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INTRODUCTION:  
DIACYLPHOSPHOLIPIDS AND LYSOPHOSPHOLIPIDS

Glycerophospholipids (more simply phospholipids or PLs) 
are the major components of biomembranes and are main-
ly classified according to their polar heads. The major PLs 
include phosphatidylcholine (PC), sphingomyelin (SM), and 
phosphatidylethanolamine (PE), while minor PLs include 
phosphatidylglycerol (PG), phosphatidylinositol (PI), phos-
phatidylserine (PS), and phosphatidic acid (PA). In addition 
to the differences in the polar head, there are also various PL 
molecular species that differ in their fatty acid moieties. These 
diverse PLs are distributed in different proportions on the two 
sides of the PL bilayers, i.e., extracellular and intracellular 
sides, depending on the polar head and fatty acid moiety, and 
exert various biological functions by forming special mem-
brane domains within the PL bilayer and influencing the func-
tion of specific membrane proteins.

Most PLs in living organisms are diacyl PLs with two fatty 
acids, while lysophospholipids (LPLs), which are two to three 
orders of magnitude less common, have only one fatty acid. 
Phospholipase As (PLAs) are enzymes that hydrolyze the fatty 
acid esters of diacyl PLs to produce LPLs. They are classified 
into two groups based on differences in the position of the fat-
ty acids hydrolyzed. Phospholipase A1s (PLA1s) act on a fatty 
acid at the sn-1 position, while phospholipase A2s (PLA2s) act 
on at the sn-2 position (Fig. 1). More than 50 different PLA2s 
and about 10 PLA1s have been described so far in mam-
mals.1,2) When acting on PLs, PLAs produce one LPL and one 
fatty acid, but which product is needed depends on the situ-
ation. For example, the best characterized cytoplasmic PLA2 
(cPLA2/PLA2G4) selectively releases arachidonic acid from 
PLs and is involved in the production of eicosanoids such as 
prostaglandins and leukotrienes.1) By contrast, phosphatidic 
acid-selective PLA1 (PA-PLA1α) is expressed in specific cells 
in hair follicles and selectively hydrolyzes fatty acids at the  
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Fig. 1.   Structure of Glycerophospholipids and the Position Phospholipase A1 and Phospholipase A2 Cleave 
Glycerophospholipids consist of two hydrophobic fatty acid chains at the sn-1 and sn-2 positions and a hydrophilic polar head at the sn-3 position attached to the glycerol 

backbone via two ester bonds and one phosphodiester bond, respectively. The polar head groups (R) include choline, serine, ethanolamine, glycerol, inositol, and glucose, etc. 
Relatively weak ester bonds in the fatty acid chain can be cleaved by phospholipase A1 or phospholipase A2 to generate a lysophospholipid and a fatty acid.
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sn-1 position of PA in the outer membrane to produce 
lysophosphatidic acid (LPA), which then activates the LPA-
specific LPA receptor LPA6 on adjacent hair follicle cells, 
thereby contributing to the formation of the correct lay-
er structure of the hair follicles.2,3,4) Thus, lysophospholipids 
not only function as bioactive molecules by themselves,5) but 
are also degradation products of PL metabolism. Besides, in 
the PL fatty acid remodeling reaction (also known as Land’s 
cycle), LPLs are important intermediates. Unlike other LPLs, 
LPA also serves as an intermediate metabolite in the de novo 
PL synthetic pathway. As stated above, LPLs have a variety of 
roles. Here, we focus on the functions of LPLs mediated by G 
protein-coupled receptors (GPCRs) (LPL mediators), especial-
ly lysophosphatidylinositol (LPI), which has a sugar inositol 
moiety at its polar head, with comparison to other LPL medi-
ators (Fig. 2).

LYSOPHOSPHATIDYLINOSITOL (LPI)

LPI is thought to result from deacylation of phosphatidylin-
ositol (PI) by the action of PLA1 or PLA2. PI is a major com-
ponent of cellular PLs in higher organisms including mam-
mals, and LPI is therefore thought to be present in almost all 
cells, albeit in varying amounts. In fact, when LPLs in various 
cells and tissues were analyzed using a highly sensitive LPL 
detection system developed by the authors, LPI was detected 
in all cells and tissues tested (our in-house data).

In Vivo Presence   Like other LPLs, LPI is widely pre-
sent in vivo. Table 1 shows the concentrations of various LPLs 
in human plasma. The most abundant LPL in the plasma is 
lysophosphatidylcholine (LPC), with concentrations reach-
ing several hundred µM. LPC is constantly produced from PC 
on lipoproteins by the action of lecithin-cholesterol acyltrans-
ferase (LCAT) and lipases (mainly lipoprotein, hepatic and 
endothelial lipases).6) On the other hand, the concentration of 
LPA and lysophosphatidylserine (LysoPS), which are known 

to function as bioactive LPLs via specific GPCRs, are much 
lower than the concentration of LPC, ranging from a few to 
several dozen nM. The plasma concentration of LPI, the main 
LPL discussed in this review, is relatively high at several µM. 
Plasma contains about 50 µM phosphatidylinositol (PI), and 
LPI in plasma is thought to be generated by deacylation of PI 
by PLAs.

