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Abstract: For many years the role of lysophospholipids (LPLs) was associated only with structural and storage
components of the cell without any informational function. Today, based on many research projects performed
during the last decades, it is clear that some of the LPLs act as hormone-like signaling molecules and thus are
very important inter- and intracellular lipid mediators. They can activate specific membrane receptors and/or
nuclear receptors regulating many crucial physiological and pathophysiological processes. The LPLs were identified as involved in a majority of cellular processes, including modulation of disease-related mechanisms
observed, for instance, in case of diabetes, obesity, atherosclerosis and cancer. Among LPLs, lysophosphatidylcholine (LPC) and lysophosphatidylinositol (LPI) are becoming attractive research topics. Their recently revealed activities as novel ligands of orphan G protein-coupled receptors (i.e., GPR55 and GPR119)
involved in modulation of tumor physiology and insulin secretion seem to be one of the most interesting aspects
of these compounds. Moreover, the most recent scientific reports emphasize the significance of the acyl chain
structure bound to the glycerol basis of LPL, as it entails different biological properties and activities of the
compounds.
Keywords: lysophospholipids, lysophosphatidylcholine, lysophosphatidylinositol, GRP55, GPR119, diabetes,
cancer
Abbreviations: AMD ñ age-related macular degeneration, ATX ñ autotaxin, cAMP ñ 3í-5í-cyclic adenosine
monophosphate, CMC ñ critical micelle concentration, cPA ñ cyclic phosphatidic acid, DDHD1 ñ DDHD
domain-containing protein 1, ERK ñ extracellular signal-regulated kinase, GAPDH ñ glyceraldehyde 3-phosphate dehydrogenase, GIP ñ glucose-dependent insulinotropic peptide, GLP-1 ñ glucagon-like peptide 1, GMCSF ñ granulocyte macrophage colony-stimulating factor, GPCR ñ G protein-coupled receptors, GPLs ñ glycerolysophospholipids, IFN-γ ñ cytokine-induced interferon γ, IL ñ interleukin, LCAT ñ lecithin:cholesterol
acyltransferase, LDH ñ lactate dehydrogenase, LDL ñ low-density lipoprotein, LPA ñ lysophosphatidic acid,
LPE ñ lysophosphatidylethanolamine, LPG ñ lysophosphatidylglycerol, LPS ñ lysophosphatidylserine, LSPL ñ
lysosphingophospholipid, lysoPLD ñ lysophospholipase D, NADPH ñ nicotinamide adenine dinucleotide phosphate, PC ñ phosphatidylcholine, PGE2 ñ prostaglandin E2, PGF1α ñ 6-keto-prostaglandin F1α; PGI2 ñ
prostaglandin I2 (prostacyclin), PI ñ phosphatidylinositol, PLA1 ñ phospholipase A1, PLA2 ñ phospholipase A2,
PLC ñ phospholipase C, PPARγ ñ proliferator-activated receptor γ, ROS ñ reactive oxygen species, S-1-Ps ñ
sphingosine-1-phosphates, SPC ñ sphingosylphosphatidylcholine, T1DM ñ type 1 diabetes mellitus, T2DM ñ
type 2 diabetes mellitus, TGF-β1 ñ transforming growth factor β1, TRPM8 ñ transient receptor potential cation
channel subfamily M member 8, TRPV2 ñ transient receptor potential cation channel subfamily V member 2,
TXA2 ñ thromboxane A2

naling properties was revealed. Most popular in this
area are LPLs with glycerol (glycerolysophospholipids, GPLs) or sphingoid (lysosphingophospholipids, LSPLs) backbones, where families of
lysophosphatidic acids (LPAs) and sphingosine-1phosphates (S-1-Ps) have been investigated to the
greatest extent so far. Much less information is

Lysophospholipids (LPLs) for a long time
were considered only as membrane components
necessary to mediate synthesis of various phospholipids and to embed proteins into cell membranes.
Thanks to the rapid advance in chemistry and biology of LPLs during the last decades, the group of
ëëbioactive lysophospholipidsíí of hormone-like sig-
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available considering the remaining LPLs, such as
cyclic phosphatidic acid (cPA), lysophosphatidylglycerol (LPG), sphingosylphosphatidylcholine
(SPC), lysophosphatidylserine (LPS), lysophosphatidylethanolamine (LPE), lysophosphatidylcholine (LPC) and lysophosphatidylinositol (LPI).
Glycerol derivatives of lysophospholipids are a
diverse group of molecules bearing both saturated
(e.g., 16:0, 18:0) and unsaturated (e.g., 18:1, 18:2,
20:4) fatty acid chains, contrary to S1P (2S-amino1-(dihydrogen phosphate)-4E-octadecene-1,3Rdiol), which is a single molecular species. Common
structural features of GPLs is a glycerol backbone, a
phosphate head group at the sn-3 position, a hydroxyl group at the sn-2 (or sn-1) position and a single
fatty acid chain at the sn-1 (or sn-2) position.
Besides, the acyl chain at the sn-2 position of the 2acyl-lysophospholipid has a tendency to migrate to
the sn-1 position, thus resulting in the creation of the
1-acyl-lysophospholipid (1, 2).
Lysophospholipids are necessary to maintain
homeostasis of many physiological processes
including reproduction, vascular development, and
functioning of the nervous system. The majority of
the studies have demonstrated beneficial effects of
particular lysophospholipids towards health. The
famous example of a brain permeant LPL, which
was officially approved by US Food and Drug
Administration and European Medicines Agency as
the first orally administered drug in multiple sclerosis treatment, is 2-amino-2-[2-(4-octylphenyl)ethyl]1,3-propanediol (FTY720, the S1P analogue known
as fingolimod and, recently, Gilenya) (3). Another
example is edelfosine (1-octadecyl-2-O-methylglycero-3-phosphocholine, 2-LPC) which is a drug
proposed in treatment of multiple sclerosis and other
neurodegenerative diseases (4). The pharmacological research results are the best proof of favorable
activities of LPLs and their great potency in disease
therapy.
Currently, LPC and LPI seem to be the most
attractive research goals in terms of biological activity and possible application. In serum plasma both
of the compound groups function mainly as substrates for autotaxin (ATX). Enzymatic digestion of
LPC and LPI leads to formation of various forms of
LPA and cPA, which are involved i.a., in modulation of cardiovascular system physiology, wound
healing, metabolism of lipids and carbohydrates,
mediated by membrane and nuclear receptors
(respectively: receptors of LPA family and nuclear
peroxisome proliferator-activated receptor γ,
PPARγ) (5). However, according to recent findings,
both LPC and LPI are capable of modulation of sig-

