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Abstract

Transient receptor potential channels (TRPs) form a large family of ubiquitous non-selective
cation channels that function as cellular sensors and in many cases regulate intracellular calcium.
Identification of the endogenous ligands that activate these TRP receptors is still under intense
investigation with the majority of these channels still remaining “orphans”. That these channels
respond to a variety of external stimuli (e.g. plant-derived lipids, changes in temperature, and
changes in pH) provides a framework for their abilities as cellular sensors, however, the
mechanism of direct activation is still under much debate and research. In the cases where
endogenous ligands (predominately lipids) have shown direct activation of a channel, multiple
ligands have been shown to activate the same channel suggesting that these receptors are
“promiscuous” in nature. Lipidomics of a growing class of endogenous lipids, A-acyl amides, the
most famous of which is A~arachidonoyl ethanolamine (the endogenous cannabinoid,
Anandamide) is providing a novel set of ligands that have been shown to activate some members
of the TRP family and have the potential to deorphanize many more. Here it is argued that
activation of TRPV receptors, a subset of the larger family of TRPs, by multiple endogenous lipids
that are structurally analogous is a model system to drive our understanding that many TRP
receptors are not promiscuous, but are more characteristically “opportunistic” in nature; exploiting
the structural similarity and biosynthesis of a narrow range of analogous endogenous lipids. In
addition, this manuscript will compare the activation properties of TRPC5 to the activity profile of
an “orphan” lipid, N-palmitoyl glycine; further demonstrating that lipidomics aimed at expanding
our knowledge of the family of A-acyl amides has the potential to provide novel avenues of
research for TRP receptors.
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Introduction

Transient receptor potential channels (TRPs) form a large family of ubiquitous non-selective
cation channels (Nilius and Owsianik, Vriens et al. , 2004). Numerous excellent reviews
have been written about the subclasses, structure, function, and pharmacology and the reader
is encouraged to read those cited here to gain a better in-depth knowledge of this
exponentially growing field (Hardie, Jiang et al. , Nilius and Owsianik, Venkatachalam and
Montell, 2007) In brief, TRPs are found in many species of animals ranging from standard
invertebrates such as Drosophila and Caenorhabditis elegans (Harteneck et al. , 2000) to
reptiles such as Xenopus laevis (Saito et al. , 2011) to mammals such as rats and humans
(Neeper et al. , 2007). The TRP superfamily of channel proteins present a broad spectrum of
activation mechanisms in response to a variety of stimuli including heat and cold (Clapham,
2002), pH (Yutaka and Yoshitaka, 2010), UV irradiation (Lee et al. , 2011), mechanical
stimuli (Caterina and Julius, 2001), exogenous ligands such as capsaicin (the lipid in chili
peppers that causes the sensations of chemical ‘heat’) (Caterina et al. , 1997) and
resiniferatoxin (a lipophilic toxin found in a cactus-type plant indigenous to Morocco)
(Roberts et al. , 2004) as well as many other plant, environmental and endogenous stimuli.

TRP channels, of which there are over 50 known to science, structurally consist of six
transmembrane-spanning subunits and a recognized pore region formed by a short
hydrophobic stretch. In mammals, TRP channels can be divided by sequence homology into
six major subtypes (Venkatachalam and Montell, 2007, Vriens, Owsianik, 2004). The first
three subfamilies are structurally similar to one another; these are the canonical or classical
subfamily (TRPC1-7), the heat-activated vanilloid TRP channels (TRPV1-6), and the
melastatins (TRPM1-8). The other three subfamilies found in mammals include the
polycystin subfamily (TRPP1-3), the mucolipin subfamily (TRPML1-3), and the ankyrin
reeptor (TRPA1). A seventh TRP subtype, TRPN (formerly nompC), is also recognized in
Drosophila (Walker et al. , 2000). All TRP channels play roles in cell function including
mobilization of calcium or other cations, temperature-sensing, osmolarity, nociception, and
inflammation (Baez-Nieto et al. , 2011, Clapham, 2003, Holzer, 2011). There are a variety
of endogenous TRP activators, most of which are lipophillic in chemical structure (Hardie,
Jiang, Gamper, Venkatachalam and Montell, 2007)

