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Abstract

The search for cannabinoid receptors other than CB1R and CB2R has been ongoing for over a decade. A number of orphan
receptors have been proposed as potential cannabinoid receptors primarily based on phylogenic arguments and reactivity
towards known endocannabinoids and phytocannabinoids. Seven putative cannabinoid receptors are described and discussed,
and evidence for and against their inclusion in this category are presented.
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Introduction

Cannabinoid receptors modulate numerous biological pro-
cesses and are intimately involved in many disease states.
Cannabinoid receptors are found in most tissues and are
the subject of numerous reviews (Mackie and Stella 2006;
Soderstrom et al. 2017; Zou and Kumar 2018; Ligresti et al.
2016; Pertwee et al. 2010). CBIR receptors are expressed
primarily in the central nervous system (CNS), but are found
in moderate amounts in endocrine, adipose, female, and lym-
phoid tissues and lower amounts in other tissues (http://prote
inatlas.org, Uhlén et al. 2015). CB2R, on the other hand is
primarily expressed in leukocytes (Uhlén et al. 2015) but
is also found in the brainstem (Van Sickle et al. 2005) and
other tissues in low amounts. The classic endocannabinoid
agonists for these receptors are anandamide and 2-aracha-
donylglycerol (2-AG) and there are numerous phytocan-
nabinoid agonists such as cannabidiol and D*-THC as well
(Fig. 1). Experiments utilizing CB1R ™~ and CB2R ™~ mice
have shown that there at least five distinct cannabinoid
receptors, leaving at least three to be identified (Mackie and
Stella 2006). Although a number of potential cannabinoid
receptors have been proposed, none completely fulfill the
criteria proposed by Pertwee et al. (2010). This manuscript
presents the seven most likely candidates in terms of bio-
logical function, structure, expression, agonist binding, and
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regulation, and provides an analysis of their potential as one
of the unidentified cannabinoid receptors.

GPR55
Introduction

Human GPR55 (hGPR55) is a member of the seven trans-
membrane receptor G-protein coupled receptor 1 family.
This receptor has been reported to be activated by lysophos-
phatidylinositol (LPI) and various cannabinoid ligands, lead-
ing to the designation as a putative cannabinoid receptor.
The lack of complete data as well as inconsistent data makes
this cannabinoid receptor designation rather controversial
(see review, Mackie and Stella 2006).

Expression and characterization

hGPRS5S is expressed in bone marrow and lymphoid tissue
with slightly lower expression in the brain, primarily in the
basal ganglia, GI tissue, male tissues, and blood (Uhlén et al.
2015). The primary cellular location is the plasma mem-
brane but is also found in membranes of intracellular vesi-
cles following agonist-induced internalization (Henstridge
et al. 2009).

The biological function of this receptor varies as a func-
tion of tissue. In the brain, stimulation appears to have a
pro-inflammatory effect, as antagonists of GPRS5S5 sig-
nificantly reduce the release of pro-inflammatory PGE, in
primary microglia (Saliba et al. 2018). In rodent GI tracts,
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Fig.1 Structures for ligands discussed in the text. 1-14:0-LPA,
1-myristoyl  lysophosphatidic  acid;  1-16:0-LPA, 1-palmitoyl
lysophosphatidic acid; 1-18:1-LPA, 1-oleoyl lysophosphatidic acid;
2-11,12-EET-G, 2-(11,12-epoxyeicosatrienoyl) glycerol; 2-14,15-
EET-G, 2-(14,15-epoxyeicosatrienoyl) glycerol; 2-(14,15-epoxyei-
cosatrienoyl) glycerol; 2-20:4-LPA, 2-arachadonyl lysophosphatidic
acid; 2-AG, 2-arachadonylglycerol; 5,6-EET-EA, 12S-HETE-EA,
12S-hydroxyeicosatetraenoic acid ethanolamide; 14,15-epoxyeicosa-
trienoyletahnolamide; 15S-HETE-EA, 15S-hydroxyeicosatetraenoic

stimulation reduces intestinal contractions and activates
immunocytes (Tuduri et al. 2017). In the blood, stimulation
of GPRS55 expressed in neutrophils limits the inflammatory
response mediated by CB2R (Balenga et al. 2011). In the
pancreas, stimulation of beta and alpha cells increases insu-
lin secretion (Tuduri et al. 2017). Lastly, GPR55 expression
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acid ethanolamide; 20-HETE-EA, 20-hydroxyeicosatetraenoic acid
ethanolamide; Abn-CBD, abnormal cannabidiol; AEA, anandamide;
AM251, synthetic cannabinoid agonist; CBD, cannabidiol; CBN,
cannabinol; CP55,940, synthetic cannabinoid agonist; A°-THC, A°-
tetrahydrocannibanol; LPI, mixture of 1-palmitoyl-sn-glycero-3-phos-
phatidylinositol (58%) and 1-steroyl-sn-glycero-3-phosphatidylinosi-
tol (42%); NAGly, N-arachidonyl glycine; OEA, oleoylethanolamide;
PEA, palmitoylethanolamide; S1P, sphingosine-1-phosphate; SPC,
sphingosine-1-phosphocholine; THM, tetrahydromagnolol

in adipose tissue is positively associated with human obesity
(Tuduri et al. 2017).

Activation of GPR55 by endocannabinoids, phytocan-
nabinoids or synthetic cannabinoid agonists proceeds
through multiple pathways. GPR55 expressed in HEK293
cells exhibits ECs, values for anandamide, virodhamine, and
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2-arachadonylglycerol (2-AG) agonists in the low nM range
as measured by GTPyS binding assays (Table 1). This is con-
siderably lower than observed for CB1R and CB2R receptors
(Ryberg et al. 2007; Felder et al. 1995). Further, the structur-
ally related endogenous palmitoylethanolamide is also a sig-
nificant agonist for initiating GTPyS binding (EC5,=4 nM)
but is not considered to be a true cannabinoid as it does not
bind to either CB1R or CB2R. This high efficacy for GTPyS
binding contrasts markedly with the results obtained from
measurement of Ca®* reported by Brown et al. (2011) but is
in reasonable agreement with the calcium results reported
by Lauckner et al. (2008). The phytocannabinoid A°*-THC
activates with EC values similar to that exhibited by CB1R
and like CBIR and CB2R, GPRS55 is not stimulated by can-
nabinol (CBN), or cannabidiol (CBD) to any significant
degree (Table 1) (MacLennan et al. 1998). In fact, CBN acts
as a GPR55 antagonist (Ryberg et al. 2007). GPRS55 does
bind abnormal cannabidiol (Abn-CBD), although the ECy,
values vary widely (Ryberg et al. 2007; Johns et al. 2007).

LPI is the primary non-cannabinoid agonist for GPR55
with an ECy, of 49 nM with respect to affecting an increase
in [Ca2+]i (Table 2) (Henstridge et al. 2009, 2010). LPT stim-
ulation leads to the activation of ERK (extracellular signal
regulated kinases also known as MAPK, mitogen activate
protein kinases) and release of intracellular calcium ( [Ca2+]i)
(Oka et al. 2007, 2009; Waldeck-Weiermair et al. 2008),
which is known to modulate the activity of ERK through
activation (Chuderland and Seger 2008). A subsequent
report shows that LPI signaling is mediated though Ga,;
and proceeds through a Ras homolog family member A/Rho-
associated protein kinase (RhoA/ROCK) pathway where
activated ROCK activates phospholipase C (PLC), initiating
the release of the secondary messenger inositol-1,4,5-tris-
phosphate (IP;) that in turn initiates the release of calcium
ion from the endoplasmic reticulum (Henstridge et al. 2009).
Further, the increase in [Ca2+]i initiates the calcinurin-medi-
ated dephosphorylation of NFAT (nuclear factor of activated
T cells) leading to its activation as a transcription factor
(Henstridge et al. 2009).

As noted above, GPRS55 signaling is known to be coupled
through Ga,; which mediates the activation of RhoA but
is also involved in the activation of the cell division con-
trol protein 42 homolog (cdc42) known to be involved in
cell cycle regulation, and Ras-related C3 botulinum toxin
substrate 1 (racl) known to be involved in a number of cel-
lular processes including activation of kinases, cytoskeletal
management, and cell growth (Henstridge et al. 2009). A
later study utilizing the increase in [Ca”]i as a measure of
GPRS55 activation shows that of the aforementioned agonists,
only activation with A°~THC and anandamide result in a
significant increase in [Ca2+]i whereas 2-AG, virodhamine,
PEA, cannabidiol, and Abn-CBD only increase [Ca2+]i to
a minor degree (Lauckner et al. 2008). Further they report

that the increase in [Ca®*]; involves Ga, or Gay, signal-
ing, and similar to LPI, excitation proceeds through RhoA/
PLC pathway leading to a release of intracellular Ca>*. In
addition, they show that actin cytoskeleton is necessary to
initiate transient increases in [Ca2+]i. Waldeck-Weiermair
et al. (2008) provide further detail on the GPR55 signaling
pathway. Here they show that in the absence of extracellular
calcium, anandamide stimulated of GPRS55 interacts with
clustered integrins avP3 and a5f1 to produce an increase
in [Ca®*); via a phosphoinositol 3 kinase/phospholipase C/
inositol trisphosphate (PI3K/PLC/IP3) pathway, requiring
active ROCK for the clustering of the integrins. The iden-
tity of the G-protein involved is unclear from the data but is
likely one of the Ga, family. In addition, the bone marrow
kinase, X-linked/epithelial and endothelial tyrosine kinase
(Bmx/Etk) is the mediator between PI3K and PLC. Further,
the resulting increase in [Ca2+]i stimulates the activation of
both ERK and NFAT as observed for LPI signaling.

Structure

hGPRS5 (hGPRSS, UniprotKB- Q9Y2T6) is translated as
a 319 amino acid polypeptide with a calculated molecu-
lar weight of 36.6 kDa. No additional isoforms have been
reported. Four coding SNP variants have been reported
where three (T215N, G195V, and T314I) have no known
associated pathologies, and one, V1031, has been found in
malignant prostate tumors, but relationship to the disease
has not been noted (Stelzer et al. 2016; https://genecards.
org; https://www.ncbi.nlm.nih.gov/clinvar/; Landrum et al.
2016). The basic structure consists of seven transmembrane
helices with a N-terminal extracellular domain of 21 resi-
dues and a cytosolic C-terminal with 26 residues. There are
no X-ray structures reported, however, the SWISS-Model
site suggests that the Lysophosphatidic acid receptor 6a
structure (31.7% sequence homology; template 5xsz.1.A,
PDB entry 5XSZ) can serve as a working template (https://
swissmodel.expasy.org/, Waterhouse et al. 2018).

