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GPR55 is a G protein-coupled receptor. Recently, we obtained evidence that
lysophosphatidylinositol (LPI) is a possible endogenous ligand for GPR55. However,
no information is currently available concerning the biological activities of the indi-
vidual molecular species of LPI. Furthermore, little is known concerning the levels
as well as the molecular species of LPI in mammalian tissues. In this study, we first
examined whether LPI is present in rat brain. We found that rat brain contains 37.5
nmol/g tissue of LPI; the most predominant fatty acyl moiety is stearic acid (50.5%)
followed by arachidonic acid (22.1%). We next compared the biological activities of
various molecular species of LPI and related molecules using HEK293 cells
expressing GPR55. We found that the level of biological activity of the 2-arachidonoyl
species is markedly higher than those of others. These results strongly suggest that
the 2-arachidonoyl species of LPI is the true natural ligand for GPR55.

Key words: 2-arachidonoyl-sn-glycero-3-phosphoinositol, cannabinoid, G protein-
coupled receptor, GPR55, lysophosphatidylinositol.

Abbreviations: [Ca2+]i, intracellular free Ca2+ concentration; ERK, extracellular signal-regulated kinase;
GC, gas chromatography; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; LPG, lysophos-
phatidylglycerol; LPI, lysophosphatidylinositol; PI, phosphatidylinositol; S1P, sphingosine 1-phosphate.

GPR55 is a seven-transmembrane G protein-coupled
receptor identified in 1999 (1). Recently, several groups
reported that GPR55 is a possible novel type of cannabi-
noid receptor (2–4), yet the details remain obscure (5–7).
Very recently, we explored a possible endogenous ligand
for GPR55 using HEK293 cells expressing GPR55 and
found that lysophosphatidylinositol (LPI) induces rapid
phosphorylation of the extracellular signal-regulated
kinase (ERK) and a rapid transient increase in the intra-
cellular free Ca2+ concentration ([Ca2+]i) in these cells (8).
Importantly, LPI did not induce similar cellular responses
in vector-transfected cells. These results strongly suggest
that LPI is an endogenous ligand for GPR55.

In the above study, we employed LPI prepared from
soybean phosphatidylinositol (PI) by phospholipase A2

treatment. The predominant fatty acyl moiety of the LPI
employed in our previous study was palmitic acid (74%)
followed by stearic acid (12%), oleic acid (5%) and linoleic
acid (9%). It is well-known that the fatty acyl moieties
of PI derived from plants and from mammalian tissues
are markedly different from each other. For example, PI
derived from mammalian tissues mainly consists of
stearic acid esterified at the sn-1 position and arachidonic
acid esterified at the sn-2 position. In contrast, PI derived
from plants does not contain arachidonic acid. It is
apparent, therefore, that the molecular species of the
LPI present in mammalian tissues also markedly differs
from that of the LPI present in plants. In relation to this,

it should be noted that monoacylglycerols not containing
arachidonic acid, such as monopalmitoylglycerol, mono-
stearoylglycerol and monooleoylglycerol, do not bind to
cannabinoid receptors (9). Thus, it is essential to deter-
mine the molecular species of LPI present in mammalian
tissues and to evaluate in detail the biological activities of
the individual molecular species of LPI.

In the present study, we examined the level as well as
the molecular species of LPI present in rat brain. We
found that rat brain contains 37.5 nmol/g tissue of LPI.
Notably, rat brain contains a substantial amount of the
arachidonic acid-containing species (22.1%) as well as the
stearic acid-containing species (50.5%). We then compared
the biological activities of the individual species of LPI.
We found that the level of biological activity of the ara-
chidonic acid-containing species is markedly higher than
those of others. These results strongly suggest that the
endogenous natural ligand for GPR55 is the arachidonic
acid-containing species of LPI, i.e. 2-arachidonoyl-sn-
glycero-3-phosphoinositol (2-AGPI).