That TRP channels respond to a variety of external stimuli (e.g. plant-derived lipids,
changes in temperature, and changes in pH) provides a framework for their abilities as
cellular sensors, however, the mechanism of direct activation is still under much debate and
research. In the cases where endogenous ligands (predominately lipids) have shown direct
activation of a TRP channel, multiple ligands have been shown to activate the same channel
suggesting that these receptors are “promiscuous” in nature. Here, the discussion will focus
on the activity of a novel class of lipids, A-acyl amides, and their activity at TRPV channels
as well as speculate on the potential that the lipid, A-palmitoyl glycine (PalGly) may be an
endogenous ligand at TRPC5. These examples illustrate how our growing understanding of
the world of endogenous lipids provides novel insight into how these critical and ubiquitous
TRP channels function and suggests that these interactions are more ‘opportunistic’ (/.e.
evolutionarily driven) than ‘promiscuous’ (7.e. random, non-selective).

N-acyl amides and TRPV channels: opportunities abound

Traditionally in the world of biochemistry and cell-cell communication lipids were assumed
to serve as simple structural compartments of cellular membranes without any role in
biological functions. However, progress facilitated by research techniques such as mass
spectrometry have broadened the understanding of lipids beyond their structural roles, and is
helping to describe the specific molecular mechanisms by which they exert their signaling
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actions. The importance of A~acyl amides as signaling molecules emerged in the 1950s,
when Kuehl and colleagues identified A-palmitoyl ethanolamine (PEA,; Fig. 1B), in
soybeans, peanuts and egg yolk and demonstrated it to have anti-inflammatory effects
(Kuehl, 1957). During the last decade over 50 additional members of this family of lipids,
including the endocannabinoid (eCB), N-arachidonoyl ethanolamine (Anandamide; AEA),
form the class of so-called “A~acyl amino acids” (Bradshaw et al. , 2009, Bradshaw and
Walker, 2005, Milman et al. , 2006, Saghatelian et al. , 2006). Structurally, these molecules
consist of fatty acids conjugated to an amine by an amide bond (Fig. 1A). The most is
known species in this class of lipids are the A-acyl ethanolamines, including the
aforementioned AEA and PEA, as well as 4 additional endogenous structural analogs
illustrated in Fig. 1B.

Members of the TRPV family that consists of TPRV1-6, of which TRPV1-4 (also known as
the thermoTRPs for their responses to heat) are the most targeted TRP receptors for drug
discovery as they are major players in mechanisms of pain and inflammation (Di Marzo et
al., 2002). The discovery of TRPV1 (formerly VR1) receptors in dorsal root ganglia (DRG)
in 1997 provided a breakthrough in the field of nociception because the receptor was
identified as a molecular integrator of different types of noxious stimuli (Caterina,
Schumacher, 1997). TRPV1 receptors are mainly expressed in nervous tissue such as A8
and C fibers as well as DRG, trigeminal and nodose ganglia, and sensory neurons of the
jugular ganglia as well as many brain areas (Caterina and Julius, 2001, Nagy et al. , 2004,
Tominaga et al. , 1998) (Starowicz K, 2008). Additionally, they are expressed in non-
neuronal tissues such as keratinocytes (Denda, 2010) (Huang, 2010), pancreas (Schwartz et
al., 2011), and smooth muscle (Benko et al. , 2012). Two commonly known exogenous
chemical activators of TRPV1 are capsaicin (Caterina, Schumacher, 1997) and
resiniferatoxin (RTX) (Starowicz K, 2008), both are highly lipophilic. The activity of these
exogenous ligands is also sensitive to changes in the physical and chemical environment.
Thermal environments above 42°C also activate TRPV1 receptors as well as environments
with a low (acidic) pH (Tominaga and Caterina, 2004). TRPV1 receptor activity by
exogenous ligands can be modulated by endogenous molecules as well, including a number
of factors known to participate in inflammation such as nerve growth factors (Di Marzo,
Blumberg, 2002), prostaglandins E; and I, (Moriyama et al. , 2005), and ATP (Moriyama et
al., 2003). Other identified endogenous activators for TRPV1 are lipoxygenase products of
arachidonic acid (e.g. 12-(s)-HPETE, 9-HODE) (Hwang et al. , 2000, Patwardhan et al. ,
2009), LTB4 (McHugh et al. , 2006) and A-(4-hydroxyphenyl) arachidonoylethanolamide
(AM404), which is a metabolite of paracetamol (De Petrocellis et al. , 2000). Each of these
lipids, likewise are small molecular weight lipids that share a general structural homology in
being derived directly from a single fatty acid chain or fatty acid amide that is oxygenated.