There are numerous potential N-glycosylations and
potential O-glycosylations predicted using NetNGlyc and
NetOGlyc webservers (http://www.cbs.dtu.dk/services/
NetNGlyc/, Blom et al. 2004) and (http://www.cbs.dtu.
dk/services/NetOGlyc/, Steentoft et al. 2013) respectively.
Experimental confirmation of glycosylation is mixed. Rap-
ino et al. (2019) report that N-deglycosylation with PNGase
F does not alter the molecular weight as observed on SDS-
PAGE and that treatment of cells expressing hGPR55 with
tunicamucin, a known inhibitor of N-glycosylation, does
not affect the expression of hGPRS55. These data suggest
that N-glycosylation is not necessary for and does not occur
after expression. On the other hand, Mangini et al. (2017)
show that treatment of hGPRS55 containing membranes
with a mixture of N-deglycosylation and O-deglycosylation
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ECs, for Ca* increase measured with calcium indicator dye Fura-2-AM

£ECs, determined by immunoblot analysis for the given protein

"EC;, for induction of SRE-luc activity

Table 2 continued

@ Springer

{EC5,, for of TP, production from radiolabeled myo-[*H]inositol

JECs, determined for cAMP using a homogeneous time-resolved fluorescence kit (CIS Bio International)

XEC,, determined using B-galactosidase enzyme fragment complementation technology to measure p-arrestin binding

'ECy, determined using a cAMP immunoassay

MECs, determined for cAMP using a homogeneous time-resolved fluorescence kit (CIS Bio International)

enzymes significantly reduces the molecular weight of
GPRS55 on SDS-Page gels, indicating the presence of either
or both N- and O-glycosylation. Phosphorylations are pre-
dicted using the NetPhos server (http://www.cbs.dtu.dk/servi
ces/NetPhos/, Blom et al. 1999) and additional GRK phos-
phorylation predicted using the GPS server (http://gps.biocu
ckoo.cn/) (Xue et al. 2011). None of these phosphorylation
sites have been confirmed experimentally. All posttransla-
tional modifications predicted by the algorithms noted above
are given for all receptors discussed in this manuscript age
given in Table S1.

Regulation

There are several known modalities for the regulation of
GPRS5S. One is the classic mode for reducing GPCR signal-
ing though agonist-induced internalization via b-arrestins.
Utilization of the B-arrestin Pathfinder assay™ (Yin et al.
2009) and p-arr2-GFP protein binding (Kapur et al. 2009)
reveals that only LPI and strong cannabinoid agonists (e.g.,
AM251) initiate B-arrestin binding and internalization. Other
endocannabinoids such as AEA show no effect while virod-
hamine shows only a weak effect and phytocannabinoids
show no effect under assay conditions. Similar results are
reported by others (Henstridge et al. 2009). Intresingly, these
results are quite different from those reported by Ryberg
et al. (2007) for GTPyS binding where AEA, virodhamine,
and A°-THC are found to be strong agonists. Clearly, actua-
tion of G-protein binding and p-arrestin binding are two dif-
ferent events facilitated separately by the particular ligands.
These results also warn against using any one assay to clas-
sify a ligand as an agonist.

Both LPI and the strong CB1R antagonist SR141716A
stimulate internalization of GPR55. However, the presence
of AEA or virodhamine, the internalization of GPR55 is
inhibited, presumably through competition for the bind-
ing site on the receptor (Sharir et al. 2012). Interestingly,
AEA was found to enhance the recruitment of both LPI and
SR141716A at low concentrations but antagonizes internali-
zation at higher concentration. Once internalized, vesicles
containing GPRSS5 are directed to lysosomes through bind-
ing to the GPCR-associated sorting protein (GASP-1) or
recycled back to the plasma membrane in the absence of
GASP-1 (Kargl et al. 2012).

In the presence of extracellular Ca**, CBIR couples
with the p1 integrins associated with GPR55 and acts as
a modulator of GPR55 activity (Waldeck-Weiermair et al.
2008). Stimulation of CB1R with anandamide activates
spleen tyrosine kinase (SYK) via Ga; which in turn inhibits
PI3K, thus diminishing all downstream anandamide-induced
GPR55-mediated Ca?* signaling. Upon removal of extra-
cellular Ca®*, CB1R uncouples from the f1 integrins and
the inhibition is removed. Of note is the fact that ERK1/2
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signaling is active under either of these circumstances, as
activation of CBIR also initiates ERK1/2 signaling, the
physiological consequences of which require further explo-
ration. Direct interaction of GPR55 and CBIR has also been
confirmed in HEK293 cells transfected with both human
CB1R-Rluc fusion protein and human GPR55-YFP fusion
protein through BRET energy transfer studies and in situ
proximity ligation assays (Martinez-Pinilla et al. 2014). In
addition, it was shown with the same system that the addi-
tion the GPRS5S5 specific agonist CID1792197 induces the
activation of NFAT and that this is blocked by the CBIR
specific antagonist SR141716. This experiment repeated
with rat brain slices -following confirmation of the presence
of both receptors—yield the same results (Martinez-Pinilla
et al. 2014).

CB2R and GPRS55 also form heteromers, a union that
affects both receptors signaling. Direct interaction between
the two was confirmed though BRET energy transfer assays
utilizing GPR55-Tluc and CB2R-YFP transfected into
HEK?293 cells (Moreno et al. 2014). Co-transfected cells
stimulated with the specific GPR55 agonist LPI results in a
DMR (dynamic mass distribution) signal somewhat higher
than observed from cells transfected with GPRS55 alone.
Stimulation with the CB2R-specific agonist HU-308 pro-
duces a DMR signal similar to that observed from cells
transfected with CB2R alone (Moreno et al. 2014). Unlike
the CB1R/GPRS55 heterodimer, these results suggest little or
no modulation of activities of either monomer by the pres-
ence of the other. However, the LPI signal is completely
blocked in the presence of the CB2R antagonists AM360
and HU-308. Utilizing more specific CB2R assays such as
reduction of forskolin-induced cAMP levels and the increase
in ERK1/2 phosphorylation, it was found that HU-308 stim-
ulates both processes but addition of the GPRS5 antagonist
HB prevents this signaling. Stimulation of GPRS5S5 also pro-
duces an increase in ERK1/2 phosphorylation, but co-stim-
ulation of both receptors results in reduced EKR1/2 phos-
phorylation. Thus, negative cross-talk and cross-antagonism
is a feature of this heteromer.

GPR119
Introduction

Human GPR119 (hGPR119) is a member of the seven trans-
membrane receptor G-protein coupled receptor 1 family.
This receptor is only weakly activated by AEA, but instead
is activated by lesser unsaturated ethanolamides such as
oleoylamide (OEA) and linoleyl ethanolamide (LEA) as
well as palmitoyl ethanolamide (PEA) and the 2-AG analog
2-oleolylglycerol (Southern et al. 2013; Hansen et al. 2011;
Chu et al. 2010; Hassing et al. 2016). Other agonists include

a variety of lysophosphatidylcholines (Soga et al. 2005).
Although phylogenetically related to CB1R/CB2R, this
receptor is not activated by traditional endocannabinoids and
phytocannabinoids such a A’ THC (Joffre et al. 2020) and
thus, for this reason, is not always considered as a member of
the endocannabinoid receptor family (Pertwee et al. 2010).
However, the strong structural relationships between known
GPR119 agonists and cannabinoid agonists and phylogenetic
relationship should not be ignored.

Expression and characterization

hGPR119 is expressed primarily in the pancreas and gastro-
intestinal tract with low expression in both male and female
tissues as well as in the blood (Uhlén et al. 2015). It is not
expressed in the human brain but is found in small amounts
in pig and mouse brain.

The primary biological function of this receptor is glu-
cose homeostasis. GPR119 is expressed both in pancreatic
B-cells and the L-cells located primarily in the colon and
distal ileum. Stimulation with both synthetic agonists and
dietary-derived monosaturated fatty acids with long chains
(e.g., oleic acid) results in the enhancement of insulin release
directly from the p-cells and indirectly through the release
of glucagon-like peptide 1 (GLP-1) from L-cells which also
increases insulin levels (Hansen et al. 2011; Chu et al. 2008,
2007; Cox et al. 2010; Lauffer et al. 2008, 2009). Although
palmitoyl ethanolamide (PEA) and oleoyl ethanolamide
(OEA) are strong GPR119 agonists, they are minor dietary
components and thus are not likely to be involved in GLP-1
release (Table 1). However, dietary 2-monoacylglycerols
are abundant and 2-oleoyl glycerol (2-OG) in particular is a
strong agonist for GPR119 (Hansen et al. 2011) and thus a
likely participant in GLP-1 release. GLP-1 is co-packaged
with peptide YY (PYY) and co-released from L-cells upon
stimulation (Bottcher et al. 1984). The release of PYY
results in reduced gastric emptying and promotion of satiety
(Chu et al. 2007). Recently it has been shown that GPR119
is also expressed in the murine eye and activation by 2-OG
serves to reduce intraocular pressure (IOP) with a higher
response in female than male (Miller et al. 2017). Interest-
ingly, the endocannabinoid receptors GPR18 and CB1R are
also found in mice eye and stimulation with A°>-THC also
results in the reduction of IOC, but to a higher degree in
males than females (Miller et al. 2018).

It is well documented that GPR119 signaling proceeds
through Ga, resulting in an intracellular increase in cAMP
(Hassing et al. 2016; Lauffer et al. 2009). The recruitment
of B-arrestin has also been documented but agonist-induced
internalization or possible G-protein independent signaling
have not been reported (Hassing et al. 2016; Southern et al.
2013). More recently, coupling to Ga, and Go; has been
reported where IP; serves as the second messenger (Hassing
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et al. 2016). OEA signal induction is biased and signaling
through the different G proteins varies, where 30-70% is
driven by Gag, 10-30% is driven by G(xq, and 1-10% is
driven by Ga;. All signaling ultimately results in an increase
in [Ca*]; that signals fusion of the insulin-containing vesi-
cles with the plasma membrane (see also reviews Tengholm
2012; Fu et al. 2013).