MATERIALS AND METHODS

Chemicals—LPI sodium salt (derived from soybean),
lysophosphatidylcholine (LPC) (1-palmitoyl), lysophos-
phatidylglycerol (LPG) (1-palmitoyl), lysophosphatidic
acid (LPA) (1-oleoyl), sphingosine 1-phosphate (S1P)
and snake venom phospholipase A2 (Naja naja atra)
were purchased from Sigma (St Louis, MO, USA).
1,2-Dipalmitoyl PI and 1,2-dioleoyl PI were obtained
from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
Lipase (Rhizopus delemar) was acquired from Seikagaku
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Kogyo Co. Ltd (Tokyo, Japan). The Sep-PakTM cartridge
was obtained from Waters Corp. (Milford, MA, USA).
Various species of LPI were chemically or enzymatically
synthesized. For example, 2-arachidonoyl LPI was pre-
pared as follows. LPI, obtained from soybean PI following
treatment with Naja naja atra phosphilipase A2, was then
treated with arachidonic anhydride dissolved in chloro-
form (ethanol-free) using 4-dimethylaminopyridine as a
catalyst at 248C for 10 min. The resultant PI was sep-
arated from the substrate LPI and by-products by TLC
using chloroform:methanol:28% ammonia (55:35:5, v/v) as
the solvent. The purified PI was then hydrolysed by
Rhizopus delemar lipase (50 mg) in 2 ml of 50 mM acetate
buffer (pH 5.6) containing 10 mM CaCl2 and 100 mM NaCl
with vigorous stirring at 248C for 1 h. The enzyme reaction
was terminated by adding 0.4 ml of 200 mM EDTA and 15
ml of chloroform:methanol (1:2, v/v). After the addition of
5 ml of chloroform and 5.6 ml of water, the resultant
2-arachidonoyl LPI was recovered from the water–
methanol layer of the Bligh and Dyer extraction
mixture and purified using a Sep-PakTM cartridge. The
1-Arachidonoyl LPI was obtained by the incubation of
2-arachidonoyl LPI in 100 mM Tris–HCl buffer (pH 8.8) at
248C for 30 min. The purity of the individual LPI was
assessed as above 95% by gas chromatography (GC) and
liquid chromatography-mass spectrometry (LC-MS).
The lipid phosphorus was determined as previously
described (10).

Analysis of LPI in Rat Brain—Wistar male rats (body
weight 250 g) were anaesthesized with diethyl ether. The
brain (about 2 g) was quickly removed and homogenized in
120 ml of chloroform:methanol:water (1:2:0.8, v/v) using a
Waring blender. Following the addition of 2-heptadecanoyl
LPI (50 nmol) as an internal standard, the supernatant
was aspirated. We confirmed that LPI was recovered from
the water–methanol layer of the Bligh and Dyer extraction
mixture (>95%) at neutral or mildly alkaline pH, and it
was recovered from the chloroform layer (>95%) following
several washes of the upper layer with chloroform when
2 M HCl was employed instead of water (data not shown).
The LPI was purified by a two-phase partition in
combination with TLC using chloroform:methanol:28%
ammonia (50:40:6, v/v) as the solvent system and 2D
TLC using the solvent systems, chloroform:methanol:
water (65:35:6, v/v) for the first dimension, and chlorofor-
m:acetone:methanol:acetic acid:water (4:2:1:1.5:0.5, v/v)
for the second dimension. The spot corresponding to the
authentic LPI was scrapped off and chloroform:methanol:
water (1:2:0.8, v/v) was added to the silica gel. The LPI was
extracted from the silica gel by the modified method of
Bligh and Dyer (11) in which 2 M HCl was employed
instead of water. The purified LPI was then treated with
0.5 M methanolic sodium methoxide at 248C for 30 min.
The resultant fatty acid methyl esters were extracted with
hexane and analysed in a gas chromatograph (GC-8A,
Shimadzu, Kyoto, Japan) equipped with a fused silica
column (SP2330, Supelco, Bellefonte, PA, USA).

In some experiments, the purified LPI was analysed by
LC-MS using an Acquity UPLC system (Waters) con-
nected to a ZQ4000 mass spectrometer (Waters) operating
in the electrospray ionization (ESI) mode. The LPI was
detected in the negative ion mode after separation on a

reversed-phase column [Acquity UPLC BEH octadecylsi-
lane (C18) column, 1.7mm, 2.1� 50 mm]. To determine the
positional distribution of the fatty acyl moiety, the brain
was homogenized in chloroform:methanol:water (1:2:0.8,
v/v). The LPI was recovered from the water–methanol
layer of the Bligh and Dyer extraction mixture, separated
using a Sep-PakTM cartridge, and analysed by LC-MS.