The sources of LPI and PI detected in the plasma are not 
known. However, it is reasonable to assume that most of the 
plasma PLs including PI an LPI originate from the liver. This 
is because 1) the fatty acid composition of PC in the plasma 
is similar to that of PC in liver, 2) most of the plasma PLs are 
present on lipoproteins,7) and 3) lipoproteins are produced and 
secreted by the liver.

LPI is also present in a variety of cultured cells and tissues 
and may be derived from deacylation of PI. It is not clear how 
LPI is produced in these cells and tissues, one report indicat-
ed that a cytoplasmic PLA1, called DDHD1 or PA-PLA1, is 
involved in the production of LPI.8)

LPI and Cell Proliferation   LPI abundance is reported to 
change at the cell and animal levels. Alonso et al.9) analyzed 
PLs in the cells transformed with Ras and found that onco-
genic transformation enhanced inositol PL metabolism, result-
ing in increased PI and LPI levels. Furthermore, Corda's group 
indicated the involvement of PI-specific PLA2 in the produc-

Fig. 2.   Pathways of Lysophospholipid (LPL) Production and Their Receptors 
This schematic diagram shows the pathways by which lysophospholipids (LPLs) are produced from diacylphospholipids in biological membranes, together with the enzymes 

related to phospholipid metabolism. All LPL receptors are classified as seven-transmembrane GPCRs and are known to be involved in various cellular functions via several differ-
ent types of Gα proteins. There are six GPCRs for LPA, five for S1P, 3 for LysoPS (in the case of human) and one for LPI. GPR55 can be activated by various lysophospholipids 
other than LPI, such as LPG and LPtdGlc.

Table 1.    Concentration of Lysophospholipids in Human Plasma Under 
Normal Conditions

Lysophospholipids Concentration in Plasma
Lysophosphatidylcholine (LPC) 100~300 µM
Lysophosphatidylethanolamine (LPE) ~10 µM
Lysophosphatidylinositol (LPI) 1~10 µM
Lysophosphatidylglycerol (LPG) 100~500 nM
Lysophosphatidic acid (LPA) ~50 nM
Lysophosphatidylserine (LysoPS) Not detected (< 10 nM)
Sphingosine monophosphate (S1P) 1~5 µM
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tion of LPI by Ras transformation.10) They also suggested that 
LPI enhances cell proliferation, and thus they proposed that 
LPI is a bioactive lipid with a cell proliferation stimulation 
activity.

LPI and Cancer   Increased levels of LPI have been 
observed in several types of human cancer cell lines, includ-
ing ovarian, lung and thyroid cancer cells.11,12,13) These studies 
pointed to the usefulness of blood phospholipids as cancer bio-
markers. LPI levels are higher in human colorectal cancer tis-
sues than in normal tissues.14,15) Similar cancerous changes in 
LPI have been also reported in Ulcerative colitis (UC)-related 
colorectal cancer.16)

PI and PIPs and Cancer   PI is also converted to phos-
phatidyl inositol phosphates (PIPs) as well as LPI. (Fig. 3).  
The levels of PI and their fatty acid compositions have 
been found to change in some cancer tissues. For example, 
Kawashima et al. showed that PI containing arachidonic acid 
(20:4) was the major PI species in normal tissues, while in 
breast cancer tissues, 20:4-PI was greatly reduced and the pro-
portion of PI molecular species with fatty acids such as 18:1 
and 20:3 was increased.17,18) These changes in PI molecular 
species were particularly pronounced in the superficial layers 
of cancer tissues, suggesting a relationship with the invasive 
potential of cancer cells.

Deletion of the tumor suppressor gene PTEN, a PIP3 phos-
phatase, has been observed in many cancers, and variation in 
PIPs levels has also been observed in many cancer types, with 
increases in PIP1 and decreases in PIP2 and PIP3. A decrease 
in the number of double bonds in the fatty acid portion of PI 
and PIPs is remarkable.19) It is likely that changes in the sat-
uration of fatty acid chains in PI and PIPs affect the behav-
ior of cancer cells. For example, analysis of human colorectal 
cancer-derived spheroids revealed that arachidonic acid-con-
taining PI (18:0/20:4) accumulated at the outer edge of tumor 
tissue, suggesting that arachidonic acid-containing PI has 
some roles in the migratory and invasive properties of cancer 

cells.20) These reports suggest that PI is actively metabolized in 
tumors, creating an environment in which LPI is readily pro-
duced.