Activation of GPR119 by short chain ethanolamides
occur with ECs; values in the sub-micromolar to micromo-
lar range where OEA exhibits the smallest ECs, of 200 nM
(Table 1) (Hansen et al. 2011). The classic endocannabi-
noids AEA and 2AG produce very weak or no activation. In
keeping with its function as a lipid sensor, the ECy, values
for lysophosphatidylcholines and 2-OG are in the low micro-
molar range (Hansen et al. 2011).

Structure

hGPR119 (Glucose-dependent insulinotropic receptor, Uni-
ProtKB-Q8TDVS5) is translated as a 335 amino acid poly-
peptide with a calculated molecular weight of 36.9 kDa. No
additional isoforms have been reported. Two coding SNP
variants have been reported (S309L and L236V) but associ-
ated pathologies are unknown (Stelzer et al. 2016; Landrum
et al. 2016). The basic structure consists of seven transmem-
brane helices with a N-terminal extracellular domain of 12
residues and a cytosolic C-terminal of 52 residues. There are
no reported X-ray structures, however, the SWISS-Model
site suggests a that the M5 muscarinic acetylcholine recep-
tor (M5-T4L) bound to tiotropium (21.5% sequence homol-
ogy; template 5cxv.1.A, PDB entry 5cxv) should serve as a
working template (Waterhouse et al. 2018). Posttranslational
modifications are predicted, but none have been confirmed
experimentally (Table S1).

Regulation

To date, there are few reports on the regulation of GPR119.
Although there are numerous potential phosphorylation
sites on this receptor, including many on the C-terminus,
there are no reports involving regulation through phospho-
rylation. p-arrestin binding has been observed (Southern
et al. 2013; Hassing et al. 2016) but the effect on plasma
membrane expression or overall activity remains unknown.
Altered expression of GPR119 has been observed in tissues
involved in inflammatory bowel disease (Grill et al. 2019)
and pancreatic cancer (Odori et al. 2013) but the mechanism
of action is not known.
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GPR18

Introduction

Human GPR18 (hGPR18) is a member of the seven trans-
membrane receptor G-protein coupled receptor 1 family. The
primary agonists for this receptor are reported to be N-ara-
chidonyl glycine (NAGly) (McHugh et al. 2012; Kohno et al.
2006) and resolvin D2 (RvD2) (Chiang et al. 2015, 2017) as
well as various cannabinoid ligands such as A°-THC, CBD,
and Abn-CBD (McHugh et al. 2012), the latter agonists
establishing it as at least a potential cannabinoid receptor.
Not all reports confirm these findings (Finlay et al. 2016).

Expression and characterization

hGPR18 is highly expressed in the blood, with highest
amounts in T-cells, B-cells and NK-cells, bone marrow and
lymphoid tissue, testis, and with lower expression in the
brain, GI tract, and minor amounts in most other tissues
(Uhlén et al. 2015). Expression is higher in the peripheral
lymphocyte subsets (CD45RO*, CD45RA™, CD19%, CD8™,
CD4*, CD4745RA™) than in lymphoid cell lines and mono-
cytes (Kohno et al. 2006). Primary cellular location is the
plasma membrane but is also found in intracellular mem-
branes (Console-Bram et al. 2014).

GPRI18 is expressed throughout the immune system. In
murine lymphoid cells it is found in CD8aa and CD8«f
intraepithelial cells (IELs) where it functions to establish
and maintain the effector T cell compartment (Sumida
and Cyster 2018; Wang et al. 2014). It is also required for
reconstitution of murine thymus-derived IELs following
bone marrow transplantation (Becker et al. 2015). GPR18
is also expressed in neutrophils (PMN) and macrophages
(MF) where stimulation with RvD2 serves to limit PMN
infiltration and enhance macrophage phagocytosis and effe-
rocytosis, thus acting in a pro-resolving manner (Zhang
et al. 2019). RvD2 stimulation of GPR18 also suppresses
the expression of pro-IL-1p and reduces the secretion of
IL-1p in bone marrow-derived macrophages as well as
apoptosis-associated speck-like protein (ASC) oligomeri-
zation, inflammasome assembly and caspase-1 activ-
ity (Lopategi et al. 2019). NAGly stimulation has shown
mixed results (Table 3). NAGly stimulation of GPR18 initi-
ates pro-resolving effects as shown by its enhancement of
PMN apoptosis in induced murine peritonitis and through
increasing the pro-resolving lipoxin A, (LXA,) when trans-
fected into HEK293 cells (Recchiuti and Serhan 2012). In
another study using the same system, NAGly was shown to
increase the amount of free arachidonic acid and the oxi-
dized products 15-deoxy-delta-13,14-PGJ, and LXA,, both
implicated in pro-resolving activities (Burstein et al. 2011).
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However, in murine RAW 246.7 macrophages, stimulation
with NAGly increases apoptosis and caspase-3 expression
(Takenouchi et al. 2012). These results suggest that the
pro- or anti-inflammatory response is cell type dependent.
In humans with sepsis, patients had a lower percentage of
GPR18 expressed in PMNs than healthy controls (Zhang
et al. 2019). Further, the higher the percentage of PMNs
expressing GPR18, the better the survival rate, again sup-
porting a pro-resolving role.

GPR18 is also expressed in neural tissue. Treatment of
endogenous GPR18 through direct application of Abn-CBD
to the rostral ventrolateral medulla (RVLM) of conscious
rats results in the release of nitric oxide (NO) and adiponec-
tin (ADN) resulting in reduced blood pressure and oxidative
stress (Penumarti and Abdel-Rahman 2014a; b). NAGly also
increases NO and ADN, albeit to a lesser extent than Abn-
CBD due to partial activation of co-localized CB1R, known
to activate sympathoexcitation/pressor response that coun-
teracts the response (Penumarti and Abdel-Rahman 2014b).
GPR18 has also been proposed to be involved in microglial-
neuronal communication (McHugh et al. 2014). Treatment
of a BV-2 microglia model system with either NAGly or A°-
THC results in a shift in microglial morphology from ame-
boid-like to branched and at the same time induces altera-
tions in the secretion of five different cytokines (Axl, CD40,
IGF-I, OPN, and Pro-MMP-9) known to be involved in cell
survival, inflammatory response, cell growth, and cell adhe-
sion. In contrast, treatment of murine GPR18 heterologously
expressed in rat superior cervical ganglion with NAGly,
anandamide, AbnCBD failed to elicit changes observed in
other systems, suggesting that noncanonical signaling path-
ways are involved in this system (Lu et al. 2013).

The primary agonist for GPR18 is NAGly (Table 3)
where stimulation of transfected GPR18 is known to
increase [Ca”]i in the recipient cell and inhibit forskolin-
induced cAMP production (Kohno et al. 2006). The fact
that these functions are inhibited by pertussin toxin (PTX)
indicates that the signal transduction proceeds via a Ga;.
NAGly stimulation of GPR18 in murine RAW?264.7 mac-
rophages also leads to signaling via a Gay, resulting in acti-
vation of ERK1/2, p38 MAPK, and c-Jun N-terminal kinases
(JNKSs), all of which stimulate apoptosis (Takenouchi et al.
2012). More recently it has been shown that in addition
to NAGly stimulation, both A°>THC and Abn-CBD also
increase [Ca2+]i, activate MAPK, and signal through a Go,
pathway (Console-Bram et al. 2014) (Table 1). Interestingly,
this same report shows that A°THC also signals through a
Go, pathway and is the only one of these three agonists that
initiates p-arrestin binding. More recently, RvD2 has been
added to the list of GPR18 agonists. Like A°-THC, RvD2

also inititates p-arrestin binding, and cholera toxin (CTX)
and not PTX inhibits signaling. This indicates that signal-
ing proceeds through a Go, pathway which is confirmed by
the increase in cAMP upon stimulation (Davenport et al.
2013). Also, like A°-THC, RvD2 agonism proceed via mul-
tiple pathways, a cAMP-response element binding protein
(cAMP/PKA/CREB) path and an alternate signal transducer
and activator of transcription protein (STAT) path where
STAT1, STAT3 and STATS are activated as well as pathways
leading to the phosphorylation of protein kinase B (PKB or
Akt), p38 MAPK, and ERK1/2 (Chiang et al. 2017).

Structure

hGPR18 (N-arachidonyl glycine receptor, UniProtKB-
Q14330) is translated as a 331 amino acid polypeptide with
a calculated molecular weight of 38.1 kDa. No additional
isoforms have been reported. One coding SNP variants
has been reported (L187M) but associated pathologies are
unknown (Stelzer et al. 2016; Landrum et al. 2016). The
basic structure consists of seven transmembrane helices
with a N-terminal extracellular domain of 26 residues and
a cytosolic C-terminal of 42 residues. There are no X-ray
structures reported, however, SWISS-Model site has a pre-
calculated model available based on the zebrafish lysophos-
phatidic acid receptor LPA6 (26.7% sequence homology;
template Scxv.1.A, PDB entry SCXV) to serve as a work-
ing template (Waterhouse et al. 2018). Posttranslational
modifications are predicted, but none have been confirmed
experimentally (Table S1). However, S322 is a likely phos-
phorylation candidate based on the known phosphoryla-
tion of murine GPR18 (S322, 85.8% sequence homology,
UniProtKB-Q8K1Z6).