nificant physiological processes directly due to
interaction with respective G protein-coupled receptors (GPCRs), which at the same time identifiy them
as novel ligands of ìorphan receptorsî.
LPC (1-acyl-glycero-3-phosphocholine) is
known for its favorable effects towards health in
terms of indirect promotion of internal and external
wound healing and organ regeneration (5, 6), therapy of autoimmune and neurodegenerative diseases
(4, 7ñ9) or even treatment of age-related macular
degeneration (AMD) (10). Moreover, recent reports
have shown that LPC induces insulin secretion from
pancreatic β-cells. It has been also found that LPC
activates glucose uptake and effectively lowers
blood glucose levels in mouse models of type 1 and
2 diabetes mellitus (T1DM and T2DM, respectively) (11, 12). Unfortunately, up to date, the precise
mechanism of this phenomenon has remained
unknown. On the other hand, oleoyllysophosphatidylcholine (LPC 18:1) was reported to bind to
one of membrane receptors known as GPR119,
which is responsible for increase in glucose stimulated insulin secretion in murine NIT-1 insulinoma
cells due to protein kinase A (PKA) related signaling pathway (12, 13). The nature of the endogenous
ligands to GPR119, and whether this GPCR plays a
physiological role in direct regulation of insulin
secretion by pancreatic β cell, is currently under
investigation.
When it comes to LPI (1-α-lysophosphatidylinositol), there is a strong evidence that it is involved
in tumor cell proliferation and migration. Clinical
data identified LPI as a biomarker for poor prognosis in cancer patients, whereas in vitro studies
demonstrated significantly elevated levels of LPI in
highly proliferative cancer cells (14). In 2007, Oka
et al. documented for the first time that LPI is an
agonist of GPR55 expressed to high extent by tumor
cells. The team found LPI to induce rapid phosphorylation of the extracellular signal-regulated kinase
(ERK) and an increase in intracellular Ca2+ in
GPR55-expressing cells. On the other hand, there is
a lot of controversies about natural ligands for
GPR55, which need to be clarified.
All known LPLs characterized by various biological activities need to be further studied in detail.
One of the issues to be clarified is the mechanism of
action of the biomolecules with respect to their specific chemical structure. This review is especially
devoted to activities and mechanisms of action of
LPC and LPI species recently discovered as meaningful signaling molecules. The subject is being
intensively studied by the research team of the
Institute of Technical Biochemistry, Lodz
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Figure 1. Structure of lysophosphatidylcholine (LPC) and lysophosphatidylinositol (LPI). ÑRì represents a fatty acid residue

University of Technology (IBT LUT) in Poland (2,
15).
Lysophosphatidylcholine
LPC is the most abundant LPL with relatively
high concentration in human blood (approximately
150 mM), however, showing significant level variations with respect to gender and age (16). To some
extent, it is available in dietary products (i.e., eggs,
soya, oilseeds and fish). Most of the circulating LPC
molecules are associated with albumin. They are
also the major phospholipid component of oxidized
low-density lipoproteins (17, 18). Several types of
LPC molecules with various acyl chains, such as
palmitoyl (16:0), stearoyl (18:0), oleoyl (18:1),
linoleoyl (18:2), arachidonoyl (20:4) and docosahexanoyl (22:6), have been found in human plasma
(19). The compounds are derived from phosphatidylcholine due to transacylation of the sn-2
fatty acid residue of lecithin to free cholesterol catalyzed by lecithin:cholesterol acyltransferase
(LCAT), which finally results in the formation of
cholesterol ester and LPC (1, 20). The rate of ester
formation by LCAT depends on the nature of the
head group, fatty acid residues and the macromolecular properties of the lipid (1). It is also generated
by the action of phospholipases A2 (PLA2) and phospholipases A1 (PLA1), which are able to cleave the
sn-2 and sn-1 ester bond, respectively (21).
Appreciable amounts of LPC are also formed in
plasma by endothelial lipase (1, 17).
Structurally different LPCs were recognized as
carriers of fatty acids, phosphatidylglycerol and
choline between tissues (22). As a representative of
pro-inflammatory LPLs, LPC is involved in modulation of T cell functions and immunity. In activated
microglia (brain macrophages) LPC was found to
trigger interleukin-1 β (IL-1β) processing and
release (23). It was also reported to enhance the
expression of cytokine-induced interferon γ (IFN-γ)
(1) and transforming growth factor β1 (TGF-β1)
(24). Moreover, LPC-dependent NADPH oxidase