Cloning and Cell Culture—A DNA fragment containing
the entire open reading frame of human GPR55 (Gen-
BankTM accession number NM_005683) was amplified
from human spleen cDNA by PCR as described earlier
(8). HEK293 cells were grown at 378C in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U/ml of penicillin and 100 mg/ml of strep-
tomycin. The cells were transfected with GPR55-pcDNA4/
TO or an empty vector using LipofectamineTM 2000
reagent. The stably transfected clones were selected in
the presence of zeocin (100 ng/ml, Invitrogen). The human
GPR35 gene was prepared as follows. A DNA fragment
containing the entire open reading frame of the human
GPR35 (GenBankTM accession number NM_005301) was
amplified from human small intestine cDNA by PCR using
Pyrobest� DNA Polymerase (Takara Bio Inc., Shiga,
Japan) and oligonucleotides (forward primer containing a
KpnI site, a Kozak sequence and a FLAG sequence,
50-AAAAAAGGTACCGCCACCATGGACTACAAGGACGA
CGATGACAAGAATGGCACCTACAACACCTGTGGC-30;
reverse primer containing a XbaI site, 50-AAAAAATCT
AGATTAGGCGAGGGTCACGCACAGAGA-30). The resul-
tant DNA fragment was digested with KpnI and XbaI
and subsequently cloned into the mammalian expression
vector pcDNA4/TO between the KpnI and XbaI sites. The
integrity of the plasmid was verified by DNA sequencing.

RNA Interference Analysis—GPR55-expressing
HEK293 cells were transfected with duplex small inter-
fering RNA (siRNA) for GPR55 using the Lipofectamine
RNAiMAX reagent as previously described (8). Following
transfection, the cells were incubated at 378C for 48 h.
A scrambled stealth RNAi (Invitrogen, Carlsbad, CA USA)
was used as a negative control.

Western Blot Analysis—Western blot analysis was
carried out according to a previously described method
(12). The intensity of the bands was quantified using NIH
Image, and the ratio of phospho-ERK to total ERK was
calculated. The data were expressed as fold-stimulation
(compared to vehicle alone).

Measurement of the [Ca2+]i—The [Ca2+]i was estimated
using a CAF-100 Ca2+ analyser (JASCO, Tokyo, Japan) as
previously described (8).

Statistical Analysis—The data were analysed by ana-
lysis of variance (ANOVA) followed by Tukey’s test (Figs 2,
3 and 5). Considered significant difference was P < 0.05.

RESULTS

Analysis of LPI Present in Rat Brain—We first
analysed the level as well as the molecular species of
LPI present in rat brain using 2-heptadecanoyl LPI as
an internal standard. In this experiment, the fatty acyl
moiety of the purified LPI was converted to fatty
acid methyl esters and analysed by GC (Table 1). We
found that rat brain contains 37.5 nmol/g tissue of LPI.
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The most predominant species is that containing stearic
acid (18.9 nmol/g tissue; 50.5%). Notably, rat brain con-
tains a significant amount of arachidonic acid-containing
species (8.3 nmol/g tissue; 22.1%) in addition to palmitic
acid-containing species (4.8 nmol/g tissue; 12.8%), oleic
acid-containing species (5.0 nmol/g tissue; 13.3%) and
palmitoleic acid-containing species (0.5 nmol/g tissue;
1.3%). On the other hand, the amounts of linoleic acid-
containing species and docosahexaenoic acid-containing
species were negligible.

The occurrence of various species of LPI in rat brain
was also confirmed by LC-MS: m/z 599.3 for the stearic
acid-containing species, m/z 619.2 for the arachidonic
acid-containing species, m/z 571.4 for the palmitic acid-
containing species and m/z 597.3 for the oleic acid-
containing species (Fig. 1). We confirmed that stearic
acid is exclusively esterified at the sn-1 position (99� 1%,
the mean�SD of three determinations) and arachidonic
acid is predominantly esterified at the sn-2 position
(91� 6%, the mean�SD of three determinations).

