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Abstract
A large and growing family of over 70 endogenous lipids of the basic structure N-acyl amide has
been identified during the last 10 years. Only a few of these lipids have been characterized for
biological activity, however, those that have shown a wide range of activity may act at G-protein
coupled receptors (GPCRs). Like orphan GPCRs that are identified as being in the genome and
expressed in tissue, the majority of these endogenous lipids many produced throughout the body,
some predominately in nervous tissue, remain orphaned. Here, we give a brief history of these orphan
lipids and highlight the activity of N-arachidonoyl glycine, and farnesyl pyrophosphate at the orphan
receptors GPR18 and GPR92 respectively as well as summarizing the biological and pharmacological
data for the recently identified N-palmitoyl glycine that suggests activity at a novel GPCR. Working
to deorphanize both lipids and GPCRs together provides a unique opportunity for a greater
understanding of cellular signaling and a challenge to find them all a home.

Matching endogenous lipid ligands with GPCRs lead to the discovery of
orphan lipids

The lipophilic phytocannabinoid, Δ9-tetrahydrocannabinol (THC), was identified from
cannabis in 1965 by Raphael Mechoulam [1]. Δ9-THC and other lipids extracted from the
cannabis plant [2] where shown to activate G-protein coupled receptors [for rev see 3] leading
to the hypothesis that an endogenous ligand, likely a lipid, must be produced. An endogenous
analog to Δ9-THC was identified in Mechoulam’s group in 1992 [4] from porcine brain and
named anandamide after the transliteration of the Sanskrit word ananda meaning bliss, and the
amide bond between the acyl chain, arachidonic acid, and the amine, ethanolamine. This
endogenous cannabinoid, N-arachidonoyl ethanolamine (AEA, Figure 1A) shares a molecular
structure with the growing family of novel endogenous N-acyl amide signaling molecules with
a wide-range of cellular signaling potential [5]. Both Δ9-THC and AEA were shown to activate
the G-protein coupled cannabinoid receptor 1 and induce several physiological and behavioral
outcomes including hypothermia, analgesia, hypoactivity and catalepsy [1,4]. Additional
characteristics of AEA include binding to the GPCR cannabinoid receptor 2 and activating the
transient receptor potential vanilloid type-1 channel (TRPV1) [6–7]. A second endogenous
cannabinoid lipid, 2-arachidonoyl glycerol (2-AG), which also binds both cannabinoid
receptors, was later identified in rat brain and canine gut [8–9]. The field of endogenous
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cannabinoid research has exploded during the last decade and our understanding of basic
neurophysiology, immune function, memory, appetite, and pain [for revs see: 3,10–14] have
grown from these humble beginning. These two endogenous lipids paved the way for the
identification of a growing family of lipids often referred to as endocannabinoids/
endovanilloids and are primarily N-acyl amides in structure. In this report we will discuss of
this family of “orphan” lipids and two of the GPCRs for which a few of them have found a
match. Given the number of orphan lipids now identified and the number of still orphan GPCRs
the combination of the two systems will likely provide novel and important insights into cell
signaling.

Identification of a large family of endogenous N-acyl amides: Orphan lipids
Sumner Burstein and colleagues suggested that N-arachidonoyl glycine (NAGly; Figure 1B)
was a putative endogenous compound in 1997 [15]. The methodologies used in the isolation
and measurements of AEA in biological samples (lipid extractions and HPLC/MS/MS) enabled
the search for other N-acyl amides of similar structure, which were hypothesized to have
comparable function. Thus, Huang and colleagues [16] isolated three novel N-acyl amide
molecules in the brain and periphery: NAGly, N-arachidonoyl GABA, and N-arachidonoyl
alanine. Subsequent work identified N-acyl dopamines; N-arachidonoyl dopamine, N-
palmitoyl dopamine, N-stearoyl dopamine and N-oleoyl dopamine, [17–18]. In addition, other
research groups identified and characterized N-arachidonoyl serine [19] and the N-acyl taurines
[20]. We continued the identification of the N-acyl glycines by way of N-palmitoyl glycine
(PalGly) [21] plus another four N-acyl-glycines from oleoyl, linoleoyl, stearoyl, and
docosahexaenoyl acyl groups conjugated to glycine [22]. Tan and colleagues while in the lab
of the late J Michael Walker [23–24] further demonstrated structural and chromatographic
matches for 54 synthesized N-acyl amino acid standards to endogenous compounds isolated
in brain. Like the N-acyl ethanolamine, glycines, dopamines, and taurines that have been
identified (Figure 2), these novel endogenous lipids are extended members of the N-acyl amide
families in that the acyl chains are typically C16, C18, C20 or C22 with 0 to 6 double-bonds
and each conjugated to an amino acid. These compounds represent a collection of orphan
signaling molecules whose biological activity remains unknown. N-oleoyl ethanolamine and
N-palmitoyl ethanolamine (the oleic and palmitic acid-amide analogs of the endocannabinoid,
AEA) were deorphaned by the GPCRs, 119 [25] and GPR55 [26] respectively and this is
discussed in another paper in this special edition by Kunos and colleagues. Systematic
characterization of each of these orphan lipids at orphan GPCRs will open the door to
understanding how these novel lipids work in the brain.