Regulation

hGPR18 is reported to undergo constitutive trafficking from
the plasma membrane to internal vesicles, reducing surface
expression in the absence of agonist (Finlay et al. 2016). As
reported for GPR55 and both CB1R and CB2R (see above),
GPR18 also forms heterodimers with CB2R but not CBI1R
when co-transfected into HEK293 cells (Reyes-Resina et al.
2018). The signaling pathway for this heterodimer does pro-
duce an increase cAMP, ERK1/2 phosphorylation and DMR
as expected. However, when both receptors are activated,
negative cross-talk is observed. This heteromer was found to
be expressed in primary microglia cultures and upon activa-
tion with lipopolysaccharide (LPS) and interferon gamma
(INF-y), the expression of both receptors is upregulated.
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GPR92

Introduction

Human GPR92 (hGPR92) is a member of the seven trans-
membrane receptor G-protein coupled receptor 1 family.
The primary agonists for this receptor are reported to be
lysophosphatidic acid (LPA) and farnesyl pyrophosphate
(FPP) with weaker binding to both 2-arachadonyl glycine
(NAG) and NAGly (Table 2) (Oh et al. 2008; Kotarsky et al.
2006; Williams et al. 2009; Yin et al. 2009). The inclusion
of GPR92 in a list of potential cannabinoid or cannabinoid-
like receptors is controversial, but not unfounded. Most of
the known major agonists for this receptor are not agonists
for either CB1R or CB2R, however, there are no reports of
binding experiments for GPR92 with anandamide or any
of the classic phytocannabinoids to exclude GPR92 from
the list. However, there is one report of GPR92 stimulation
by 2-AG (Oh et al. 2008), a known agonist for both CB1R
and CB2R, albeit with a threefold higher ECy, (Table 1).
The activation of GPR92 by NAGly, a known agonist for
GPR18 and GPRS5S5, both clearly strong candidates for
the list, also support the inclusion of GPR92 as at least a
cannabinoid-like receptor. Further, the upregulation of
GPR92 in GPR55~'~ mice and the elevated insulin secretory
response to cannabinoid ligands (AM251 and SR141716A)
in these mice suggest that GPR92 may be responsible for the
response much like GPR55 and GPR119 (Ruz-Maldonado
et al. 2020).

Expression and characterization

hGPR92 is highly expressed in the brain and blood, with
highest amounts in T-cells, B-cells, bone marrow and lym-
phoid tissue, testis, with lower expression in the brain, proxi-
mal digestive tract, GI tract, bone marrow and lymph and
minor amounts in most other tissues (Uhlén et al. 2015).
Expression of GPR92 in the brain and peripheral neural tis-
sue serves to regulate a number of different processes. Many
dorsal root ganglia cells (DRG) co-express TRPV1 (Oh et al.
2008), an anandamide receptor known to be involved in pain
sensing (Caterina et al. 1999), suggesting that GPR92 may
also be involved in neuropathic pain, a clear defining char-
acteristic of cannabinoid receptors. Another study reveals
that GPR92 expression in DRG and spinal cord dorsal horn
are involved in neuropathic pain and that activation only
occurs during injury and through central pCREB (phos-
phorylated CREB) activation (Lin et al. 2012). In addition,
GPR92~'~ mice show decreased sensitivity to acute pain
stimuli (Callaerts-Vegh et al. 2012), supporting its involve-
ment on neuropathic pain. These GPR92™'~ mice also
show changes in anxiety-related and motivational behavior,
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consistent with the expression of GPR92 throughout the
brain. Inhibition of microglial GPR92 with the receptor-
specific antagonist TCLPAS blunts all LPA-induced proin-
flammatory signals indicating that it is involved in the M1
polarization of microglia and hence the proinflammatory
response to neural injury (Plastira et al. 2016).

GPR92 in an important player in the immune system
involving both myeloid and lymphoid branches and is
abundantly expressed in human mast cells (Lundequist and
Boyce 2011). Reduction of expression levels with shRNA
reduces the normal [Ca®*]; response to LPA activation and
abolishes macrophage inflammatory protein 1p (MIP-1p or
CCLA4) secretion, a key function for activated mast cells.
Another myeloid cell function for GPR92 is activation of
human platelets. A variety of GPR92 agonists are known
to induce human platelet shape change, an event consist-
ent with platelet activation (Williams et al. 2009). Studies
also show the involvement of GPR92 in the regulation of
lymphoid cell types. GPR92 is also abundantly expressed
in the CD8™ T cells obtained from mouse colon and mouse
intestinal lymphocytes from all cell populations (Kotarsky
et al. 2006). CD8™ T cell expression of GPR92 in mouse
melanoma model tissue has been reported and found to be
involved in tumor growth (Oda et al. 2013). Specifically,
activation of GPR92 in these cells negatively regulates T
cell antigen receptor (TCR) -induced calcium mobilization
and antigen-mediated proliferation, leading to suppressed
adaptive immunity and enhanced tumorigenesis. GPR92 is
also expressed in mature murine B cells and LPA activation
serves to inhibit B cell receptor signaling (BCR) through
impairment of the normal calcium ion release from intracel-
lular stores, as observed for T cells, as well as limiting the
induction of CD69 and CD86 expression, proteins involved
in cell proliferation (Hu et al. 2014).

The primary agonists for GPR92 are LPA and farnesyl
pyrophosphate (FPP) (Table 2). The GPCR signaling path-
way for hGPR92 is agonist dependent and proceeds though
Gagyp 1, Gag or Gayyy3-mediated pathways leading to IP5/
Ca2+/PKC, cAMP/PKA, and Rho/MAPK mediated signal-
ing respectively. LPA signals through all three pathways
whereas FPP signals through both Ga;; and Go, and NAG
only signals through G, (Oh et al. 2008). LPA/GPR92
signaling through Ga,;; and Ga,,,3 have been reported by
others (Hu et al. 2014; Paugh et al. 2006).

Structure

hGPR92 (Lysophosphatidic acid receptor 5, LPA-5, Uni-
ProtKB-Q9H1CO) is translated as a 372 amino acid poly-
peptide with a calculated molecular weight of 41.3 kDa.
No additional isoforms have been reported. No coding SNP
variants have been reported (Stelzer et al. 2016; Landrum
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et al. 2016). The basic structure consists of seven transmem-
brane helices with a N-terminal extracellular domain of 26
residues and a cytosolic C-terminal of 75 residues. There are
no reported X-ray structures, however, SWISS-Model site
hosts a model (5xsz.1.A) based on the zebrafish lysophos-
phatidic acid receptor LPA (38.0% sequence homology, PDB
entry 5XSZ) to serve as a working template (Waterhouse
et al. 2018). Posttranslational modifications are predicted,
but none have been confirmed experimentally (Table S1).

Regulation

hGPR92 transfected into B103 cells (rat neuroblastoma cell
line) is reported to undergo LPA induced internalization
from the plasma membrane to internal vesicles (Lundeq-
uist and Boyce 2011; Lee et al. 2006). The specific mecha-
nism for internalization is unknown. However, LPA induced
B-arrestin binding has been confirmed (Yin et al. 2009).

GPR3
Introduction

Human GPR3 (hGPR3) is a member of the seven transmem-
brane receptor G-protein coupled receptor 1 family and has
been shown to exhibit constitutive activation of adenylate
cyclase (AC) (Laun et al. 2019). However, sphingosine
1-phosphate (S1P) has been observed to be an hGPR3 ago-
nist (Uhlenbrock et al. 2002; Zhang et al. 2012; Hinckley
et al. 2005). A novel GPR3-specific agonist diphenylenei-
odonium chloride (DPI) has also been reported (Ye et al.
2014; Capaldi et al. 2018), a claim disputed by others (Yin
et al. 2009; Ye et al. 2014; Valverde et al. 2009). GPR3 is not
activated by the classic cannabinoids (Laun and Song 2017).
However, CBD has been shown to be an inverse agonist
(Laun and Song 2017; Laun 2018; Laun et al. 2018).

Expression and characterization

hGPR3 is highly expressed in the brain, moderate amounts
in endocrine and muscle tissue, and lower expression in most
other tissues (Uhlén et al. 2015). Expression of GPR3 in the
brain serves multiple purposes. Tanaka et al. (2007) have
shown that GPR3 is highly expressed in developing rat cer-
ebral granule neurons at all developmental stages examined
(P1, P4, P7, P14). A siRNA knockdown of GPR3 on P7
granule neurons significantly inhibits neurite growth, sug-
gesting a pro-neurite growth function. Transfection of GPR3
into Neuro2a neuroblastoma cells results in a transforma-
tion into neuron-like cells and extension of their neurites.
Further, the upregulation of cAMP by GPR3 serves to block
myelin inhibition. Clearly, GPR3 serves an active role in
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developing neurons where it stimulates neurite outgrowth
and facilitates neuron protection by counteracting myelin
inhibition. Tanaka et al. (2014) extended the role of GPR3 to
include antiapoptotic activity under both hypoxic and reac-
tive oxygen species (ROS) apoptotic conditions.

In contrast to the neuroprotective function, Thathiah et al.
(2009) report that GPR3 is actively involved in amyloid-f
(AP) production from the p-amyloid precursor protein
(APP), a major step in the progression in Alzheimer’s dis-
ease (AD), by aiding the formation and cell surface locali-
zation of y-secretase, one of two enzymes required for AP
production from APP. More recently, this initial finding was
expanded to show that it is the interaction of the C-termi-
nal domain of GPR3 with f-arrestin-2 that is required for
AP production (Thathiah et al. 2013). Further, the bound
B-arrestin-2 directly interacts with the Aph-1la subunit of
g-secretase complex to facilitate the redistribution of the
complex to detergent-resistant membranes where the cata-
lytic activity of the complex is enhanced. Huang et al. (2015)
provide further support for these data where they have shown
that genetic deletion of GPR3 in four different AD transgenic
mouse models results in a reduction in amyloid pathology
in all models. In addition, upon examination of the GPR3
production in human brain tissue they found that there is
no significant correlation between GPR3 expression levels
and age for non-AD individuals whereas GPR3 expression
levels are elevated in AD-patients and the expression level
correlates with progression of the disease.

GPR3 is also involved in the expression and development
of neuropathic pain. Ruiz-Median et al. (2011) examined
Gpr3~'~ and Gpr3** mice and found that in the absence of
GPR3, mice exposed to nerve ligature experience hypersen-
sitivity to thermal non-noxious and noxious stimuli without
altering the spinal inflammation response associated with
sciatic nerve injury. Such results are consistent with GPR3
modulation of nociceptive response to pain.

