/lll (B) and the x-ray structure of the
OX1R-suvorexant complex. Only the ligands are shown for clarity and drawn in stick representation. The
suvorexant is colored in deep purple and the CBD in olive drab. Hydrogen, nitrogen, oxygen, and fluorine atoms

are painted white, blue, red and green, respectively.

To assess if the arrangements found for CBD could also be conserved in OX2R, the same starting poses | and |l
were used for MD of CBD/OX2R complexes. The first pose was also found as the best docking pose in OX2R
whereas pose Il was not found, due to steric clashes with Thr135%32, Trajectory analysis, reported in Figure 9,
showed that neither pose |, nor pose Il resulted in stable OX2R, thus explaining the receptor selectivity of CBD
toward OX1R.
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Figure 9. Root mean square deviation (rmsd) plots of CBD ligand in poses | (A)/Ill (B) during the last 200 ns (A)/95
ns (B) of MD simulations after best-fit of protein backbone in OX1R (red) and OX2R (blue).

In fact, among the contacting residues in the OX1R binding site, CBD formed stable interactions with the only two
non-conserved residues between OX1R and OX2R, that is OX1R Ser103%61 (pose 1) and OX1R Ala127333 (pose
), both replaced by a bulkier threonine residue in OX2R, which contributed to the destabilization of the CBD—
OX2R complex during MD simulations, in agreement with the results from the binding assays. Furthermore, the
docking/MD study identified a protein—ligand interaction network involving OX1R residues reported to be critical for

antagonist binding, in agreement with the experimental validation.

| 3. Conclusions

In summary, we identified CBD as a selective OX1R antagonist and such effect could contribute to explaining, for
example, the anorexigenic effect exerted by CBD reported in some studies 28], since OX1R is localized in appetite-
regulating neurons in the hypothalamus 24 and it has been demonstrated that the hyperphagia induced by the
centrally administrated OX-A is mediated by OX1Rs 3881 Moreover, the selective OX1R antagonist SB-334867

attenuates orexin-A induced feeding and has anorectic effects inducing satiety without nausea 7.

Although further studies are required to assess the clinical relevance of orexin antagonism CBD action, this study
adds a new element to the complex picture of the mechanism of action of CBD and paves the way to in vivo
studies fully exploring the pharmacological implications of its activity as a negative modulator of the
hypocretinergic—endocannabinoid axis, for example in the treatment of substance use disorders or body weight

regulation.
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