Effects of Various Species of LPI and Related Molecules
on ERK—We then compared the effects of various
molecular species of LPI and structurally related mole-
cules on ERK in vector-transfected or GPR55-expressing
HEK293 cells. Figure 2 shows the results of such
experiments. Various species of LPI were found to
induce the phosphorylation of ERK in a dose-dependent
manner (Fig. 2A–F). Interestingly, the potencies of
various molecular species of LPI markedly differed. The
highest level of activity was observed with 2-arachidonoyl
LPI (Fig. 2F): the EC50 was 30 nM. Its activity was
approximately 8 times greater than that of 2-linoleoyl

LPI (Fig. 2E), and 15 times that of 2-oleoyl LPI (Fig. 2D),
1-oleoyl LPI (Fig. 2C) and 1-stearoyl LPI (Fig. 2B).
Notably, 1-palmitoyl LPI acted as a weak partial agonist
(Fig. 2A). Marginal activity was also observed with LPG
(1-palmitoyl) (Fig. 2G), while LPC (1-palmitoyl) did not
exhibit any activity (Fig. 2H). Various types of cannabi-
noid receptor ligands such as 2-AG (Fig. 2I), anandamide
(Fig. 2J), CP55940 (Fig. 2K) and O-1602 (Fig. 2L) did not
induce the phosphorylation of ERK. Free arachidonic acid
was also shown to be inactive (Fig. 2M). The cellular
responses induced by various species of LPI are not due to
non-specific physicochemical effects; synthetic detergents
such as sucrose monolaurate (SM-1200) and sodium
dodecylbenzenesulfonate (SDBS) did not affect the phos-
phorylation of ERK (Fig. 2N and O).

Effects of Various Species of LPI and Related Molecules
on [Ca2+]i—We next compared the effects of various
molecular species of LPI and structurally related mole-
cules on [Ca2+]i in vector-transfected or GPR55-expressing
HEK293 cells. As depicted in Fig. 3A–F, various species of
LPI-induced transient increases in [Ca2+]i in GPR55-
expressing HEK293 cells. The highest level of activity
was observed with 2-arachidonoyl LPI (Fig. 3F) and the
lowest level with 1-palmitoyl LPI (Fig. 3A), the same as for
the effects of various species of LPI on ERK as shown in
Fig. 2. LPG acted as a weak partial agonist (Fig. 3G) as in
the case of the phosphorylation of ERK. On the other
hand, LPC, several types of cannabinoid receptor ligands,
free arachidonic acid and detergents did not markedly
affect [Ca2+]i in either the vector-transfected cells or
GPR55-transfected cells even at high concentrations
(Fig. 3H–O).

Relatively high concentrations (such as 3 mM and 10 mM)
of LPI induced small increases in [Ca2+]i in the vector-
transfected cells (Fig. 3A–F). The reason for this is not
clear. One possible explanation is that LPI weakly
interacted with the LPA receptor(s) to elicit a small
response, because pre-treatment of the cells with 10 mM
LPA abolished the response to LPI in the vector-
transfected cells (data not shown).

In contrast to the vector-transfected cells, pre-treatment
with LPA did not markedly affect the LPI-induced change
in [Ca2+]i in the GPR55-expressing cells. As shown in
Fig. 4, pre-treatment of the cells with LPA (10mM) or S1P
(10 mM) did not markedly affect the response to 2-arachi-
donoyl LPI (1 mM). On the other hand, pre-treatment with
2-arachidonoyl LPI (10 mM) markedly reduced the
response to 2-arachidonoyl LPI (1 mM). These results
suggest that 2-arachidonoyl LPI mainly interacted with
a specific receptor, i.e. GPR55, thereby eliciting the
increase in [Ca2+]i in the GPR55-expressing cells.

This was confirmed by an experiment in which siRNA
against GPR55 was employed. As shown in Fig. 5,

Table 1. Fatty acid composition of LPI present in rat brain.