GPR18
The orphan GPCR, GPR18, consists of 331 amino acids and is located in humans, rodents, and
canine on chromosome 13 [27]. Studies by Kohno and colleagues [28] found that low
concentrations (EC50 ~ 20 nM) of NAGly activate GPR18. NAGly differs from AEA by the
oxidation state of the carbon beta to the amido nitrogen (Figure 1B); a modification that
drastically reduces its activity at both cannabinoid receptors [29]. Therefore, when NAGly was
shown to produce antinociceptive and anti-inflammatory effects in a variety of pain models, it
was hypothesized to be through an alternative receptor [16,30–32]. Consistent with the anti-
inflammatory effects of NAGly, GPR18 is highly expressed in peripheral blood leukocytes
and several hematopoietic cell lines [28] as well as being highly expressed in the spleen [27].
GPR18 clusters with the Epstien-Barr virus active receptor 2 (EBI2) on chromosome 13 in
region q32.3 [33]. EBI2 was also shown to be primary expressed in leukocytes and the spleen
[33] and appears to be essential to the immune response to this pathogen. Burstein and
colleagues [34] showed that at low concentrations NAGly induces proliferation of T cells, but
suppresses production of IL-1β. NAGly also reduces proliferation of the Caco-2, human rectal
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carcinoma cell line [35]. Additionally, NAGly inhibited the glycine transporter, GLYT2a
through direct, non-competitive interactions [36].

The activation of GPR18 in multiple transfected cell lines led to an increase in intracellular
calcium and a decrease in the accumulation of cAMP that was abolished by the pre-treatment
of PTX [28]. These data support the hypothesis that GPR18 is a Gαi/o coupled receptor. In
pancreatic beta cells, NAGly caused intracellular calcium mobilization and insulin release
[37]. This effect was blocked by the L-type voltage-gated channel nitredipine (1 μM) or in the
absence of extracellular calcium. If the calcium mobilization in the beta cells is through GPR18
activation it would suggest a cooperative mechanism with an ion channel. This type of
relationship has been recognized before and was also suspected in the mechanism of action of
the endogenous analog to NAGly that was recently identified, N-palmitoyl glycine (PalGly)
[21].

N-palmitoyl glycine biological activity
Rimmerman and colleagues [21] showed that the NAGly analog, PalGly (Figure 1C) is
produced throughout the body and plays a role in sensory neuronal signaling. The authors found
that PalGly is produced following cellular stimulation and occurs in high levels in rat skin and
spinal cord. PalGly was upregulated in fatty acid amide hydrolase (FAAH) knockout (KO)
mice suggesting a pathway for enzymatic regulation. PalGly potently inhibited heat-evoked
firing of nociceptive neurons in rat dorsal horn. In addition, PalGly induced transient calcium
influx in native adult DRG cells and a DRG-like cell line (F-11). The effect of PalGly on the
latter was characterized by strict structural requirements, PTX-sensitivity and dependence on
the presence of extracellular calcium, which suggests actions through a novel GPCR. PalGly-
induced calcium influx was blocked by the non-selective calcium channel blockers ruthenium
red, SKF96365 and La3+. Furthermore, PalGly contributed to the production of nitric oxide
(NO) through calcium-sensitive nitric oxide synthase (NOS) enzymes present in F-11 cells,
and was inhibited by the nitric oxide synthase inhibitor 7-NI. Together these data point to a
signaling cascade that involves an unidentified GPCR working in conjunction with a calcium
channel. An analogous pathway involving the neuropeptide head activator (HA), which drives
cells into mitosis by its actions at GPR37, has been previously characterized [38]. GPR37
activates a PTX-sensitive pathway regulating a TRPV-like calcium channel (the growth-factor-
regulated calcium-permeable cation channel) that could be inhibited by SK&F 96365 [39].

GPR92
GPCR92 was identified as coupling with a lysophosphatidic acid (LPA) receptor, which when
activated increases intracellular cAMP and calcium [40]. These authors demonstrated that
GPR92 has ~35% amino acid identity with LPA4 (also known as GPR23) [40]. Expression of
GPR92 mRNA was shown at low levels in embryonic brain, moderate levels in skin, spleen,
stomach, thymus, lung, and liver and comparatively high levels in small intestine. Another area
of relatively high expression of GPCR92 was in the dorsal root ganglion, suggesting that this
receptor may contribute to sensory processing [40].