stimulation and production of reactive oxygen
species (ROS) was documented to activate caspase1 that converts pro-cytokines to their mature, biologically active forms (IL-1β, IL-18 and IL-33) (25).
LPC is also involved in the production of
prostaglandin I2 (PGI2 also known as prostacyclin)
in vitro in primary human aortic endothelial cells
and in vivo in murine model. A stable degradation
product of PGI2, 6-keto-prostaglandin F1a (PGF1α)
was also found induced by LPC species (namely
18:1 and 20:4) (1).
In addition, it was recently found out that
polyunsaturated LPC variants, such as LPC 20:4 and
LPC 22:6, may serve as successful anti-inflammatory agents, opposing the activity of saturated acyl
LPCs known to induce the response of immunological system (i.e., LPC 16:0) (8, 26, 27). As presented by Jin et al., LPC 22:6 as well as 17-hydroxyLPC 22:6 exert anti-inflammatory effect in mice
treated with lipopolysaccharide. It was detected that
administration of these compounds before injection
of lipopolysaccharide reduces increase in weight of
spleen dose-dependently, where 17-hydroxy-LPC
22:6 appears to be more effective (9). Another
example of anti-inflammatory polyunsaturated LPC
is 15-hydroxy-docosapentanoyl-LPC (15-hydroxyLPC 20:5) that inhibits formation of leukotrienes
and cytokines in zymosan A-induced peritonitis of
mice (28). Similar observation was made in case of
LPC 20:4 and its derivative (15-hydroxy-LPC 20:4)
(29). The anti-inflammatory effects were related to
down-regulation of leukocyte extravasation, plasma
leakage, and formation of pro-inflammatory mediators (IL-5, IL-6, nitric oxide, 12-hydroxyeicosatetraenoic acid and PGE2 stimulated by LPC 16:0),
and up-regulation of anti-inflammatory mediators
(IL-4 and IL-10) (27). This evidence suggests that
LPCs could be regarded as major modulators of
inflammation process. LPC, together with LPS and
LPE, is also found to be a natural agonist of G2A
receptor, which in this case serves as suppressor of
autoimmunity (1, 30). LPC, LPS and LPE, regard-
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less of differences in structure, induce mobilization
of intracellular Ca2+ ions through G2A signalingdependent pathway. However, it resulted from
amphipatic nature and detergent-like properties of
the compounds and their interaction with lipid bilayer of the cellular membrane rather than direct interaction of the LPLs with the receptor. As originally
described by Ben-Zeev et al., the process leads to
Gαi-related activation of phospholipase C (1, 31). On
the other hand, direct, receptor mediated release of
Gαq/11 subunit without the membrane permeabilization effect was also observed (1, 32).
The problem of membrane permeabilization
can be a matter of cytotoxicity. LPC above critical
micelle concentration (CMC) can lead to rapture of
cellular membrane resulting in hemolysis (1).
However, there can be over 200-fold difference in
CMC/toxic value depending on the structure of the
LPCís acyl residue (33, 34). The issue was studied
for the first time for hexanoyl (6:0), octanoyl (8:0),
decanoyl (10:0), 12:0, 14:0, 16:0, 18:0, 18:1, nonadecanoyl (19:0), arachidoyl 20:0, and lignoceroyl
24:0 LPC species by Kim et al. in 2007 (Jurkat cell
model) (35). The research led to identification LPC
with palmitoyl residue as the most toxic. Yet,
applied concentration of all tested LPCs was 20 µM,
which is much higher than estimated CMC values of
these compounds (33, 34). It was also found that
serum albumin is capable of reduction of any cytotoxic effects caused by LPLs (35).
Six years later, Rytczak et al. at IBT LUT performed synthesis of novel phosphorothioate and
phosphorodithioate analogues of 2-methoxylysophosphatidylcholine 12:0, 16:0, 18:0 and 18:1,
which was followed by assessment of their influence
on viability and cell membrane integrity of β-TC3
murine insulinoma cell model (2). The biological
studies addressed possibility of engagement of LPC
species in modulation of insulin secretion. Diversity
of investigated LPC structures allowed the team to
indicate the dependence of strength of the observed
biological effects on chemical modification and acyl
chain bound to the glycerol backbone (sample
results in Table 1). The cytotoxicity assessment
involved only a 10-µM concentration, which for
some of the tested species was very distant from the
expected CMC (i.e., CMCLPC 12:0 = 740 µM, CMCLPC
18:0 = 0.4 µM) (2, 33, 34). Surprisingly, it was clearly depicted that none of the tested compounds
caused any significant decrease in cell viability,
where the strongest toxic effect (relative cell viability > 72%) was observed for native LPC 14:0 and
LPC 16:0, which is in contrast to results obtained by
Kim et al. (2). It is worth noticing that the experi-