Fatty acid 16:0 16:1 18:0 18:1 18:2 20:4 22:6 Total

Tissue (nmol/g) (%) 4.8� 4.1 (12.8) 0.5� 0.7 (1.3) 18.9�8.9 (50.5) 5.0�2.2 (13.3) trace 8.3� 6.0 (22.1) trace 37.5� 18.1 (100)

Fatty acid composition of LPI present in rat brain was analysed as described in MATERIALS AND METHODS section. The ratios 16:0
indicate palmitic acid; 16:1, palmitoleic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, linoleic acid; 20:4, arachidonic acid; and 22:6,
docosahexaenoic acid (fatty acids are designated as number of carbon atoms:number of double bonds, e.g. 16:0 for palmitic acid). The values
are the means� SD of seven determinations.
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Fig. 1. Analysis of rat brain LPI by LC-MS. LC-MS analysis
was performed as described in MATERIALS AND METHODS
section. The result is representative of three separate
experiments.
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Fig. 2. Effects of various species of LPI and related
molecules on ERK in HEK293 cells stably expressing
GPR55. Vector-transfected cells (open circle) or GPR55-expres-
sing cells (closed circle) were incubated in the presence of various
concentrations of LPI and related molecules at 378C for 5 min.
(A) 1-palmitoyl LPI; (B) 1-stearoyl LPI; (C) 1-oleoyl LPI;

(D) 2-oleoyl LPI; (E) 2-linoleoyl LPI; (F) 2-arachidonoyl LPI;
(G) LPG (1-palmitoyl); (H) LPC (1-palmitoyl); (I) 2-AG; (J)
anandamide; (K) CP55940; (L) O-1602; (M) arachidonic acid;
(N) sucrose monolaurate (SM-1200); and (O) SDBS. The values
are the means�SD of four determinations. �P < 0.001; ��P < 0.01;
���P < 0.05.
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Fig. 3. Effects of various species of LPI and related
molecules on [Ca2+]i in HEK293 cells stably expressing
GPR55. Various concentrations of LPI and related molecules
were added to the vector-transfected cells (open circle) or GPR55-
expressing cells (closed circle) loaded with Fura-2/AM and the
changes in [Ca2+]i were analysed. (A) 1-palmitoyl LPI; (B)

1-stearoyl LPI; (C) 1-oleoyl LPI; (D) 2-oleoyl LPI; (E) 2-linoleoyl
LPI; (F) 2-arachidonoyl LPI; (G) LPG (1-palmitoyl); (H) LPC
(1-palmitoyl); (I) 2-AG; (J) anandamide; (K) CP55940; (L) O-1602;
(M) arachidonic acid; (N) sucrose monolaurate (SM-1200); and
(O) SDBS. The values (�[Ca2+]i) are the means�SD of four
determinations. �P < 0.001; ��P < 0.01; ���P < 0.05.
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treatment of the cells with the siRNA markedly reduced
the response induced by the 2-arachidonoyl LPI. In
contrast, treatment with a control siRNA did not exert
any effect on the 2-arachidonoyl LPI-induced response.

To further confirm that the effects of 2-arachidonoyl
LPI on the GPR55-expressing cells are not attributable
to non-specific effects on the gene-transfected cells, we
examined the effects of 2-arachidonoyl LPI on HEK293
cells expressing a G protein-coupled receptor with

homology to GPR55. Here, we chose GPR35 which has
30% homology to GPR55 (13). As demonstrated in Fig. 6,
2-arachidonoyl LPI induced a Ca2+ transient in the
GPR55-expressing cells. On the other hand, 2-arachido-
noyl LPI did not affect [Ca2+]i in the GPR35-expressing
cells as in the case of the vector-transfected cells.

These results strongly suggest that GPR55 is a spe-
cific and functional receptor for LPI, especially for
2-arachidonoyl LPI, and that the cellular response induced
by 2-arachidonoyl LPI is actually mediated by GPR55.

DISCUSSION

GPR55 is expressed in a variety of mammalian tissues
such as the frontal cortex, striatum, hypothalamus, cau-
date, putamen, adrenal gland, testis, spleen, tonsils and
ileum (1–4). Evidence is gradually accumulating, which
suggests that GPR55 plays essential regulatory roles in
living animals, although the details are yet to be
determined (5–7).

The endogenous ligand for GPR55 remained to be
identified until recently. In an earlier study, we found
that soybean-derived LPI induces rapid phosphorylation
of ERK and a Ca2+ transient in GPR55-expressing
HEK293 cells (8). Notably, these responses were not
observed in vector-transfected cells (8). The results,
together with other experimental data, indicated that
LPI is a possible endogenous ligand for GPR55. To the
best of our knowledge, this is the first report showing clear
evidence for the occurrence of the LPI receptor.