Sphingosine 1-phosphate (S1P) is the only known natu-
ral hGPR3 agonist, inducing an increase in [Ca”]i associ-
ated with an increase in cAMP levels with a reported ECs,
for Ca®* mobilization of 50 nM for hGPR3 transfected into
HEK?293 cells (Table 2) (Uhlenbrock et al. 2002). S1P acti-
vation of GPR3 resulting in cAMP accumulation have also
been reported for porcine (Zhang et al. 2012) and rodent
GPR3 (Hinckley et al. 2005). Dihydrosphingosine 1-phos-
phate is also an agonist with ECy, values similar to S1P
(Uhlenbrock et al. 2002). However, there are a number of
reports that dispute this claim (Yin et al. 2009; Ye et al.
2014; Valverde et al. 2009) and thus assigning S1P as a
native agonist still remains unclear. Interesting, S1P has been
shown to be an antagonist for CB1R but not CB2R, suggest-
ing similarity in the agonist binding pockets for CB1R and
GPR3 (Paugh et al. 2006). A novel GPR3-specific agonist
diphenyleneiodonium chloride (DPI) has been reported with
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ECjs, values in the low micromolar range (Ye et al. 2014;
Capaldi et al. 2018). Utilizing p-arresin-2 recruitment, acti-
vation with the classic cannabinoids, anandamide, 2-AG
and well as virodhamine and noladin ether proved fruitless
(Laun and Song 2017). Treatment with phytocannabinoids
A°-THC, cannabinol, cannabigerol, and cannabichromene
also has no effect. However, treatment with CBD results in
a reduction in f-arrestin-2 recruitment, indicating that CBD
is an inverse agonist of GPR3 with an ECs in the low micro-
molar region (Table 2) (Laun and Song 2017; Laun 2018).
These results offer only modest support for listing GPR3 as
a cannabinoid-like receptor. However, it should be noted that
the effect of either endocannabinoids or phytocannabinoids
on the accumulation of cAMP or [Ca**]; or GTPyS binding
have not been reported and thus the true potential for can-
nabinoid agonism remains unknown.

GPR3 is known to possess both constitutive signaling as
well as agonist-induced signaling. Uhlenbrock et al. (2002)
observed that hGPR3 transfected into HEK293 cells exhib-
its constitutive activity via Go, and Go; signaling, leading
to activation of adenylate cyclase (AC) or an increase in
[Ca®*]; respectively. However, activated charcoal stripping
of the media to remove potential lipid-like materials did
reduce the constitutive activity somewhat, indicating that
at least a portion of the constitutive activity was initiated
by lipids of unknown identity. In the presence of S1P (or
DHS1P), hGPR3 signals through both Goy; leading to release
of Ca** from thapsigarin-sensitive ER stores and Ga lead-
ing to a modest increase in AC activity. In the presence
of PTX, which knocks out all Go; activity, the AC activ-
ity is enhanced. In contrast, Ye et al. (2014) was unable
to reproduce the aforementioned S1P experimental data
but confirmed the constitutive Ga activity. Further, they
show that the synthetic agonist DPI stimulates an increase
in intracellular cAMP via Ga,. Interestingly, when Go ¢
is overexpressed in the same cells the signaling results in
Ca** mobilization. Constitutive Ga/cAMP signaling has
also been reported in rodent systems (Hinckley et al. 2005;
Tanaka et al. 2007). Although the data for constitutive sign-
aling is quite solid, ligand induced signaling requires further
exploration.

Structure

hGPR3 (G-protein coupled receptor 3, ACCA orphan recep-
tor, UniProtKB-P46089) is translated as a 330 amino acid
polypeptide with a calculated molecular weight of 35.0 kDa.
No additional isoforms have been reported. No coding SNP
variants have been reported (Stelzer et al. 2016; Landrum
et al. 2016). The basic structure consists of seven transmem-
brane helices with a N-terminal extracellular domain of 42
residues and a cytosolic C-terminal of 31 residues. There are
no reported X-ray structures, however, SWISS-Model site

hosts a model (6pt0.1.A) based on the cryo-EM structure of
human cannabinoid receptor 2 -G; protein in complex with
agonist WIN 55,212-2 (25.9% sequence homology, PDB
entry 6PTO) to serve as a working template (Waterhouse
et al. 2018); see also (Morales et al. 2017). Capaldi et al.
(2018) have described generating a model of their own. Post-
translational modifications are predicted, but none have been
confirmed experimentally (Table S1). Only the C-terminus
phosphorylations have experimental support, where phos-
phorylation of S237, S242, S316, S317, S318, S324, S326,
and S328 have been identified (Lowther et al. 2013).

Regulation

Agonist-induced internalization of GPR3 has been docu-
mented by several groups. Lowether et al. (2013) show that
unstimulated, constitutively active hGPR3 internalizes in the
presence of overexpressed f-arrestin-2 and GRK2. Inter-
nalization also requires phosphorylation of S237, S242 on
an intracellular loop and all six phosphorylation sites on the
C-terminus. However, site specific mutation of S237 and
S242 to alanine results in a species that produces twofold
higher cAMP levels than wild type whereas mutation of
all C-terminal serines has no effect on cAMP production.
Clearly, phosphorylation of the loop serines serves to reduce
cAMP signaling but is also required along with C-terminal
serine phosphorylation for B-arrestin-2-mediated inter-
nalization. Further, utilizing catalytically inactive GRK?2
(GRK2-K220R) they show that the binding is necessary for
a reduction in cAMP levels, albeit not to the same levels
as wild type GRK2, suggesting that phosphorylation has
some importance in cAMP regulation. However, without
the ability to phosphorylate, GRK2-K220R does not initiate
internalization even in the presence of f-arrestin-2, confirm-
ing that phosphorylation is paramount to internalization. In
another study DPI-stimulated hGPR3 also shows agonist-
induced p-arrestin-2 receptor internalization and concomi-
tant reduction in cAMP production (Ye et al. 2014). CBD
has also been shown to recruit B-arrestin-2, but its stimula-
tion of receptor internalization has not been evaluated (Laun
et al. 2019).

Allosteric regulation of class A GPCRs by Na® is a com-
mon feature where Na* negatively regulates agonist binding
whereas upon agonist binding, the Na* binding site expe-
riences a conformational collapse (review (Katritch et al.
2014). For some class A receptors, the bound Na* appears
to stabilize the inactive state and reduces the constitutive
activity. Murine GPR3 is allosterically regulated by sodium
ion binding through binding to the pocket formed by C267,
F120, and D86. Capaldi et al. (2018) examined the DPI-
induced cAMP production for the site specific mutants
C267A, F120A, and D86A and found that while the first
two mutants exhibited a 2 and eightfold reduction in activity

@ Springer



348

R. G. Biringer

respectively, the D86A mutant was completely inactive.
Clearly the integrity of the Na* binding site is paramount
for normal activity of this receptor and D86 is involved in
not only agonist-induced but also the constitutive activity
of GPR3.

GPR6
Introduction

Human GPR6 (hGPR6) is a member of the seven transmem-
brane receptor G-protein coupled receptor 1 family and like
GPR3 it has been shown to exhibit constitutive activity in
the production of cAMP (Laun et al. 2018; Tanaka et al.
2007). S1P is the only known natural agonist (Uhlenbrock
et al. 2002; Ignatov et al. 2003a). Dihydrosphingosine
1-phosphate is also an agonist (Uhlenbrock et al. 2002) and
CBD is a biased inverse agonist of GPR6 (Laun et al. 2018).

Expression and characterization

hGPR6 is highly expressed in the brain, the basal ganglia in
particular, and in small amounts in other tissues (Uhlén et al.
2015). It has also been shown that GPR6 is primarily located
in intracellular compartments (Padmanabhan et al. 2009).

Expression of GPR6 in the brain involves neuroprotec-
tion. Tanaka et al. (2007) investigated GPR®6 in rat cere-
bral granule neurons and found that like GPR3 it is also
expressed at all developmental stages examined (P1, P4,
P7, P14), but at lower levels than GPR3, from 6 to 40% of
GPR3 levels depending on the developmental stage. They
also note that GPR6 is also involved in the promotion of
neurite growth and myelin inhibition but provide no sup-
porting data. Tanaka et al. (2014) also show that GPR6 is
involved in antiapoptotic activity under both hypoxic and
reactive oxygen species (ROS) apoptotic conditions. In con-
trast to GPR3, complement protein C1g-induced expression
of GPR6 protects neurons from Af-induced neurotoxicity
in murine Alzheimer Disease models, presumably by sus-
taining pCREB activation through maintaining intracellular
cAMP levels (Benoit et al. 2013).

As observed for GPR3, GPR6 is known to possess both
constitutive signaling and well as agonist-induced signaling.
Constitutive activity proceeds through a Gag and a compet-
ing Go; signaling pathway leading to activation of AC or
inhibition of AC and release of calcium from the ER respec-
tively (Uhlenbrock et al. 2002). S1P stimulation of GPR6
results in the release of Ca** from intracellular stores via
a sphingosine-kinase-mediated pathway (Uhlenbrock et al.
2002; Ignatov et al. 2003a) a kinase known to be activated
through a Go;-mediated pathway (Meyer zu et al. 2001).
Activation of sphingosine kinase is also accompanied by
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an increase in MAPK activity under conditions of oxidative
stress.

Sphingosine 1-phosphate (S1P) has been observed to
be an agonist for hGPR6 with a reported ECs, of 106 nM
(Uhlenbrock et al. 2002) as measured by an increase in intra-
cellular Ca** or G-Protein-Coupled Inwardly Rectifying
Potassium channel (GIRK) currents (Table2) (Ignatov et al.
2003a). Dihydrosphingosine 1-phosphate is also an agonist
with ECs, values similar to S1P (Uhlenbrock et al. 2002).
However, there is one report that disputes this claim (Yin
et al. 2009) but it should be pointed out that the dissenting
data is based on fB-arrestin recruitment and the supporting
data based on Ca®* or GIRK currents and it is conceiv-
able that the spingosine derivatives intitate non-f-arrestin
signaling events. Treatment with CBD results in a reduc-
tion in B-arrestin-2 recruitment and [Ca**]; production but
not on cAMP production, indicating that CBD is a biased
inverse agonist of GPR6. Laun et al. (2018) also report CBD
inverse agonism and indicate that constitutive cAMP pro-
duction is affected as well. The reported CBD ECj, values of
75 nM and 200 nM (Laun and Song 2017; Laun et al. 2018)
(Table 2) offer modest support for listing GPR3 as a can-
nabinoid-like receptor. Further support for this is found in
the binding of SR114528 (EC5,=620 nM) and SR141716A
(EC5y=2770 nM) which are strong synthetic activators for
CB2R and CBI1R respectively (Laun et al. 2018).