BIOLOGICAL ACTIONS OF LPI

LPI Receptors   As stated above, LPI has been considered 
to be a bioactive lipid involved in cell proliferation because 
LPI level is high in cells with active cell proliferation in vit-
ro and also in cancer tissues. The LPI target(s), however, had 
not been known for a long time. The first clues to the targets 
of LPI appeared in early 2000, when patents from two phar-
maceutical companies (Astrazeneca and Glaxo Smith Kline) 
indicated that GPR55 responded to certain cannabinoid ago-
nists, raising the possibility that GPR55 is the third cannab-
inoid receptor after cannabinoid receptors 1 and 2 (CB1 and 
CB2).21,22) The endogenous ligands for cannabinoid receptors 
are 2-arachidonylglycerol (2-AG) and anandamide (Fig. 4), 
but GPR55 was later shown not to respond to 2-AG or ananda-
mide. Today, GPR55 is not recognized as an endocannabinoid 
(endogenous cannabinoid) receptor.23) GPR55 shares homolo-
gy at the amino acid and nucleic acid levels with the lysophos-
phatidic acid (LPA) receptors, LPA4/P2Y9, LPA5/GPR92, and 
LPA6/P2Y5, and the lysophosphatidylserine (LysoPS) recep-
tors, LPS1/GPR34, LPS2/P2Y10, and LPS3/GPR174 (Fig. 2).24) 
Therefore, from a structural point of view, it is reasonable that 
GPR55 recognizes LPI, which is a kind of LPL. However, 
the pathway and enzymes involved in LPI production are not 
known. As described below, LPLs other than LPI also activate 
GPR55. Therefore, even though many reports have confirmed 
the activation of GPR55 by LPI, it must be said that the true 
GPR55 endogenous ligand has not yet been identified.

Properties of GPR55   GPR55 is widely distributed in 
various organs in both human and mouse but is most strong-
ly expressed in the brain and immune system. Several studies 
have shown that GPR55 couples mainly with Gα13.25) GPR55 

Fig. 3.   Structures of PI, LPI and PIPs 
Chemical structures of PI, LPI and PIPs are shown. Note that the fatty acid chains are omitted for PIPs. LPI is formed by hydrolysis of the fatty acid at the sn-1 or sn-2 position 

of PI by phospholipase As (PLAs). LPI can be acylated by lysophosphatidylinositol acyltransferase 1 (LPIAT1) to be PI. PIPs are produced by the stepwise addition and/or removal 
of phosphate groups at the 3′, 4′ and 5′ hydroxy groups of PI. Rightward reactions are carried out by phosphoinositide kinases and the leftward by phosphatases.
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has been reported to respond not only to LPI but also to LPLs 
with phosphosugars such as lysophosphatidylglucose (LPtdG-
lc) and lysophosphatidylglycerol (LPG).26,27) Our in-house data 
suggest that GPR55 also weakly responds to lysophosphatidyl-
serine (LysoPS) (Fig. 5). Thus, it is likely that the polar head 
recognition by GPR55 is not as strict as that of other receptors 
for LPA and LysoPS. This is another reason why the endog-
enous ligand for GPR55 is unknown. Sugiura et al.27) report-
ed that the activation of GPR55 was greatly affected by the 
fatty acid portion of LPI. They showed that GPR55 strongly 

responds to 2-arachidonyl-LPI, which has arachidonic acid at 
the sn-2 position of the glycerol backbone. This ligand speci-
ficity of GPR55 provides a clue to the LPI production system. 
The same group proposed intracellular PLA1 (DDHD1) as a 
candidate 2-arachidonyl-LPI-producing enzyme.8) Removal of 
the polar head of 2-arachidonyl-LPI (phosphoinositol), yields 
2-arachidonylglycerol (2-AG). 2-AG is an endogenous ligand 
for the cannabinoid receptors CB1 and CB2. It is an interest-
ing idea that 2-arachidonyl-LPI functions as a GPR55 ligand 
and is then hydrolyzed to 2-AG to act as a CB1/2 ligand.

Non-Immune Roles of GPR55 Signaling   GPR55 KO 
mice have a variety of phenotypes. One is a reduced sensitiv-
ity to mechanical hyperalgesia,28) which was observed in both 
the adjuvant-induced inflammatory and partial nerve ligation-
induced neuropathic pain model. Particularly in the inflam-
matory model, the expressions of some cytokines were found 
to be variable. Gut et al.26) reported that abnormal axon elon-
gation was observed in developing brain in GPR55-deficient 
mice, and GPR55 was responsible for ligand-repulsive axon 
guidance in nociceptive, pain-sensitive neurons. They pro-
posed that LPtdGlc was produced by radial glia and served as 
a ligand for GPR55.