Multiple members of the A-acyl amide class of lipids have been shown to activate a member
of the TRPV family, TRPV1 (Di Marzo, Blumberg, 2002). A-arachidonoyl ethanolamide
(AEA), isolated in 1992 and identified as an endogenous ligand for the cannabinoid
receptors, CB1 and CB2 (Devane WA, 1992), was the first A~acyl amide shown to activate
TRPV1 channels (Zygmunt et al. , 1999). In 2002, Huang and colleagues demonstrated that
N-arachidonoyl dopamine (NADA), structurally similar to the exogenous TRPV1 agonist
capsaicin as well as an AEA structural analog with activity at CB1, is a more potent
endogenous ligand for TRPV1 receptors (Huang et al. , 2002). Subsequently, another
endogenous structural analog to both AEA and NADA was discovered, N-oleoyl dopamine
(OLDA), that was, likewise, shown to activate TRPV1 receptors at low nanomolar
concentrations and cause changes in pain behavior (Chu et al. , 2003). Around the same
time, Ben Cravatt and colleagues showed that 20uM of A-arachidonoyl taurine actives both
TRPV1 and TRPV4 receptors, demonstrating that non-eCB type A-acyl amides could also
activate TRPs (Saghatelian, McKinney, 2006). All A~acyl amides discussed in this review

Life Sci. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bradshaw et al.

Page 4

are, likewise, structurally analogous to AEA, NADA, and OLDA with the difference being
the species of fatty acid and the amine forming the amide bond. Combinatorial predictions
of 7 of the most common fatty acids conjugated to 24 ubiquitous amines gives a potential
168 A-acyl amide combinations (Figure 2). To date, lipidomics techniques have focused on
identifying and characterizing those A-~acyl amides with this simple structure, however,
there is the theoretical potential for the amine to instead be a peptide (2 or more amines
conjugated with amide bonds and then conjugated to the fatty acid). Combinatorial
predictions of this class of lipids are an exponential function and currently only present in
theory.

A critism of the data that AEA and other A-acyl amides are ‘real’ endogenous ligands for
the TRPV receptors is that their production levels, potency, and distribution are potentially
not a direct match for the expression and activational ECsg values of each of these receptors.
For example, NADA and OLDA, which have low nanomolar potency at TRPV1 receptors (a
theoretical ‘physiological’ range of activity), are mainly produced in striatum and to a much
lesser extent in areas of the brain including hippocampus and cerebellum and is virtually
absecent in dorsal root ganglia (DRG) (Huang, Bisogno, 2002), where TRPV1 receptors are
highly expressed (Caterina and Julius, 2001). Alternatively, AEA and N-arachidonoyl
taurine, which are more ubiquitous activate TRPV1 and TRPV4 receptors at pM
concentrations, yet conventional means to determine endogenous levels would suggest that
those ECsq values do not match what is being produced endogenously (Saghatelian,
McKinney, 2006, Zygmunt, Petersson, 1999). Our group recently challenged TRPV1
receptors with over 80 A-acyl amides and discovered 8 novel A-acyl amides that act as
agonists for TRPV1: 3 A-acyl GABAS, 2 novel A-acyl ethanolamides, and 3 A-
docosahexaenoyl amides, each of these N-acyl amides, likewise, showed potency at low uM
concentrations (data published in abstract form, ICRS 2012). Unpublished data from our lab
demonstrated that when these 8 N-acyl amides are added together in a single assay, the
EC50 was in the nanomolar range, suggesting that there is a potential additive effect of
multiple endogenous ligands acting at the same time. This is similar to the so-called
‘Entourage’ effects seen at TRPV1 observed for other Aacyl ethanaolamides (Ho et al. ,
2008) wherein other endogenous structural analogs that are not agonists change the kinetics
of TRPV1 to an agonist; however, the difference here is that each of these lipids is also an
agonist at TRPV1, whereas, the typical entourage are not. Therefore, all together, there are
currently at least 12 endogenous lipid activators of TRPV1 and the possibility that they may
amplify the signaling effects at TRPV1 may be more aptly described as an ‘Ensemble’
effect. Until the full complement of potential A~acyl amides are available as standards it is
not possible to know if additional A-acyl amides exist that will additionally activate TRPV1
(and other TRPs). That a single TRP channel is activated or modulated by multiple
endogenous and exogenous lipids appears to be a normal mode of operation for many TRPs
(Beech). Perhaps the rapid activation and in some cases sensitization of these receptors has
evolved with the production of multiple structurally analogous lipids that share biosynthetic
and metabolic pathways. These data suggest that TRPV1 has evolved as an opportunistic
receptor that is activated by a wide range of structurally similar endogenous lipid ligands.