Structure

hGPR6 (G-protein coupled receptor 6, Sphingosine 1-phos-
phate receptor GPR6, UniProtKB-P46095) is translated as
a 362 amino acid polypeptide with a calculated molecu-
lar weight of 37.9 kDa. One additional isoform has been
reported, differing only by a slightly elongated N-terminus
(hGPR6-2, 377 amino acids, 39.4 kDa). No coding SNP
variants have been reported (Stelzer et al. 2016; Landrum
et al. 2016). The basic structure consists of seven transmem-
brane helices with a N-terminal extracellular domain of 74
residues (90 residues for isoform 2) and a cytosolic C-ter-
minal of 31 residues. There are no reported X-ray structures,
however, SWISS-Model site hosts a model (6pt0.1.A) based
on the cryo-EM structure of human cannabinoid receptor 2
-G; protein in complex with agonist WIN 55,212-2 (28.1%
sequence homology, PDB entry 6PTO) to serve as a work-
ing template (Waterhouse et al. 2018). Isawi et al. (2020)
describe a model of their own based on the S1P1 receptor.
Posttranslational modifications are predicted, but none have
been confirmed experimentally (Table S1).

Regulation

Little is known about the regulation of GPR6. Regulation
by agonist-induced internalization has been observed for
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GPR6 utilizing S1P as the ligand (Uhlenbrock et al. 2002).
CBD and SR114528, a synthetic agonist of CB2R, are rea-
sonably potent inverse agonists of GPR6, serving to recruit
B-arrestin-2. Although only recruitment has been reported,
the fact that B-arrestin binding is often involved in receptor-
induced internalization suggests that these inverse agonists
may potentially induce internalization. GPR6 has been
shown to be upregulated by the innate immune system com-
plement component 1q (C1q) in Ap challenged rat neurons
(Benoit et al. 2013) giving further support for the involve-
ment of GPR6 in the protection of neurons from Ap-induced
neurotoxicity.

GPR12

Introduction

Human GPR12 (hGPR12) is a member of the seven trans-
membrane receptor G-protein coupled receptor 1 family, and
like GPR3 and GPR6, has been shown to exhibit constitutive
activity producing cAMP (Uhlenbrock et al. 2002; Tanaka
et al. 2007). Sphingosylphosphorylcholine (SPC) is the pri-
mary endogenous agonist (Ignatov et al. 2003b) and S1P
is a weaker agonist (Table 2). As observed for GPR 3 and
6, CBD acts as an inverse agonist for GPR12 (Brown et al.
2017). In contrast, dietary-derived tyrosol increases the con-
stitutive cAMP accumulation (Lin et al. 2008).

Expression and characterization

hGPR12 is highly expressed in the brain, the highest
amounts in the basal ganglia followed by the cerebral cortex
and cerebellum and with lesser amounts found in the proxi-
mal digestive system, female tissues, and in granulocytes
(Uhlén et al. 2015). hGPR12 is ubiquitously expressed in
extremely low amounts in most other tissues.

Expression of GPR12 supports neurite growth and neu-
ronal protection and is involved in brain development. Tan-
aka et al. (2007) investigated GPR12 in rat cerebral gran-
ule neurons and found that like GPR3 and GPR6 it is also
expressed at all developmental stages examined (P1, P4,
P7, P14), but at much lower levels than GPR3 and slightly
lower levels than GPR6 depending on the developmental
stage. They also note that GPR12, like GPR3 and GPR6,
is involved in the promotion of neurite growth and was the
most prominent of the three. GPR12 also reverses myelin
inhibition through a Ga/cAMP/PKA driven inhibition of
the small GTPase RhoA which in turn serves to inhibit the
action of myelin-associated glycoprotein (MAG). Tanaka
et al. (2014) also show that GPR12 is involved in antiapop-
totic activity under both hypoxic and reactive oxygen species
(ROS) apoptotic conditions. Ignatov et al. (2003b) report

that GPR12 is expressed in the murine CNS and within the
areas of differentiation in particular. This is consistent with
the observation that treatment of cultures of embryonal cer-
ebral cortical neurons with SPC increases synaptic contacts.
Further, Bédard et al. (2007) show that GPR12 is upregu-
lated in microglia after treatment with cuprizone, a demyeli-
nating toxin, suggesting a role in response to neuroinflam-
mation. Utilizing HEK293 cells overexpressing hGPR12,
Lu et al. (2012) show that GPR12 plays an important role
in cell proliferation and cell survival, suggesting a similar
role in neural cells.

Mammalian oocytes are maintained in the ovary in pro-
phase I of meiosis until a surge of luteinizing hormone initi-
ates the resumption of meiosis. This meiotic arrest depends
on a high level of cAMP. Hinckley et al. (2005) report that
the activity of both GPR3 and GPR12 is required for main-
tenance of the cAMP levels in rodent oocytes. On the other
hand, Vaccari et al. (2008) report that only GPR3 is respon-
sible of cAMP levels in rodent oocytes. Diluigi et al. (2008)
explored this meiotic arrest in human oocytes and found that
GPR12 is not expressed in human oocytes and thus cannot
be directly involved in cAMP-induced meiotic arrest. They
do suggest, however, that GPR12 expressed in the human
ovary could provide cAMP to the oocytes through gap junc-
tions, a possibility dismissed by Vaccari et al. (2008) as a
possibility in mice.

Sphingosylphosphorylcholine (SPC) is the primary
endogenous agonist for GPR12 with a reported ECj
between 32 and 66 nM for murine GPR12 as measured by
the increase in GIRK currents and intracellular Ca** cur-
rents respectively (Ignatov et al. 2003b) (Table 2). SIP is a
weaker binder with ECs, values of 106 nM for hGPR12 and
1-3 pM for murine GPR12 as measured by the increase in
Ca”" and GIRK currents (Uhlenbrock et al. 2002; Ignatov
et al. 2003b) (Table 2). There is one report that disputes
the claim that S1P is an agonist (Yin et al. 2009), however
B-arrestin binding was the factor measured rather than Ca>*
or an increase on cAMP production. There is one report
indicating that CBD acts as an inverse agonist for GPR12
with an ECs in the 10-100 pM range for reduction of con-
stitutive cAMP production (Brown et al. 2017) (Table 2).
In contrast, various endocannabinoids and other phytocan-
nabinoids show no effect on cAMP accumulation. This
CBD signaling offers only modest support for listing GPR3
as a cannabinoid-like receptor. The addition of tyrosol, a
common metabolite found in the plasma after ingestion of
extra virgin olive oil, to the cell culture medium contain-
ing either hGPR12 transfected into CHO or HEK293 cells
increases the constitutive cAMP accumulation (Lin et al.
2008). For transfected CHO cells the effect begins at 10 nM
and is maximal at 100 nM and higher amounts reduce the
increase in cAMP accumulation incrementally up to 50 pM
tyrosol where cAMP production is still above basal levels.

@ Springer



350

R. G. Biringer

For transfected HEK293 cells a similar pattern was observed
with the maximal induction of cAMP occurring at 1 pM.

As observed for both GPR3 and GPR6, GPR12 also pos-
sesses both constitutive signaling as well as agonist-induced
signaling. Constitutive activity proceeds through a Gog or a
competing Go; signaling pathway that leads to activation of
AC or inhibition of AC and release of calcium from the ER
respectively (Uhlenbrock et al. 2002; Tanaka et al. 2007;
Ignatov et al. 2003b). S1P stimulation of GPR12 results in
the release of Ca®" from intracellular stores via a sphin-
gosine-kinase-mediated pathway (Uhlenbrock et al. 2002;
Ignatov et al. 2003b), a kinase known to be activated through
a Goy-mediated pathway (Meyer zu et al. 2001). CBD, on the
other hand, acts as an inverse agonist that reduces constitu-
tive cAMP production normally conducted via a constitutive
Ga,-mediated pathway (Brown et al. 2017).

Structure

hGPR12 (G-protein coupled receptor 12, UniProtKB-
P47775) is translated as a 334 amino acid polypeptide with
a calculated molecular weight of 36.7 kDa. No additional
isoforms have been reported. No coding SNP variants have
been reported (Stelzer et al. 2016; Landrum et al. 2016).
The basic structure consists of seven transmembrane helices
with a N-terminal extracellular domain of 48 residues and a
cytosolic C-terminal of 31 residues. There are no reported
X-ray structures, however, SWISS-Model site hosts a model
(6pt0.1.A) based on the cryo-EM structure of human can-
nabinoid receptor 2 -G,; protein in complex with agonist WIN
55,212-2 (28.5% sequence homology, PDB entry 6PTO) to
serve as a working template (Waterhouse et al. 2018). Post-
translational modifications are predicted, but none have been
confirmed experimentally (Table S1).

Regulation

Very little is known about the regulation of GPR12. It is
known that GPR12 is upregulated in some areas of the brain
over others and in the brain itself over other tissues (Uhlén
et al. 2015; Ignatov et al. 2003b). In addition, phosphodies-
terase 3A (PDE3A; a cAMP hydrolase) null murine oocytes
were shown to exhibit chronically elevated cAMP and sig-
nificant downregulation of GPR12 mRNA, indicating that
high cAMP levels control GPR12 expression through an
unknown pathway (Hinckley et al. 2005).
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Discussion

Although much is known about the biological activity of the
putative cannabinoid receptors discussed above, the dearth
missing information leads to a number of unanswered ques-
tions. A few of which are addressed below.

Do these receptors fulfill the criteria required to be
designated as cannabinoid receptors?