In the present study, we first investigated the level and
the molecular species of LPI present in rat brain,
inasmuch as the molecular species of plant-derived LPI
are postulated to be markedly different from those of
mammalian tissue-derived LPI. We found that rat brain
contains a substantial amount of 2-arachidonoyl LPI
besides other species (Table 1 and Fig. 1). We then
compared in detail the biological activities of the individ-
ual molecular species of LPI and related molecules and
found that the biological activity of 2-arachidonoyl LPI
is much greater (8–15 times) than those of others (Figs 2
and 3). We also confirmed that the biological activity
of 2-arachidonoyl LPI (the phosphorylation of ERK or
the elevation of [Ca2+]i) is 3 times greater than that of
1-arachidonoyl LPI (Oka et al., unpublished results).
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Fig. 5. Effect of siRNA against GPR55 on the 2-arachi-
donoyl LPI-induced Ca2+ transient in HEK293 cells
expressing GPR55. The GPR55-expressing cells were treated
with Lipofectamine alone or siRNA against GPR55 or control
siRNA for 48 h. The cells were then loaded with Fura-2/AM.
2-Arachidonoyl LPI (final concentration, 1 mM) was added to the
cuvette, and the changes in [Ca2+]i were analysed. The values
are the means�SD of four determinations. �P < 0.001 (compared
to Lipofectamine alone).
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transient in HEK293 cells stably expressing GPR55. The
cells loaded with Fura-2/AM were treated with 2-arachidonoyl
LPI, LPA or S1P (final concentration, 10 mM) or the vehicle at 378C
for 1 min, sedimented, and resuspended in HEPES-buffered
Tyrode’s solution (–Ca2+) containing 0.1% BSA. After adding
CaCl2 (final concentration, 1 mM), 2-arachidonoyl LPI (final con-
centration, 1 mM) was added to the cuvette, and the changes in
[Ca2+]i were analysed. The result is representative of three
separate experiments.
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These results strongly suggest that 2-arachidonoyl LPI,
i.e. 2-arachidonoyl-sn-glycero-3-phosphoinositol (2-AGPI),
is the true natural ligand for GPR55.

Previously, several groups reported that GPR55 is a
possible novel type of cannabinoid receptor (2–4). Never-
theless, it is not presently clear whether GPR55 actually
acts a cannabinoid receptor, like CB1 and CB2. For
example, CP55940, a synthetic cannabinoid, failed to
induce the phosphorylation of ERK and a Ca2+ transient
(Figs 2 and 3). In addition, 2-AG, an endogenous ligand for
the cannabinoid receptors (CB1 and CB2), did not exert
any apparent effect on cells expressing GPR55 [Figs 2
and 3 and Refs (4, 8)]. In contrast, several investi-
gators demonstrated that 2-AG stimulated the GPR55-
expressing cells (3). Further detailed studies are needed
to answer the questions whether GPR55 is a typical
type of cannabinoid receptor and whether LPI is an
endocannabinoid.

The physiological significance of GPR55 remains to be
determined. Several investigators reported that GPR55
may play some essential role in the vascular system (14).
On the other hand, Johns et al. (2) described that the
vasodilator effects of several cannabinoids are not
mediated by GPR55. The elucidation of the physiological
functions of GPR55 and its endogenous ligand LPI awaits
future investigation.

The finding that 2-arachidonoyl LPI is the natural
ligand for GPR55 is particularly noteworthy, because the
2-arachidonoyl species of monoacylglycerol, i.e. 2-AG, is
the true natural ligand for the cannabinoid receptors
(CB1 and CB2) (9). There is close structural similarity
between these two molecules, i.e. the presence of the
2-arachidonoyl moiety attached to the glycerol backbone.
2-Arachidonoyl LPI and 2-AG may constitute a novel
bioactive lipid family. In relation to this, it should be
noted that rat brain contains a significant amount of
2-arachidonoyl LPA (10, 15) and that the 2-unsaturated
fatty acyl LPA appears to be the natural ligand for LPA3

(16). Thus, 2-arachidonoyl LPA may be another member of
this novel bioactive lipid family.