Comparing activation profiles of N-palmitoyl glycine and TRPC5: they may
be perfect for each other

Members of the TRPC family are store-operated channels in species ranging from
Drosophilato humans (Wu et al. , 2000). The Drosophila TRP channel has a sequence that is
40% identical to human TRPC1 (Wes et al. , 1995). TRPC channels can be modulated by
calcium depletion and the receptors tend to be regulated by phospholipases C and D
(Harteneck and Gollasch, 2011, Hiu-Yee et al. , 2009, Inoue et al. , 2009), which are integral
to the biosynthesis and metabolism of the lipids diacylglycerol and phosphatidylinositol-4,5-
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bisphosphate (PIP,) (Loic et al. , 2008, William et al. , 2009). TRPC3 activation is mediated
by inositol 1,4,5-triphosphate receptors (InsP(3)R) and TRPC channel activation in species
ranging from Drosophila to humans is inhibited by the antagonist molecule 2-
aminoethoxydiphenyl borate (2-AB) (Ma et al. , 2001). A recent review by David Beech’s
group elegantly outlined the activation profile (though mostly modulation) of TRPCS5 by a
range of endogenous factors (Jiang, Gamper). In this review a case was clearly made that 1)
TRPCS is activated or modulated by multiple lipids, though none with obvious specificity,
2) TPRCS has a functional role in neuronal communication, 3) TRPC5’s role as a cellular
sensor is integrally tied to signaling through a GPCR, and 4) TRPCS activity is blocked by
SK&F96365. Functionally, the Beech group review listed roles in neuronal growth cone
axonal guidance, smooth muscle cell migration, and activation of specific amygdala
circuitry during the fear response for TRPC5. Recently, others have shown that TRPC5
plays a role in transduction of noxious cold (Zimmermann et al.) and that TRPCS5 is down
regulated in a model of neuropathic pain (Staaf et al. , 2009). Finally, TRPC5 has been
shown to be activated by nitric oxide (Yoshida et al. , 2006), which is important for the
development of neuropathic pain (Wang et al. , 2008).

Rimmerman and colleagues recently published a report of a novel endogenous A-acyl
amide, N-palmitoyl glycine (PalGly; Fig. 3A), which appears to activate a TRP-like channel
in DRGs (Rimmerman et al. , 2008). The similarities to TRPC5 activation and the activity of
PalGly in DRGs are striking. In this report, the authors ruled out the TRPV1-4 channels as
targets, and speculated that the TRP-like channel driving the response was in some way
associated with a GPCR in that the response was attenuated by PTX. It was shown that
PalGly caused calcium mobilization in the DRG cell line, F-11, as well as in primary DRGs
indicating that the channel was expressed in sensory neurons. Calcium mobilization was
blocked with the non-selective TRP antagonist, ruthenium red; however, the authors also
showed that the more selective TRP-channel blocker, SK&F96365, was extremely effective
at blocking the calcium response. In addition, PalGly induced the production of nitric oxide
in the F-11 cells, which was also blocked by SK&F96365. Functionally, peripheral
administration of PalGly suppressed heat-evoked firing of spinal nociceptive neurons.
Figure 3 shows a comparison of the similarities of the TRPCS5 response and the activity
profile of PalGly in F-11 cells. Our group are currently gathering reagents to test the
hypothesis that PalGly is a direct TRPC5 agonist. This may prove to be another example of
how the ubiquitous TRPs and the ubiquitous A-acyl amides have co-evolved to function as a
unit to transduce information about changing intra and extracellular environments.