ments were based on serum-free culture media.
What is more, some of the compounds were found
promoting cell survival (i.e., LPC 12:0, LPC 18:1),
which was also observed in case of some methoxyLPCís modified with one or two sulfur atoms, which
native counterparts are toxic (LPC 14:0 and LPC
16:0). Additionally, the possibility of membrane
perturbation by LPC molecules was controlled by
assessment of lactate dehydrogenase (LDH) release,
which led to a conclusion that the tested LPC analogues at 10 µM do not rapture lipid bilayer regardless of their structure and chemical modification
and/or expected toxic CMC (Table 1) (2).
Research group of Rao et al. was also interested in activity of different LPCs with respect to their
specific structure. The group investigated LPC 16:0,
18:1, 18:2 and 20:4 in terms of their influence on
vasorelaxation. Table 1 presents sample data on
prostanoid release from LPC-treated (10 µM concentration) aortic rings. Detection included PGF1α,
PGE2, PGI2 and thromboxane A2 (TXA2) (36). As
can be noticed from Table 1. different forms of LPC
caused significantly different effects on the same
experimental model. For instance, LPC 20:4 was
capable of prostanoid release induction at 5-fold
greater level than LPC 16:0. Taking into account all
the stated research on varied LPC activities, it can be
surely stated that there are plenty of distinct biological effects exerted by LPCs depending on their specific structure. (2, 35, 36).
Despite obvious connection between acyl
chain structure and biological impact of LPC
species, the concept of research regarding this issue
is neglected in many cases. As far as the role of LPC
in diabetes is concerned, the only documented activity concerns LPC 18:1 (13). This LPC species was
defined as a novel ligand of GPR119 ñ a key receptor responsible for regulation of insulin secretion
from β cells of pancreatic islets (13, 37), which is
also engaged in reduction of fat deposition and food
intake. GPR119 is expressed in the human
Langerhans islets at the level of 8% relatively to
glyceraldehyde
3-phosphate
dehydrogenase
(GAPDH) (38). Its activation entails intracellular
cAMP accumulation connected to release of Gαs
protein (12, 13). Expression of this receptor was also
documented in case of enteroendocrine cells of the
gut (12, 39ñ41), where its activation was related to
stimulation of glucagon-like peptide 1 (GLP-1) and
glucose-dependent insulinotropic peptide (GIP).
This clearly shows that GPR119 is involved both
directly and indirectly in the process of insulin
secretion. What is more, since GLP-1 promotes
expansion of β-cell mass, it is possible that agonists
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Table 1. Comparison of biological impact of structurally different LPCs. Assessment of cytotoxicity, membrane perturbation potential (2) and prostanoid release stimulation (36). ? ñ no available data.
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of GPR119 may influence both the secretory activity and the viability of β-cells at
the same time (40, 41). Properly chosen
ligand of GPR119 may thus lead to
improved glucose homeostasis in patients
with T2DM, which is currently affecting
over 90% of the patients due to severe
insulin resistance and defective insulin
secretion (42, 43).
Apart from obviously favorable
effects towards T2DM patients, LPC was
also found to improve glucose uptake in
mouse models of T1DM, which is an
insulin independent form of the disease
due to autoimmune destruction of pancreatic β cells (11, 42, 43). This means that
induction of insulin secretion from β cells,
which are destroyed in case of T1DM, is
not the only activity of LPC involved in
modulation of metabolism.
LPC is the most abundant lysophospholipid in human blood. Significant
decrease of its serum concentration was
found to be related with high fat diet and
T2DM condition (44, 45). These observations are consistent with the previous findings of Soga et al., whose publication
clearly shows that LPC is involved in
modulation of cellular glucose uptake
(13). However, there are also opposite
findings where high-fat diet related obesity was correlated with increase of palmitoleyl LPC (LPC 16:1) and LPC 22:4
serum concentration (46) and LPC 18:0
could be even regarded as a biomarker
positively related to pathological gain in
weight (47).
In the context of regulation of pancreatic hormonal secretion it is worth to
pay attention to α cells of Langerhans
islets, which are also reported to express
GPR119 receptor (48). As far as α cells
are responsible for glucagon secretion,
activity of which is antagonistic to insulin,
it suggests crucial role of GPR119 in
maintenance of carbohydrate metabolism,
as well as possibly bipolar biological
activity of its ligands (38). So far, the
potential role of LPC species in glucagon
secretion modulation remains unknown.
When regulation of insulin secretion
is concerned, GPR55 is another current
research topic. Romero-Zerbo in 2011
(49) proposed GPR55 as a novel target for
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treatment of T2DM as it was found directly involved
in regulation of insulin secretion from β cells. This
receptor is found commonly expressed in various
tissues of the body, including the islets of
Langerhans, however, it is not distributed on α cells
of pancreas (50). Oleoylethanolamide (OEA), which
is common also for GPR119, is one of the ligands of
GPR55 causing enhanced secretion of insulin in in
vitro cell models (51). There are very little literature
data on possible interaction of GPR55 with LPC (1).
Both diabetes types remain incurable to a high
extent resulting in indispensable life-long treatment
and commonly occurring disease complications
(such as hyperglycemia, obesity, cardiovascular and
gastrointestinal disorders). This devastating disease
affects over 371 million people in the world and is
predicted to be the 7th leading cause of death in
2030 (WHO data). When it comes to Poland, it is the
fourth European country with the highest epidemiological rates with 3 million people suffering from
diabetes, where over one-third is not even aware of
the fact. The obvious need of novel diabetes treatment and prophylaxis methods cause the GPR119LPC interaction an important research area and are
expected to expand in the future. It is also a significant matter of studies performed by research teams
of IBT LUT.
Beneficial effects of LPC involve regulation of
intestinal uptake of nutritional substances. Research
results from in vitro (e.g., human intestinal Caco-2
cell model) and in vivo studies (rat plasma analysis)
indicate that mixed micelles containing LPLs significantly influence intestinal uptake of β-carotene and
lutein (10, 52). Particularly, micelles containing PC
and LPC predominant within the composition cause
meaningful increase in uptake of these substances.
This is especially important from the point of view of
treatment of diseases resulting from nutritional deficiencies, such as age-related macular degeneration
(AMD). In this case, an inadequate intake of animaland plant-based foods with low-fat content was considered to be the major cause of this disease. It was
clinically tested that an increased intake of lutein is
positively correlated to increased macular lutein density and inversely correlated to the progress of AMD
pathogenesis (10). Rodriguez-Navarro et al. emphasize that chronic exposure to high-fat, LPL-rich diet
can significantly influence the process of aging and
related pathogenesis as dietary lipids are found to
modulate the process of chaperone-mediated
autophagy, involved in intracellular quality control
and response to stress conditions (53).
Dietary available LPC was also found favorable to human health as it was recently published