LPI can be formed from PI by the action of phospholi-
pase A2 or phospholipase A1; the latter enzyme is assumed
to be involved in the generation of 2-arachidonoyl LPI
from PI. Ueda et al. (17) previously demonstrated that
PI is hydrolysed by phospholipase A1 to release 2-acyl
LPI in rat brain. Alternatively, 2-arachidonoyl LPI
may be formed from PI by the reverse reaction of acyl-
CoA:LPI acyltransferase (18, 19). Several investigators
have demonstrated the generation of LPI in a variety of
mammalian tissues and cells upon stimulation (20).
Various species of LPI including 2-arachidonoyl LPI have
been shown to exist in several biological fluids (21, 22).
Yet, the molecular mechanisms involved in the formation
of LPI in these tissues and cells remain to be determined.
Further detailed studies are required to clarify the
mechanisms underlying the generation of LPI in various
stimulated tissues and cells.

Not much attention has thus far been directed towards
LPI as a bioactive lipid. Several investigators have
demonstrated that LPI stimulates several cellular func-
tions, such as cell growth (21, 23). Nevertheless, the
available information concerning LPI as a bioactive
lipid is sparse compared to that for LPA. In particular,

little information is available concerning the biological
activity of 2-arachidonoyl LPI. The thorough elucidation
of the physiological and pathophysiological significance of
LPI, especially 2-arachidonoyl LPI, and its receptor
GPR55 awaits future investigation.

In summary, we found that rat brain contains a
significant amount of arachidonic acid-containing LPI in
addition to other molecular species of LPI. We also found
the level of biological activity of 2-arachidonoyl LPI to be
the highest using the GPR55-expressing HEK293 cells.
These results strongly suggest that the intrinsic natural
ligand for GPR55 is 2-arachidonoyl LPI.
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Hermansson, N.-O., Leonova, J., Elebring, T., Nilsson, T.,
Drmota, T., and Greasley, P.J. (2007) The orphan receptor
GPR55 is a novel cannabinoid receptor. Br. J. Pharmacol.
152, 1092–1101

4. Lauckner, J.E., Jensen, J.B., Chen, H.-Y., Lu, H.-C.,
Hille, B., and Mackie, K. (2008) GPR55 is a cannabinoid
receptor that increases intracellular calcium and inhibits M
current. Proc. Natl Acad. Sci. USA 105, 2699–2704

5. Petitet, F., Donlan, M., and Michel, A. (2006) GPR55 as a
new cannabinoid receptor: still a long way to prove it. Chem.
Biol. Drug Des. 67, 252–253

6. Baker, D., Pryce, G., Davies, W.L., and Hiley, C.R. (2006)
In silico patent searching reveals a new cannabinoid
receptor. Trends Pharmacol. Sci. 27, 1–4

7. Pertwee, R.G. (2007) GPR55: a new member of the
cannabinoid receptor clan? Br. J. Pharmacol. 152, 984–986

8. Oka, S., Nakajima, K., Yamashita, A., Kishimoto, S., and
Sugiura, T. (2007) Identification of GPR55 as a lysopho-
sphatidylinositol receptor. Biochem. Biophys. Res. Commun.
362, 928–934

9. Sugiura, T., Kishimoto, S., Oka, S., and Gokoh, M. (2006)
Biochemistry, pharmacology and physiology of 2-arachido-
noylglycerol, an endogenous cannabinoid receptor ligand.
Prog. Lipid Res. 45, 405–446

10. Sugiura, T., Nakane, S., Kishimoto, S., Waku, K.,
Yoshioka, Y., Tokumura, A., and Hanahan, D.J. (1999)
Occurrence of lysophosphatidic acid and its alkyl ether-
linked analog in rat brain and comparison of their biological
activities toward cultured neural cells. Biochim. Biophys.
Acta 1440, 194–204

11. Bligh, E.G. and Dyer, W.J. (1959) A rapid method of total
lipid extraction and purification. Can. J. Biochem. Physiol.
37, 911–917

12. Oka, S., Yanagimoto, S., Ikeda, S., Gokoh, M., Kishimoto, S.,
Waku, K., Ishima, Y., and Sugiura, T. (2005) Evidence for