Are TRP receptors promiscuous or opportunistic?

A review of the literature about TRP receptor ligands produces numerous papers that label
these receptors as ‘promiscuous’ in nature (Beech, Beech et al. , 2009, Pingle et al. , 2007).
This terminology has been an oft-used adjective in pharmacological studies and prompts an
ideology of a receptor that is not fully functioning without a very specific ligand. Indeed, the
word promiscuous is typically defined as 1) lacking standards of selection; indiscriminate;
2) casual, random; 3) consisting of diverse, unrelated parts or individuals, confused. The
example of TRPV1 activation by numerous structurally similar molecules is not likely
‘indiscriminate’ or ‘random’ in terms of its evolutionary origins. On the contrary, that the
receptor is able to be activated by so many of these structurally analogous lipids suggests
that it is more evolutionarily opportunistic than promiscuous. Opportunistic is typically
defined as 1) exploiting chances offered by immediate circumstances; 2) taking advantage of
any opportunity to achieve an end; 3) able to spread quickly in a previously unexploited
habit. While this may appear to be a pedantic argument its purpose is to suggest a reframing
of how both the functioning of the TRP receptors is viewed and the specificity of the lipid
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ligands that activate them is considered as more a specific evolutionary result than a random,
non-selective occurrence.

Lipidomics studies over the past decade have demonstrated that our knowledge of the
number of lipid molecules that are being synthesized, metabolized, and used in signaling has
increased exponentially. Evolutionary theory would suggest that it is highly unlikely that
these lipids are being synthesized to no specific end in that it would be energetically
disadvantageous for the cell produce a produce a complex molecule for no purpose.
Unlocking the mystery of why these lipids and these channels exist is both thrilling and
daunting. Winston Churchill is credited with the following quote: “A pessimist sees the
difficulty in every opportunity; an optimist sees the opportunity in every difficulty.” A-acyl
amides are ubiquitous lipids that are produced throughout the body and have the opportunity
to play key roles in cellular communication. Likewise, TRP channels are ubiquitous
throughout the body and numerous studies have already demonstrated their multiple
functionalities. Biological opportunism works on the principle that a system exploits its
readily available resources to perform required operations for specific functions. Data
presented here that show TRP channel activation by Afacyl amides provides evidence that
these two systems may have evolved synergistically to perform the role of cellular sensors
throughout the body.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Molecular structure of N-acyl amides

A) Basic molecular structure of all A-acyl amides. B) Molecular structure of 6 A-acyl
ethanolamines.
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The Universe of Putative A-Acyl Amides

arachidonic

stearic

docosahexaenoic

oleic linolenic

palmitic =
linoleic

7 cbmmon fatty acids X 24 amines
168 potential combinations

Figure 2. Combinatorial construct for putative N-acyl amides

The circle on the left contains the names of 7 abundant fatty acids found in mammalian
systems, whereas, the circle on the right contains the standard abbreviations for the 20
common amino acids and 4 common amines (EA=ethanolamine; DA=dopamine; GABA=
gamma-aminobutyric acid; Tau=taurine). These substrates are depicted in a “randomized”
scenario to suggest that there is an equal likelihood that conjugations are possible for each
fatty acid with each amine. To date, we have generated or purchased 81 of these
combinations, therefore, studies are still ongoing to determine the full complement of
endogenous N-acyl amides.
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Activity Profile of PalGly and TRPC5

PalGly

TRPCS

Causes calcium mobilization in DRGs

Is present in DRGs and causes calcium to enter
cell upon activation

Causes increases in nitric oxide production

Increases in nitric oxide causes channel
activity

Blocked by SK&F96365

Blocked by SK&F96365

Plays a role in neuronal signaling of pain

Plays a role in neuronal signaling of pain

Activity is attenuated by PTX

S1P activation is attenuated by PTX

Figure 3. Activity profiles of N-palmitoyl glycine and TRPC5

A) Molecular structure of N-palmitoyl glycine (PalGly). B) Tabular comparison of related
activity profiles for PalGly and TRPCS5. These comparisons illustrate the marked similarity
in the cellular signaling outcomes of either challenging cells with PalGly or activating

TRPCS.
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