that LPC species administered to diabetic patients of
high risk of cardiovascular disease development
successfully decreases serum concentration of LPA
responsible for platelet aggregation and vein clogging (54).
Moreover, impaired synthesis of LPC and PC
in case of Alzheimerís patients suggests beneficial
effects of these lipids in the disease therapy (7). It
was also revealed that schizophrenic patients are
characterized by significantly diminished levels of
LPCs in blood plasma, which may influence the
psychosis development as well as result in enhanced
susceptibility to infections (55).
From the point of view of animal husbandry,
activity of dietary-uptaken LPC is particularly
favorable. It is known, that supplementation of fatbased forage for broiler chickens with LPC as an
emulsifier improves the gain of their body weight
during the starter period (56, 57). Next to increase of
total tract apparent digestibility of fatty acids, LPC
is also found to cause no adverse effects on the animalsí physiology. Focusing on molecular mechanisms associated with the process, LPC is found to
induce secretion of enzymes responsible for absorption and transport of dietary lipids. Nakano and coworkers present that oil-feeding accompanied by
mixed lipid micelles build of LPC molecules result
in 10-fold increase in production of intestinal alkaline phosphatase by the brush border microvilli as
compared to the enzyme release in regular high-fat
diet conditions (experiments in vitro, Caco2 cell
line) (58).
LPC was also found to be connected to pathological conditions related to atherosclerosis. It is
thought to play a significant role in the atherogenic
disease, being a component of oxidized low-density
lipoprotein (LDL) in atherosclerotic lesions. LPC
16:0 also induces human umbilical vein endothelial
cells (HUVECs) and vascular smooth muscle cells
(VSMCs) cell apoptosis processes, which can be
associated with atherogenesis (59). On the other
hand, there are some evidence suggesting that LPC
could be directly engaged in tissue regeneration, as
it interacts with LPC GPR4 receptor, which is widely expressed in various endothelial cells and
involved in stimulation angiogenesis and cellular
migration (30).
Among other properties, LPC is being a natural airway surfactant (60, 61), enabling to enhance
viral gene transfer in animal models. Cmielewski
and co-workers examined the effect of airway pretreatment with variants of LPC on lentiviral vector
gene transfer efficiency in murine nasal airways in
vivo. Only one hour after administration of LPC
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variants was enough to induce an airway barrier
function. It can be correlated to the effectiveness of
gene expression, where the variants with longer acyl
chains appeared to be more effective. The enhanced
expression correlated with LPC could provide new
options for preclinical development of efficient airway gene transfer techniques.
Lysophosphatidylinositol
LPI is a subspecies of LPL containing an inositol head group. It was found present in different
ranges in normal human cells (i.e., endothelial cells
(62), platelets (63), peripheral blood neutrophils
(64)), various cancer cell lines (65ñ72), and animal
cells (i.e., mouse fibroblasts (73) and macrophages
(74), rat brain cells (75)). Concentration of LPI is
different in various tissues (37.5 nM per gram of tissue in rat brain, 2.5 µM in mouse serum and 1.5 µM
in samples of plasma from healthy women (1)) but
the fatty acid composition of LPI is distinctive in
every mammalian cell type. Derivatives of stearic
and arachidonic acids are supposed to be the most
active and abundant species. For instance, 2-arachidonoyl (2-20:4) LPI has been reported to have the
highest level of biological activity (75).
LPI is a product of phosphatidylinositol (PI)
degradation, which is catalyzed by phospholipase
PLA2 (1). Moreover, it was reported that PLA1 can
be also involved in formation of LPI. Yamashita et
al. identified phospholipase DDHD domain-containing protein 1 (DDHD1, one of members of the mammalian intracellular PLA1 family) as a candidate
enzyme involved in LPI formation. It was demonstrated that purified DDHD1 is capable of generating 2-arachidonoyl LPI (76).
Up to date, little is known about the export
system of LPI. According to the report of Yamashita
et al., most of LPI produced by DDHD1 is released
into the medium but it was impossible to identify the
mechanism of this process (76). However, it has
been already found that the ATP-binding cassette
ABCC1 transporter is engaged in export of LPI into
the extracellular media in case of human prostate
cancer PC3 cell line (71).
Deacetylation of LPI by lysophospholipase A
(lysoPLA) was the first known degradation pathway
of this compound species. The process has been
observed in porcine platelets membranes (77). It
was also found that degradation of LPI may be catalyzed by phospholipase C (PLC) with specificity
for LPI (lysoPI-PLC) (77, 78). Another enzyme
involved in LPI metabolism is lysophospholipase D
(lysoPLD, autotaxin), which is present in blood
plasma and serum and converts LPI to LPA (1, 79).
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Physiological role of LPI is still poorly understood.