2-Arachidonoyl-sn-glycero-3-phosphoinositol and GPR55 19

Vol. 145, No. 1, 2009

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


the involvement of the cannabinoid CB2 receptor and its
endogenous ligand 2-arachidonoylglycerol in 12-O-tetrade-
canoylphorbol-13-acetate-induced acute inflammation in
mouse ear. J. Biol. Chem. 280, 18488–18497

13. Wang, J., Simonavicius, N., Wu, X., Swaminath, G.,
Reagan, J., Tian, H., and Ling, L. (2006) Kynurenic acid
as a ligand for orphan G protein-coupled receptor GPR35.
J. Biol. Chem. 281, 22021–22028

14. Waldeck-Weiermair, M., Zoratti, C., Osibow, K.,
Balenga, N., Goessnitzer, E., Waldhoer, M., Malli, R., and
Graier, W.F. (2008) Integrin clustering enables anandamide-
induced Ca2+ signaling in endothelial cells via GPR55
by protection against CB1-receptor-triggered repression.
J. Cell Sci. 121, 1704–1717

15. Nakane, S., Oka, S., Arai, S., Waku, K., Ishima, Y.,
Tokumura, A., and Sugiura, T. (2002) 2-Arachidonoyl-
sn-glycero-3-phosphate, an arachidonic acid-containing
lysophosphatidic acid: occurrence and rapid enzymatic
conversion to 2-arachidonoyl-sn-glycerol, a cannabinoid
receptor ligand, in rat brain. Arch. Biochem. Biophys. 402,
51–58

16. Bandoh, K., Aoki, J., Taira, A., Tsujimoto, M., Arai, H., and
Inoue, K. (2000) Lysophosphatidic acid (LPA) receptors of
the EDG family are differentially activated by LPA species.
Structure-activity relationship of cloned LPA receptors.
FEBS Lett. 478, 159–165

17. Ueda, H., Kobayashi, T., Kishimoto, M., Tsutsumi, T., and
Okuyama, H. (1993) A possible pathway of phosphoinositide
metabolism through EDTA-insensitive phospholipase A1

followed by lysophosphoinositide-specific phospholipase C
in rat brain. J. Neurochem. 61, 1874–1881

18. Sugiura, T., Kudo, N., Ojima, T., Mabuchi-Itoh, K.,
Yamashita, A., and Waku, K. (1995) Coenzyme A-dependent
cleavage of membrane phospholipids in several rat
tissues: ATP-independent acyl-CoA synthesis and the gen-
eration of lysophospholipids. Biochim. Biophys. Acta 1255,
167–176

19. Yamashita, A., Watanabe, M., Sato, K., Miyashita, T.,
Nagatsuka, T., Kondo, H., Kawagishi, N., Nakanishi, H.,
Kamata, R., Sugiura, T., and Waku, K. (2003) Reverse
reaction of lysophosphatidylinositol acyltransferase.
Functional reconstitution of coenzyme A-dependent transa-
cylation system. J. Biol. Chem. 278, 30382–30393

20. Corda, D., Iurisci, C., and Berrie, C.P. (2002) Biological
activities and metabolism of the lysophosphoinositides and
glycerophosphoinositols. Biochim. Biophys. Acta 1582,
52–69

21. Xiao, Y.-J., Schwartz, B., Washington, M., Kennedy, A.,
Webster, K., Belinson, J., and Xu, Y. (2001) Electrospray
ionization mass spectrometry analysis of lysophospholipids
in human ascitic fluids: comparison of the lysophospholipid
contents in malignant vs nonmalignant ascitic fluids.
Anal. Biochem. 290, 302–313

22. Sutphen, R., Xu, Y., Wilbanks, G.D., Fiorica, J., Grendys, E.C.
Jr, LaPolla, J.P., Arango, H., Hoffman, M.S., Martino, M.,
Wakeley, K., Griffin, D., Blanco, R.W., Cantor, A.B.,
Xiao, Y.J., and Krischer, J.P. (2004) Lysophospholipids are
potential biomarkers of ovarian cancer. Cancer Epidemiol.
Biomarkers Prev. 13, 1185–1191

23. Falasca, M. and Corda, D. (1994) Elevated levels and
mitogenic activity of lysophosphatidylinositol in k-ras-
transformed epithelial cells. Eur. J. Biochem. 221, 383–389

20 S. Oka et al.

J. Biochem.

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