Roles of GPR55 Signaling in Cancer   GPR55 appears 
to be deeply involved in the progression of cancer. GEPIA2 
(Gene Expression Profiling Interactive Analysis, using data 
from TCGA and GTEx), which is a gene expression database 
of cancer tissue, was used to examine the association between 
GPR55 and cancer. Among patients with myeloid leukemia 
(n=106), the top 25% (n=27) with high expression of GPR55 
in bone marrow cell samples had significantly lower surviv-
al rates than the bottom 75% (n=79) (Fig. 6).29) Other analysis 
of clinical samples from human cancer patients also suggested 
that GPR55 expression correlated with cancer progression in 

Fig. 4.   Structures of Lysophospholipids (LPLs) and Endogenous Ligands for Cannabinoid Receptors 
Chemical structures of various LPLs are shown. LPLs are composed of about 1000 molecular species in living organisms due to their diversity of polar head groups and fatty 

acids. 2-AG and anandamide, which have similar structures to LPLs, have been reported as intrinsic ligands for cannabinoid receptors CB1 and CB2. It is now known that they are 
not ligands for GPR55.

Fig. 5.   GPR55 Is Activated by Various Lysophospholipids 
TGF-α shedding assay was used to evaluate GPR55 activation. The x-axis shows 

the concentration of each lysophospholipid ligand. The y-axis shows the percentage of 
AP-TGF-α release as a result of GPR55 activation, which corresponds to the degree of 
activation. GPR55 responds relatively strongly to LPI and LPG and weakly to LysoPS, 
but not to LPA.
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several cancer types. For example, in breast tumors, pancreat-
ic tumors, and glioblastomas, GPR55 expression was positive-
ly correlated with poor prognosis and cancer progression.  30,31)

Indeed, some in vivo   mouse models showed that GPR55 had a 
role in tumorigenesis.  31,32)  In azoxymethane and dextran sodi-
um sulfate (DSS)-induced colorectal cancer models, GPR55-
defi cient mice showed signifi cantly reduced colorectal cancer 
development. GPR55 has also been reported to stimulate cell 
proliferation in vitro 31,33,34)  and promotes metastasis in vivo  .  30,35)

Thus, many reports agree that GPR55 generally promotes the 
progression of cancer. Most studies of GPR55 have been about 
its function in cancer cells.  36,37)    

 Roles of GPR55 Signaling in the Immune System       As 
mentioned above, expression of GPR55 in cancer cells is 
thought to play an important role in cancer progression. 
GPR55 is also expressed on immune cells where it has some 
unique functions. Here, we describe the functions of GPR55 in 
myeloid and lymphoid cells.   

   GPR55 has been reported to function in human and mouse 
myeloid cells. In human mast cells, GPR55 is involved in 
chemotaxis by its ability to recognize the chemical gra-
dient of LPI.  38)  As in mast cells, LPI promotes migration of 
human monocytes and macrophages via GPR55.  39)  GPR55 
also promotes and inhibits the production of proinfl ammatory 
cytokines in mouse macrophages.  40,41)    

   GPR55 also regulates lymphocyte function as well as mye-
loid cells. Sumida et al .42)  suggested that GPR55 functions in 
intraepithelial lymphocytes (IELs) because loss of GPR55 in 
γδ T cells (a T cell subset abundant in IELs) accelerated their 
migration in intestine, possibly as a result of their reduced 
interaction with the surrounding epithelial cells. They conclud-
ed that GPR55 signaling in γδ T cells of IELs enhances drug-
induced intestinal injury in the small intestine by suppress-
ing the immune response. Guillamat-Prats et al  .  43)  showed that 
GPR55 promoted the diff erentiation and maturation of B cells 

into plasma cells. GPR55-defi cient mice showed a disrupted 
structure of the germinal center in the spleen, suggesting that 
GPR55 signaling is an important determinant of B cell diff er-
entiation. As a result, GPR55 suppressed excessive activation 
of B cells, thereby suppressing development of atherosclero-
sis.   

 Conclusion       This review briefl y summarized the general 
characteristics of LPI and its receptor, GPR55, as well as its 
biological and pathological functions. To date, LPI has been 
postulated as an endogenous ligand for GPR55. However, 
GPR55 is also activated by lysophospholipids other than LPI. 
Thus, the true GPR55 ligand remains unknown, and further 
detailed analyses are needed. As for GPR55, several reports 
have shown that it is expressed in immune cells as well as in 
cancer cells and exhibits various functions in diverse manners. 
The studies on immunological functions of GPR55 have just 
started, and this fi eld could be an area attracting more atten-
tion from researchers in the future.   
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