Even though the first publications concerning plausible biological activity of LPI were published in the
mid-80s (80, 81), little attention was drawn to this
bioactive lipid comparing to LPA or S1P. The
research group of Oka was the first to demonstrate
significant biological activity of LPI, which only in
2007 was described as the most active endogenous
agonist of orphan GPR55 ñ the intrinsic receptor for
LPI (82). At present, LPI is suggested to be able to
activate other GPCRs as well. For instance, LPI was
reported as an activator of human GPR119 in
RH7777 rat hepatoma cells stably expressing this
receptor (13).
First reports devoted to biological activity of
LPI suggested that the compound is involved in
stimulation of insulin release from pancreatic islets.
Metz et al. found that the process was mediated via
intracellular Ca2+ ions mobilization (80, 81). These
results have indicated that LPI may play an important role in regulation of the whole body metabolism, also in case of diseases such as obesity and
T2DM. The thesis was verified during further studies showing increased level of LPI in plasma of
obese patients. Moreover, GPR55 expression is
enhanced in adipose tissue of obese subjects.
Correlation between expression of GPR55 and
weight, body mass index and percentage fat mass
was also found, which was particularly noticeable in
case of women (83). LPI was also reported to
increase intracellular calcium level and expression
of lipogenic genes in visceral adipose tissue explants
and in differentiated visceral adipocytes (1).
Other biological activities of LPI are related to
artery contraction, cell proliferation and migration
(84). LPI impact on intracellular free Ca2+ concentration was analyzed by Oka et al. using GPR55expressing HEK293 cell model. What is more,
Monet et al. demonstrated that application of LPI
induces sustained cytoplasmic Ca2+ concentration
increase in CHO cells, which stably express murine
transient receptor potential cation channel subfamily V member 2 (TRPV2) (85). LPI was also reported to activate Akt and enhance intracellular Ca2+
levels in prostate and ovarian cancer cells (86).
Degradation products of LPI were not observed to
induce mobilization of Ca2+ or phosphorylation of
ERK in GPR55-expressing cells. This proves that
the effects of LPI are due to itself, not its metabolites
(82). Some recent studies have reported possibility
of Ca2+ influx induction by LPI through ion channels
belonging to the transient receptor potential (TRP)
family (87, 88). LPI was found to evoke an increase
in intracellular Ca2+ in CHO cells expressing murine
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transient receptor potential cation channel subfamily M member 8 (TRPM8). The receptor is mainly
expressed in a subpopulation of dorsal root ganglion
(DRG) neurons that also express GPR55 (89). Other
studies have shown that LPI induces Ca2+ entry in
PC3 cells expressing TRPV2. Induction was
observed even in the presence of capsazein, an
inhibitor of TRPV1, which proves that LPI directly
interacts with endogenous TRPV2 channel of the
PC3 model. This observation suggests that LPI
influenced Ca2+ influx due to translocation of
TRPV2 protein to plasma membrane. However, Ca2+
increase induced by LPI via TRPV2 channel was
observed after some delay, which implies that LPLs
are involved in indirect activation of TRPV2 channels, unlike in case of lipid ionotropic receptors
(85). On the other hand, it was demonstrated that
LPI/GPR55-exerted effects of sustained, oscillatory
Ca2+ release stimulation are dependent on Gα13 and
require activation of rhoA (90). It was also reported
that effect of LPI in mobilization of intracellular
Ca2+ in PC3 cells entails migration and proliferation
of these cells (71, 85).
The role of LPI is not limited to stimulation of
Ca2+ mobilization pathway. The compound was
observed to be secreted at high concentrations by
fibroblasts and epithelial cancer cells, in case of
which it showed mitogenic activity (91). LPI was
proposed to play an important role in bone physiology due to regulation of osteoclast number and function. Whyte et al. confirmed high level of GPR55
expression in murine and human osteoclasts, implying involvement of LPI in stimulation of osteoclast
polarization and bone resorption (92). It was also
proven that under inflammatory conditions LPI is
produced by immune cells (i.e., macrophages) and
involved in stimulation of immunological response
(91). High levels of GPR55 expression were
observed in spleen (93, 94), neutrophils (91) and
mast cells (72).
Interestingly, LPI was recognized as a regulator of peripheral sensory neuron function as well as
pathological pain (95). As previously mentioned,
LPI stimulates the increase in intracellular Ca2+ concentration in DRG neurons and activates TRPM8
channel expressed in this group of neurons.
Therefore, it is able to affect DRG neurons involved
in nociception, associated with neuropathic or
inflammatory pain (89). The same conclusions were
drawn by studies on GPR55 knock-out mice, which
served as models of inflammatory mechanical
hyperalgesia achieved by injection of Freundís complete adjuvant and partial nerve ligation. In this case,
the knock-out murine model response to LPI stimu-