Originally targeted as another LPA receptor, recent evidence supports farnesyl pyrophosphate
(FPP; Figure 3), and NAGly as more potent activators of this GPCR [41].

FPP is a key intermediate in the biosynthesis of steroids including cholesterol as well as the
donor of the farnesyl group for isoprenylation of many proteins, including the βγ subunit of
some G proteins and GTPases, Ras and Rho [42]. FPP is synthesized from farnesol via two
successive phosphorylation reactions mediated by farnesol kinase and farnesyl phosphate
kinase, transitioning first through farnesyl monophosphate (FMP) then to FPP [43]. FPP has
a molecular weight of 433.42 amu, which puts it in the amu category of most of the other
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endogenous lipid molecules recently identified [24] and of the endogenous cannabinoids. At
the GPR92 receptor, FPP increases IP production, cAMP levels, and Ca2+ levels in dose-
dependent manner. Optimal activation of FPP and NAGly occurred in the presence of LPA,
though the FPP/LPA combination had the highest efficacy [41]. Oh and colleagues further
demonstrated that FPP and LPA are able to activate Gq/11 and Gs-mediate signaling pathways,
while NAGly activated only the Gq/11 pathway suggesting a fine-tuning of this response that
is phenotypically distinct depending on the combination of lipids activating the receptors and
which G-proteins are available.

Sheardown and colleagues including AH Dickenson who has extensive work in pain
mechanisms reported that GPR92 knockout mice did not develop neuropathic pain measured
by decreased pain sensitivity subsequent to peripheral nerve injury during the annual Society
for Neuroscience meeting [44]. However, this report has not yet been followed by a publication,
so these data are still only speculative. Supporting evidence for a role in pain comes from the
fact that GPR92 is highly expressed in and largely co-localized with TRPV1 in mouse and
human dorsal root ganglion [40], suggesting that this receptor may contribute to processing of
noxious sensory stimuli. Again, the likelihood that a GPCR and an ion channel are working
together to special

Deorphanizing endogenous lipids
Evolutionary processes have driven the specialization in the expansion and modification of
GPCRs. We are at an exciting cross-road to have a myriad of molecular tools to control
expression of orphan GPCRs in order to characterize the signaling properties of this diverse
group of proteins. Likewise, we are at the beginning of the path to discovery of large families
of orphan endogenous lipids. It is interesting to note that while we speak in terms of percent
homology of GPCRs across species; endogenous lipids are in essence, 100% homologous
among species. N-arachidonoyl ethanolamine is an arachidonic acid conjugated to an
ethanolamine in a snail [45] and a human. Therefore, the study of functional relevance of orphan
lipids can be done in any species possessing that lipid and there is no need for species-specific
reagents to do so. As in the cases of Δ9-THC from cannabis driving the identification of the
two cannabinoid GPCRs and how the wide-range of biological effects of NAGly outlined in
this review drove the identification of its activity at both GPR18 and GPR92, a greater
understanding of functional relevance of endogenous lipids can drive the search for their
receptors. The examples presented in this and other reports in the special edition highlight the
importance of characterizing the interactions of lipids with GPCRs to understand cellular
signaling and ultimately to regulate pathophysiology. Working to deorphanize both lipids and
GPCRs provides a unique opportunity and challenge to find them all a home.
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Figure 1.
Molecular structure of the endocannabinoid, N-arachidonoyl ethanolamine (AEA), A. B-C)
Endogenous structural analogs of AEA, N-arachidonoyl glycine and N-palmitoyl glycine.
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Figure 2.
Examples of N-acyl amides that have been identified endogenously and whose targets are still
being characterized. Each of these endogenous compounds is a conjugation of an acyl chain
ranging from 16–24 carbons in length and contains either 0 or 6 double bonds to a simple
amine. A) N-palmitoyl taurine may activate TPRV1 or TRPV4 receptors [20], B) N-stearoyl
dopamine is located in mammalian striatum [18], C) N-oleoyl ethanolamine activates GPR119
and plays a role in appetite regulation [38], D) N-linoleoyl glycine is present in most tissues
with highest abundance in lung [22], E) N-arachidonoyl serine is present throughout the body
and plays a role in vascular function [19], F) N-docosahexaenoyl glycine is present in most
tissues with highest abundance in skin [22].
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Figure 3.
Farnesyl pyrophosphate (FPP). This endogenous bioactive lipid at GPR92 [41] has a similar
structure to N-acyl amides in that it is an acyl chain with multiple double bonds conjugated to
a more polar head group and is in the middle of the molecular weight of those N-acyl amides
identified to date.
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