Experimental data confirm the existence of at least five dis-
tinct cannabinoid receptors (Mackie and Stella 2006; Ruz-
Maldonado et al. 2020). The signature receptors are the
CBIR and CB2R cannabinoid receptors and experiments
utilizing CBIR™~ and CB2R ™'~ mice reveal the existence
of at least three additional cannabinoid receptors. The recep-
tors discussed above represent orphan receptors that fulfill at
least some of the criteria defined by [UPHAR for receptors
to be placed within this classification. The criteria for addi-
tions to the cannabinoid receptor classification published by
Pertwee et al. (2010) are as follows:

1. It should be activated at its orthosteric site and with sig-
nificant potency by an established CB1/CB2 receptor
ligand.

2. It should be activated by at least one established endog-
enous CB1/CB2 receptor agonist at “physiologically
relevant” concentrations.

3. Ifitis a GPCR, it should display significant amino acid
sequence similarity with the CB1 or the CB2 recep-
tor, which are members of the group of rhodopsin-type
GPCRs.

4. It should not be a “well established” non-CB1/CB2
receptor or channel, especially if there is already strong
evidence that (1) this is activated endogenously by a
non-CB1/CB2 receptor ligand with appropriate potency
and relative intrinsic activity and (2) this is not activated
endogenously by any endocannabinoid with appropriate
potency and relative intrinsic activity.

5. It should be expressed by mammalian cells that are
known to be exposed to concentrations of endogenously
released endocannabinoid molecules capable of eliciting
a response.
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Criterion 1 is the most stringent of the five and requires
data that confirms that cannabinoids activate the receptor
at reasonably low concentrations but must not activate the
receptor in an allosteric manner. Ryberg et al. (2007) report
that a number of endocannabinoids and phytocannabinoids
are strong agonists for GPRS55, fulfilling the potency require-
ment. However, others have failed to reproduce this data
(Oka et al.2007; Kapur et al. 2009). Lauckner et al. (2008)
report that A’-THC and anandamide at 5 uM concentrations
both stimulate the increase in [Ca2+]i but do so in a gradual
manner. Other cannabinoids and cannabimimetrics tested
did not increase [Ca”]i in statistically significant amounts.
The fulfillment of the potency requirement is thus in doubt
due to the inconsistency of cannabinoid binding results.
What is well established is that the non-cannabinoid LPI
is a potent GPR55 agonist (Henstridge et al. 2010). Anavi-
Goffer et al. (2012) examined the effect of LPI and various
cannabinoids and cannabimimetrics on GPR55 signaling in
terms of ERK1/2 phosphorylation. They found that both the
CB2 agonist GW405833 and the CB1R antagonist AM251
alone are weak GPR5S5 agonists. Experiments in the pres-
ence of LPI reveal that GW405833 is an allosteric enhancer
and both A°-THC and AM251 are allosteric inhibitors of LPI
signaling. These results indicate that cannabinoid binding to
GPRS55 does not occur at a site orthostatic to the LPI bind-
ing site and that any activation of GPRS55 by cannabinoids
likely occurs through this allosteric site. Although one could
argue that LPI is an allosteric enhancer for GW405833, these
results are clearly not consistent with the intent of criterion
1.

Virodhamine, anandamide and A°-THC are GPR18
agonists, albeit only virodhamine is clearly a tight binder
(McHugh et al. 2010, 2012, 2014; Fuchs et al. 2013), poten-
tially fulfilling the potency requirement. NAGly, has also
been reported to be a potent agonist for GPR18, with ECs,
values similar to virhodamine (McHugh et al. 2012; Kohno
et al. 2006), however, not all reports completely agree with
the findings (Finlay et al. 2016; Lu et al. 2013). Although
similar in structure to anandamide, NAGly is not considered
to be an endocannabinoid (Sheskin et al. 1997) and thus
these activation results cannot be applied to fulfill criterion
1. Experiments examining potential allosteric interactions
involving these agonists or binding site displacement experi-
ments have yet to be reported. For these reasons orthostatic
binding cannot yet be confirmed and fulfillment of criterion
1 remains undetermined.

There is one report indicating a micromolar efficacy for
2-AG with GPR92 (Oh et al. 2008), suggesting that GPR92
could be considered to be a cannabinoid receptor. However,
based on ECj, values, the primary agonists for this receptor
appear to be FPP and various LPAs. Again, the lack of com-
petition experiments and those examining potential allosteric
effects leaves criterion 1 unconfirmed for this receptor.

GPR119 is not activated by any of the accepted endocan-
nabinoids or phytocannabinoids and thus fails to meet cri-
terion 1. GPR119 is activated by the cannabinoid-like OEA
with ECs, values in the nM range (Southern et al. 2013;
Hansen et al. 2011; Hassing et al. 2016) whereas cannabi-
noid receptors do not respond to OEA, strongly suggesting
that cannabinoid-like ligands will not fulfil criterion 1.

GPR3, GPR6, and GPR12 are constitutively active recep-
tors that are further activated by S1P (Uhlenbrock et al.
2002; Zhang et al. 2012; Hinckley et al. 2005). CBD and
several synthetic cannabinoid receptor agonists serve as
inverse agonists for this receptor (Laun and Song 2017; Luan
et al. 2018; Brown et al. 2017). Although the orthostatic
nature of the binding sites for these ligands is unknown, the
very fact that the phytocannabinoid CBD and synthetic can-
nabimimetrics serve as inverse agonists would necessarily
disqualify these receptors from fulfilling criterion 1.

Criterion 2 requires more data to ensure compliance, as
little is known about localized concentrations of endocan-
nabinoids and thus plasma or measured tissue levels are
not necessarily correct criterion for judging compliance.
Further, different measurements of efficacy usually present
with different EC5,, values depending on the location of the
metabolite in the signaling pathway and thus a high ECy,
value for a downstream measurement may be just as viable
as a low ECs, for an upstream event. That being said, if
the results reported by Ryberg et al. (2007) are valid, the
GPR55 would clearly fulfill this criterion, however, these
results do require independent validation. Lauckner et al.
(2008) report that A°-THC and anandamide increase in
[Ca?*]; at 5 uM concentrations suggests that this criterion
is reasonably well satisfied for GPR55. The nM agonism of
GPR18 by virodhamine, anandamide and A°-THC clearly
validate this receptor for compliance with criterion 2. Sup-
port for GPR92 comes only from a single report indicating
an EC;, of 1.78 pM for 2-AG signaling. Although this is
an unlikely plasma concentration, paracrine and autocrine
signaling could potentially reach the necessary threshold,
providing tepid support for criterion 2. If inverse agonism
is considered, the ECs, values for GPR3, GPR6, and GPR12
gives some support for fulfilling criterion 2, however, this
does not appear to be the intent of criterion 2.

Criterion 3 is met by all of the GPCRs noted here. Each
of these receptors show a reasonable homology to either or
both CB1R and CB2R (Table 4). Further, GPR3, GPR6, and
GPR12 are closely phylogenetically related to both CBIR
and CB2R (Morales and Reggio 2017).

Criterion 4 is also met by all of these GPCRs if the term
“well established” is the primary defining term. However,
GPR55, GPR18 and GPR92 are the only receptors discussed
here that are known to be activated by cannabinoids thus are
the only ones considered to fulfill this criterion. The inverse
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Table 4 Percent sequence identity of putative cannabinoid receptors compared to CB1R and CB2R

% Sequence identity

UniprotKB Q9Y2T6 Q8TDV5 Q14330 Q9H1CO P46089 P46095 P47775 P21554 P34972
GPR55 GPR119 GPR18 GPR92 GPR3 GPR6 GPR12 CBIR CB2R

Similarity to CB1 28.6 23.5 23 0 28 26.6 27.3 100 477

Similarity to CB2 28.6 22.5 0 22.1 29.3 33 31.8 47.7 100

Sequence similarity determined using BLAST searches

agonism associated with GPR3, GPR6, and GPR12 likely
disqualifies these receptors from consideration.

Criterion 5 is also met by all GPCRs discussed here.
CB1R and CB2R are highly expressed in the brain followed
by endocrine tissue, adipose tissue, female tissue, lymphoid
tissue, and the GI tract (Uhlén et al. 2015). GPR55, GPR3,
GPR6, GPR12, and GPR9?2 are all highly expressed in the
brain and thus would be exposed to the same concentrations
of cannabinoids experienced by CB1R and CB2R. The argu-
ment for GPR18 is not as strong, as its expression is primar-
ily within the lymphoid system. Support for GPR119 is the
weakest, as it is primarily expressed in the pancreas and GI
tract and is not found in the brain.

Should heteromers be included in the discussion?

Since the early 2000s, data has been accumulating which
indicates that GPCRs have the ability to form dimers and
higher order oligomers when expressed in the same cell.
Additionally, the accumulating data also indicate that such
unions have physiological consequences including altera-
tion of ligand binding, negative cross-talk, and cross-antag-
onism (Ferré et al. 2009; Gonzalez et al. 2012). Further,
both homomers and heteromers have been identified in both
transfected cells and living tissue. It is well established that
both CB1R and CB2R form both homodimers and heterodi-
mers with each other as well as heterodimers with numerous
other receptors (review Morales and Reggio 2017).

GPRS55 has been shown to form heterodimers with both
CBIR and CB2R. HEK293 cells transfected with both
hCBIR and hGPRS55 show that each influences the signaling
properties of the other. In one study (Kargl et al. 2012) co-
immunoprecipitation experiments show that the receptors do
indeed from heteromers. They further show that the presence
of unstimulated CBIR inhibits the signaling of GPRS55, as
measured by MAP kinase activity and NFAT activation, and
that the signaling is restored when CB1R is activated with
strong agonists (e.g., GSK319197A). In addition, the CB1R
signaling is enhanced in the presence of stimulated GPR55
(Kargl et al. 2012). Both CB1R/GPR55 and CB2R/GPRS55
heteromers have been identified in parkinsonian macaque
models and their expression are found to be increased in the

@ Springer

basal ganglia of MPTP treated animals and reduced when
the animals are treated with levodopa (Martinez-Pinilla et al.
2020). CB2R/GPRS55 heteromers have also been detected in
neurons and astrocytes of the human dorsolateral prefrontal
cortex (Garcia-Gutiérrez et al. 2018).