lations was found attenuated, which was further
attributed to increase in levels of IL-4, IL-10, IFNγ
and granulocyte macrophage colony-stimulating
factor (GM-CSF). GPR55 knock-out mice also
failed to develop mechanical hyperalgesia in the
model of neuropathic hypersensitivity (96). What is
more, LPI is supposed to possess neuroprotective
activity, as it can activate the 2-pore domain K+
channels TREK-1 and TRAAK, which are important in terms of synaptic function modulation due to
regulation of the neuron membrane potential. This
activity does not seem to involve GPCR associated
signaling, suggesting a non-receptor mediated activity of LPI. Similar effects were also observed in case
of LPC (86).
Detection of GPR55 in various human cancer
cell lines, including the ones obtained from breast
(68, 70), brain, cervix, skin, pancreas, liver (70),
ovaries, prostate (71) and hematological tumors (69,
70, 72), caused increased interest in the role of
LPI/GPR55 in cancer progression. Clinical data
implicated engagement of LPI in cancer progression
and recurrence (84), which was additionally supported by research results showing increased LPI
levels in plasma and ascites from ovarian cancer
patients as compared to samples from healthy controls or patients with non-malignant diseases (97).
Correlation between GPR55 expression in breast
cancer tissue and tumor aggressiveness is also
known (70). Moreover, similar observation was
made during analysis of microarray data concerning
pancreatic tumors and glioblastomas (76).
It has been already proven that LPI induces
cell migration present in case of physiological and
pathophysiological processes, such as embryonic
development, immune system activities, inflammatory processes, wound healing, angiogenesis, cancer
progression and metastasis (98, 99). Among other
activities LPI enhances motility of sperm cells
(100), induces directional migration of human
peripheral blood neutrophils with improvement to
their migratory capacity towards 2-AG (the CB2R
agonist) (91) and exerts pro-migratory influence on
human coronary artery smooth muscle cells (SMC)
(101). The compound is also found to induce an
increase in migration of PC3 cells after activation of
TRPV2 channel (85). Migration of highly metastatic MDA-MB-231 human breast adenocarcinoma
cells was found significantly enhanced due to LPI
treatment as well (68). Interestingly, Ford et al.
observed that GPR55 expression in MDA-MB-231
cells is relatively high as compared with poorly
metastatic MCF-7 human breast adenocarcinoma
cells, however, GPR55 overexpression in MCF-7
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cells results in acquirement of their migration ability. Further addition of exogenous LPI enhanced the
observed effect even more. The results described
here suggest that GPR55 overexpression induced a
pro-migratory phenotype in breast cancer cells and
that LPI may mediate pro-migratory effects via
GPR55 activation. Beside the evidence that LPI
enhanced breast cancer cell chemotaxis, it was also
reported that it can increase cellular polarization and
orientation of nanogrooved substratum (68).
Nevertheless, there are some contradictory findings
on LPI considered as a negative regulator of migration, which was demonstrated in case of endothelial
cells (EC) (102). LPI was also shown to stimulate
expression of adhesion molecules by endothelial
cells (i.e., VCAM-1 in rabbit aortic EC and ICAM1 in human umbilical vein cells) (103).
The first report indicating the role of LPI in
cell proliferation was based on studies devoted to
transformation of rodent fibroblasts with cytoplasmic and membrane-associated oncogenes. The
process was followed by an increase in intracellular
levels of glycerophosphoinositol (GPI), which is a
product of LPI deacetylation catalyzed by PLA2
(104). However, the first evidence of direct impact
of LPI on cell proliferation was demonstrated by
Pin~ eiro et al., who described mitogenic activity of
LPI inducing proliferation of FRTL5 differentiated
epithelial thyroid cells. Moreover, comparison of
LPI levels in differentiated FRTL5 cells and Kiki
cells stably transformed with the k-ras oncogene
showed increased concentration of the compound in
the latter model (71). Similar results were obtained
by Ross et al., who observed highly elevated levels
of LPI species and LPI metabolites in cells transformed to overexpress ras-p21 (84). Importantly,
enhanced level of LPI was proven to be a consequence of activation of enzymes involved in the Ras
pathway, not a transformation itself (105). LPI was
also detected in the extracellular medium of rastransformed fibroblasts, which proves the cells to be
capable of both synthesis and release of the lipid
(106). Increased levels of intracellular and extracellular LPI were observed in k-ras transformed KiKi
cells as well. These results indicate that cancer cells
are able to promote their own proliferation by synthesis and release of LPI. The observation is additionally supported by the data on the mechanism of
LPI export in PC3 cells, which was found to be
mediated by the ABCC1 transporter (71).
Altogether, LPI is a mitogen stimulating proliferation of normal and oncogene-transformed
cells. Furthermore, LPI/GPR55 interaction is found
pivotal in maintenance of autocrine loop that sus-
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tains prostate cancer cell proliferation (71). The
observation is consistent with data on overexpression of GPR55 regarded as a strategy of cancer cells
to increase their proliferation, which was demonstrated both in vitro and in vivo (70). No certain
explanation for the proliferation-inducing effects of
GPR55 overexpression is available so far. However,
there are some data connecting these effects with the
presence of LPI in experimental settings. Andradas
et al. demonstrated that inhibition of cytosolic phospholipase A2 (cPLA2) activity with pyrrophenone in
HEK293 cells blocks proliferation induced by
GPR55 overexpression (70). Pin~ eiro et al. achieved
the same effect after genetic ablation of cPLA2.
Importantly, cell proliferation decreased due to
cPLA2 silencing was recovered by addition of
exogenous LPI (71) indicating that cancer cells generate mitogenic LPI through the action of cPLA2.
According to previously mentioned data concerning
elevated levels of LPI in ascites and plasma from
patients with ovarian cancer, the same proliferation
induction strategy could be used, for instance, by
human gynecological tumors.
CONCLUSIONS
Research conducted in past years has demonstrated that many important physiological and
pathophysiological processes are regulated by LPC
and LPI. LPC is identified as a ligand of GPR119
receptor expressed at high level by cells of
Langerhans islets. The compound is proposed to be
involved in carbohydrate metabolism modulation
due to documented stimulation of insulin secretion
and cellular glucose uptake. There are also some
contradictory reaserch leading to conlusion that LPC
is either promoting or attenuating development of
obesity and related metabolic disorders. Yet, it was
described as a favorable means of weight gain promotion in case of animal husbandry. Apart from
metabolism-related issues, LPC was found to promote would healing, neuroregeneration processes
and nervous system regulation, macular regeneration, and attenuation of autoimmune response.
Molecular mechanisms of these activities remain
poorly understood so far. However, there appeared
several attempts to prove and explain the dependence of particular LPC activity on its species and
chemical modifications.
LPI is defined as endogenous natural ligand
for GPR55. The species is known as intracellular
and cytoplasmic Ca2+ concentration regulator.
LPI/GPR55 system was also demonstrated to be
positively associated with obesity in human. Recent

LPI

LPC

LPL

●

Synaptic function modulation due to
regulation of the neuron membrane potential
(activation of TREK
and TRAAK K+ channels)

Counteracting neurodegeneration
● Anti-inflammatory activity
(polyunsaturated fatty acid residues)
● Promotion of intestinal uptake of
β-carotene and lutein (applicable in therapy
of AMD and age-related diseases)
● Reduction of aging process due to
dietary uptake
● Natural airway surfactant, medium
for efficient airway gene transfer
techniques
● Synaptic function modulation due
to regulation of the neuron membrane
potential (activation of TREK
and TRAAK K+ channels)

●

Non-receptor mediated effects

Central nervous
system, adrenal glands,
testis, spleen,
gastrointestinal
tract, breast adipose
tissues, endothelium
(i.e., human
vein endothelial cells)

Major in pancreatic
Langerhans islets,
enteroendocrine cells
of the gut, brain

Endothelial cells,
platelets, peripheral
blood neutrophils,
mouse fibroblasts and
macrophages, rat brain
cells, spleen,
GPR55
neutrophils, mast
(possibly also
cells, DRG neurones,
GPR119)
cancer cell lines including
ones obtained from breast,
brain, cervix, skin, pancreas,
liver, ovaries, prostate,
hematological tumors

GPR55 (weak
interaction)

GPR119

Gα13

Gα12, Gαq

Gαs

Gαi/o, Gαq/11,
Gαs, Gα13

GPR4

Inflammatory cells,
lymphoid tissues,
hematopoietic cells,
keratinocytes

Gαi/o?

Ubiquitous, mainly
vascular endothelial
cells, smooth muscle
cells, lung, heart,
kidney

G2A

Identified
LPL mediated
G protein
release

Receptor
distribution

Influenced
receptor

Table 2. Update on recognized activities and mechanisms of action of LPC and LPI.

[Ca2+]↑,
ERK↑,
rhoA↑,
Akt↑

[Ca2+]↑,
ERK↑,
PLC↑,
rhoA↑,
cdc42↑,
rac1↑

AC↑, PKA↑

[Ca2+]↑,
ERK↑, p38
MAPK↑,
JNK↑

[Ca2+]↑,
ERK↑

Main
signaling
pathways

Insulin release from pancreatic
islets, artery contraction,
regulation of osteoclasts number
and function, regulation of
peripheral sensory neuron
function and pathological pain,
regulation the immune system
response during inflammatory
condition, modulation of
proliferation, differentiation,
motility and tumorigenesis in
diverse cell types

Regulation of nervous system
and bone morphogenesis,
cell migration

Regulation of insulin secretion
from pancreatic β cells

Suppression of auto-inflammatory
response, cell migration (especially
LPC20:4/22:6, 17-hydroxyLPC22:6, 15-hydroxyLPC20:4/20:5), apoptosis

Cell migration, angiogenesis

Receptor mediated effects

1, 62ñ110

1ñ61
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studies strongly suggest that LPI/GPR55 plays an
important role in processes related to inflammatory
and neuropathic pain. Moreover, it was shown that
LPI may be involved in the immune system
response during inflammatory condition, as well as
modulation of osteoclast physiology. LPI is also
emerging as a key modulator of proliferation, differentiation, motility and tumorigenesis in diverse cell
types.
The past decade was rich in new findings on
various biological activities as well as associated
physiological and pathophysiological roles of LPC
and LPI. Despite the fact, numerous questions still
need to be answered and further studies are necessary.
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