HEK?293 cells transfected both CB1R and GPR18 or
CB2R and GPR18 show that only CB2R forms heterodimers
with GPR18 (Reyes-Resina et al. 2018). Upon simultane-
ous stimulation of both receptors, the net result in signal-
ing (cAMP accumulation, ERK1/2 phosphorylation and
dynamic mass distribution assays) is that the signals become
reduced rather than additive (i.e., negative cross-talk) and
that activation of GPR18 reduces the signaling of activated
CB2R.

Although only two of the orphan receptors have thus far
been shown to form heterodimers with cannabinoid recep-
tors, it is worth considering the ramifications of such sys-
tems. Clearly one has to view the heterodimer as a complex
with a particular biological function one might liken to a
multi-subunit complex where one of the receptors is acting
as a regulatory subunit. In this light it is worthwhile to con-
sider cannabinoid complexes as a different class of receptors
and thus non-cannabinoid ligands as regulatory molecules.

Is there an alternative to the traditional
cannabinoid signaling system?

It is becoming increasingly clear that non-traditional endo-
cannabinoids (e.g., not AEA of 2-AG) that do not bind or
stimulate CB1R or CB2R elicit the same biological affects as
cannabinoids do against these receptors and thus act through
another pathway. This has led a number of researchers to
speculate that there exists a parallel system that serves as
a back-up to or augmentation for CB1R and CB2R signal-
ing (Mackie and Stella 2006; Selley et al. 2013; McHugh
et al. 2010; Rajaraman et al. 2016). For example, NAGly,
an agonist for GPR18 reduces both allodynia and hyperal-
gesia associated with Freund’s complete adjuvant-induced
inflammation and allodynia resulting from nerve ligation
and inflammation in rats, a response typically associated
with CBIR and CB2R response to classical cannabinoids
(Succar et al. 2007). Stimulation of CBIR by traditional
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EA, 15-hydroxyeicosatetraenoic acid ethanolamide; 15S-HPETE-EA,
15S-hydrpertoxyeicosatetraenoic acid ethanolamide; 20-HETE-EA,
20-hydroxyeicosatetraenoic acid ethanolamide; AA, arachidonic acid;
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cannabinoids is known to result in hypotension through
vasodilation. However, the non-traditional cannabinoid Abd-
CBD does not stimulate signaling in CB1R or CB2R recep-
tors but does induce hypotension in rat mesenteric arteries
(Jarai et al. 1999). Similarly, intrathecal application of S1P
reduces nociceptive behavior in rats subjected to a formalin
assay (Compton et al. 1993). On the other hand, there are
reports indicating the LPI and its primary receptor GPR55
are pro-nociceptive (Deliu et al. 2015) and others that indi-
cate no involvement in nociception at all (Carey et al. 2017).

Should endocannabinoid metabolic products be
part of the equation?

It is becoming increasingly clear that non-traditional endo-
cannabinoids (e.g., not AEA of 2-AG) also stimulate can-
nabinoid receptors (Figs. 1, 2, 3, Table 2). One such class of
ligand is represented by the metabolic products of traditional

mwm
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chidonate (12S)-lipoxygenase; ALOX15, arachidonate (15S)-lipoxy-
genase; AKRI1C3, aldo-keto reductase family 1 member C3; COX2,
cyclooxygenase 2; CYP450s, cytochrome P450 enzymes; EA, etha-
nolamide; EXA,-EA, eoxin A, ethanolamide; EXC,-EA, eoxin C,
ethanolamide; EXD,-EA, eoxin D, ethanolamide; EXE,-EA, eoxin
E, ethanolamide; FAAHI,2, Fatty acid amide hydrolase isozymes
1 and 2; GPX, glutathione peroxidase; NAAA, N-acylethanolamine
acid amide hydrolase; NAGly, N-arachidonyl glycine; PGD,-EA,
prostaglandin D, ethanolamide; PGF,,-EA, prostaglandin F, ethan-
olamide; PGH,-EA, prostaglandin H, ethanolamide; PTGDS, prosta-
glandin D synthase

endocannabinoids (Figs. 1, 2, 3). These ligands can thus be
considered to be a continuation of the original AEA or 2-AG
signal, enhancing the signal if it exhibits either tighter bind-
ing or longer half-life, or diminish the signal if it exhibits
weaker binding or a shorter half-life,

Cytochrome P450 enzymes (CYP450) convert AEA into
a variety of epoxide products and the alcohol 20-hydrox-
yeicosatetraenoic acid ethanolamide (20-HETE-EA). One
of these, 5,6-epoxyeicosatrienoyl ethanolamide (5,6-EET-
EA) is a potent agonist for CB2R with comparable bind-
ing efficiency to AEA as well as being more stable than
AEA (Snider et al. 2009), the production of which thus
increases the potency of the original anandamide signal-
ing. In addition, 5,6-EET-EA is also an agonist for CB1R,
albeit with > 1000-fold weaker binding. 20-HETE-EA and
14,15-epoxyeicosatrienoyl ethanolamide (14,15-EET-EA)
also bind to CBIR with 3.6-fold and 5.7-fold lower effi-
ciency that anandamide respectively and are more rapidly
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(+)-11,12-EET-G, racemic 11,12-epoxyeicosatrienoyl glycerol;
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15S-hydroxyeicosatetraenoyl glycerol; 15S-HPETE-G, 15S-hydrop-
eroxyeicosatetraenoyl glycerol; AA, arachidonic acid; ABHD2,

degraded in the brain than anandamide (Sridar et al. 2011)
and hence diminish, but not eliminate the anandamide sig-
nal. Both 5,6-EET-EA and 14,15-EET-EA bind to GPR119
albeit with ICy, values in the micromolar range (Syed et al.
2012), considerably higher ICs, values than endocannabi-
noids for cannabinoid receptors. This may represent dimin-
ishment of the original signal; however, half-lives of these
products must be considered, well as the efficacy and half-
lives of their metabolic products.

Lipoxygenase enzymes convert AEA to enzyme specific
hydroperoxy products that are readily converted to corre-
sponding alcohols. 12(S)-Hydroxyeicosatetraenoyl ethan-
olamide (12(S)-HETE-EA) produced by the lipoxygenase
ALOX12 or in low amounts by lipoxygenase ALOX15
binds to CBIR in rat brain membranes with lower efficiency
(~53%) than AEA and to human CB2R expressed in CHO
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monoacylglycerol lipase ABHD2; ALOX12, arachidonate (12S)-
lipoxygenase; ALOX15, arachidonate (15S)-lipoxygenase; COX2,
cyclooxygenase 2; CYP2J2, cytochrome P450 2J2; GPX, glutathione
peroxidase; MAGK, monoacylglycerol kinase; MAGL, monoacyl-
glycerol lipase; PGD,-G, prostaglandin D, glycerol; PGF, -G, pros-
taglandin F,, glycerol; PGH,-G, prostaglandin H, glycerol; PGL,-G,
prostaglandin I, glycerol

cells also with lower efficiency than AEA (~60%) (Edgem-
ond et al. 1998). Another report indicates that 12(S)-HETE-
EA binds to CBIR in rat brain membranes at 60% of the
efficiency of AEA and to CB2R in rat spleen membranes
72% lower efficiency (van der Stelt et al. 2002). ALOX15
produces 15(S)-Hydroxyeicosatetraenoyl ethanolamide
(15(S)-HETE-EA) from AEA that binds to rat brain CB1R
with lower efficiency than AEA (14%) and does not bind
to human CB2R expressed in CHO cells (Edgemond et al.
1998). A second report confirms these observations where
15(S)-HETE-EA was found to bind to CBI1R in rat brain
membranes but with a lower efficiency than AEA (15%)
and does not bind to CB2R in rat spleen membranes (van
der Stelt et al. 2002). Although the action of lipoxygenase
reduces AEA signal intensity, the signal is still transmitted,
and the overall effect requires knowledge of the respective
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metabolite’s half-life as well as the efficacy and half-lives
of the metabolic products for these metabolites. Lastly,
15S-HPETE-EA produced from AEA by ALOX15 normally
converted to the hydroxy product can also be converted
to eoxin A, ethanolamide (EXA,-EA) by ALOXIS itself
(Feltenmark et al. 2008) which in turn can readily be con-
verted to a series of eoxin ethanolamide products. Although
eoxins are known to be potent signaling molecules in their
own right, the efficacy of the ethanolamide derivative bind-
ing to CB1R or CB2R has not been reported.

Cyclooxygenase 2 (COX2) converts AEA to the unstable
prostaglandin H, ethanolamide (PGH,-EA) which is readily
converted to a variety of prostanoid ethanolamides by the
respective prostanoid enzymes (Biringer 2020). Although
ECs, values have not been reported for ethanolamide pros-
tamides, Berglund et al. (1999) examined the binding of
methylethanolamide, ethylethanolamide, and isopropyl-
ethanolamide derivatives of PGE, and PGF, to both CB1R
and CB2R. Here they find that both methylethanolamide and
ethylethanolamide derivatives of prostaglandin E, (PGE2)
and prostaglandin F,  (PGF,,) exhibit the tightest binding
to both receptors with K; values for the displacement of
CP55940 range from 733 nM to 40 pM depending on the
derivative and receptor.

2-AG is also metabolized to a variety of products and
utilizes some of the same pathways as AEA metabo-
lism (Baggelaar et al. 2018; Kozak et al. 2002). CYP450
enzymes, notably CYP2J2, convert AEA to both,
2-(11,12-epoxyeicosatrienoyl)glycerol (2-11,12-EG) and
2-(14,15-epoxyeicosatrienoyl)-glycerol (2-14,15-EG) which
are both strong agonists for both CB1R and CB2R (Chen
et al. 2008). 2-11,12-EG is the stronger binder with ICs,
values that are 50-60% of those for 2-14,15-EG and both
show a twofold preference for CB2R over CB1R. Lipoxy-
genases ALOX12 and ALOX15 in combination with GPX
convert 2-AG to the corresponding Hydroxyeicosatetrae-
noyl glycerol (HETE-G) products. COX2 converts 2-AG to
prostaglandin H, glycerol (PGH,-G) which is then readily
converted to other prostaglandin glycerols (i.e., PGE,-G,
PGF,,-G, PGI,-G, and PGD,-G) by prostanoid enzymes
(Kozak et al. 2002). Binding activity for any of these oxi-
dized derivatives to either CBIR or CB2R has not been
reported.
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